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Around the world, on average, four coal miners die for each million tons of coal
recovered. Improving the safety of mining work while responding to the need for
increased coal production, however, is impossible without further development of
the physics of mining processes. A relatively new branch of science, it tackles
problems that arise during mineral products recovery, particularly safety issues such
as rock failures, coal and gas outbursts, and methane explosions.

The first book to present a unifying methodology for addressing problems such
as outbursts and explosions of methane in coal mining, Physics of Coal and
Mining Processes integrates theoretical and experimental research on coal and
bearing rocks and examines the anthropogenic processes that occur during deep
underground mining.

The book summarizes the results of recent and established research, including
studies conducted at the Institute of Physics of Mining Processes of the National
Academy of Sciences of Ukraine, headed by the author. Key topics covered include
rock mass in multi-component compressive stress fields and phase conditions of
methane in coal. The book also examines state-of-the-art instrumentation and
physical methods of analysis, among them x-ray analysis of coal structures combined
with computer simulation, and nuclear magnetic resonance (NMR) spectroscopy
combined with gas chromatography.

Bridging the gap between the academic theory and the practice of coal mining, the
book proposes novel methods to predict rock mass condition, control gas-dynamic
phenomena, and estimate safe mining loads. A useful reference for scientists,
technicians, and engineers working in the coal industry, it also offers an overview
of the physics of mining processes for students pursuing careers in the field.
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Foreword

Coal represents the wealth of Ukraine and ensures the nation’s energy 
independence to a considerable extent. Therefore, increasing coal produc-
tion is a very important strategic objective for our future. Unfortunately, 
the coal industry is often connected with loss of human lives. The National 
Academy of Sciences of Ukraine implements regular basic studies in the 
physics of coal and physics of mining processes to enhance our under-
standing of the nature of methane emissions in mines and provide the 
safest mining conditions.

This book is an exhaustive monograph summarizing physical approaches 
to coal beds (including deep beds) and coals as complex physical media 
based on fundamental experimental and theoretical studies conducted at 
the Institute for Physics of Mining Processes of the National Academy of 
Sciences of Ukraine (Donetsk) headed by Anatoly D. Alexeev, the author and 
a corresponding member of the Academy. These studies focused on analyses 
of coal structures using radiophysical methods such as nuclear magnetic and 
electronic paramagnetic resonances; discovery of phase states of methane in 
coals and methane solubility in less matured coals; observations of meth-
ane mass transfer in coal–methane systems; and many other relevant topics. 
Results of these studies obtained using modern equipment made it possible 
to implement novel methods of coal bed behavior prediction and develop 
measures to prevent highly explosive coal and gas outbursts, with the pri-
mary goal of increasing worker safety in Ukraine mines.

I am sure that the publication of Physics of Coal and Mining Processes will be 
an important event for all specialists interested in coal mining and will intro-
duce them to the achievements of Ukrainian scientists in this important field.

B. E. Paton
President of National Academy of Sciences of Ukraine
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Preface

The physics of mining processes is a relatively new branch of science that 
evolved to solve problems arising during mineral products recovery (this 
volume concentrates on coal), particularly safety issues such as prevention 
of rock failures, coal and gas outbursts, and methane explosions. Around 
the globe, on average, four coal miners die for each million tons of coal 
recovered. Substantially increasing coal production and improving the 
safety of mining work are impossible without further development of the 
physics of mining processes. The main mission of the Institute for Physics 
of Mining Processes of the National Academy of Sciences of Ukraine 
established in 2003 is to serve the needs of the Ukrainian major coal min-
ing industry.

This volume discusses research work carried out at the institute and infor-
mation gathered from international observations. It includes chapters relat-
ing to massif mechanics. I found it reasonable to include a chapter addressing 
the most important safety issues such as control of coal and gas outbursts 
and estimates for accumulation times of explosive methane concentrations 
in different phase states (adsorbates on surfaces, solid solutions in coal, etc.). 
Solutions to the specified problems may be found in research discoveries in 
coal physics and the physics of mining processes.

Most studies on the physics of mining processes are dedicated to specific 
critical problems. This study is the first to present a unifying methodology for 
addressing various problems arising in the mining industry. Concentrating 
on the key issue of each particular problem, I discuss the adopted assump-
tions and approximations and apply the fundamental laws of physics. The 
reader will easily recognize the unity of the approaches used. In each case, 
the validity criterion of the adopted model is the solution of a particular 
industrial problem.

Because of the vital importance of mineral products recovery for modern 
industry, the physics of coal and mining processes has been rapidly develop-
ing around the world for decades. I attempt to cover the main discoveries and 
achievements to the fullest extent possible because I have not found a general 
study of the subject in the research literature. The reader will find many origi-
nal results along with discussions and development of various prior research 
studies. I found it reasonable to include certain material from my earlier pub-
lications. For example, Chapter 5 is devoted to solutions of particular indus-
trial problems and implementation of scientific results.

Anatoly D. Alexeev
Donetsk, Ukraine





xi

Acknowledgments

I gratefully acknowledge all the contributors who participated in writing this 
book. They, like me, endeavored to contribute their best to the theory and 
applications of the physics of coal and mining processes. Most of them are 
researchers at the Institute for Physics of Mining Processes of the National 
Academy of Sciences of Ukraine. They are Professor A. Y. Granovskii 
(Introduction, Sections 1.1 and 1.2); Candidate V. V. Slusarev (Section 1.3); 
Dr.  E. V. Ulyanova (Section 1.4 and Chapter 5); Candidate A. K. Kirillov 
(Section 1.5); Professor E. P. Feldman and Candidate V. A. Vasilkovskii 
(Chapter 2); Dr. V. N. Revva (Chapter 4); Dr. G. P. Starikov (Sections 4.4 and 
4.5); and Professor A. E. Filippov (Section 5.4).

I am also thankful to readers for their patience in covering this complex 
material and for their comments and advice. I hope this volume will be use-
ful for scientists, technicians, and engineers, and also for students, especially 
those pursuing mining careers.





xiii

Author

Anatoly Dmitriyevich Alexeev is the leading earth 
scientist in Ukraine. Dr. Alexeev has combined a 
career in physics, chemistry, and engineering with 
teaching, research, and writing more than 300 pub-
lications, 14 monographs, and 50 patents. He devel-
oped the theory of gas absorption and emission in 
porous media and an applied approach to extreme 
states of rocks and rock massifs.

Dr. Alexeev’s areas of interest in basic and applied 
research include the physics of rocks and mining 
processes, radiophysics, extreme states of solids, 
and physico-chemical mechanics. He studied the 
effects of surficants on stress states of rocks and 
implemented surfagents to prevent outbursts in 

coal mines. He also applied nuclear magnetic resonance (NMR) to studies 
of methane–coal systems and developed new methods and technologies for 
predicting mine outbursts.

Dr. Alexeev is a corresponding member of the National Academy of 
Sciences of Ukraine, a member of the Academy of Mining Sciences of Ukraine, 
and the Russian Academy of Natural Sciences. He graduated from Donetsk 
Polytechnical Institute in 1963 and joined the institute as an assistant profes-
sor. He was named head of the laboratory in 1967. In 1992, Dr. Alexeev became 
the division director of the Donetsk Physical and Technical Institute of the 
National Academy of Sciences of Ukraine. He was named the director of the 
National Academy’s Institute for Physics of Mining Processes in 2001. In rec-
ognition of his accomplishments, Dr. Alexeev was awarded the State Prize 
of Ukraine (1996), the A.A. Skotchinsky prize (1990), and the I. Puluy prize 
(2001). He was designated an Honored Miner of Ukraine (1996) and received 
several President’s medals in all three classes for “Valiant Labour,” “Miner’s 
Glory,” and “Miner’s Valour.”





1

1
Coal Structure

Fossil coal is a “living witness” of prehistoric times (from the Carboniferous 
to Jurassic), when the Earth was covered with impenetrable jungles, and 
equisetums, lycopodiums, and ferns thrived. Due to seismic cataclysms, 
the jungles were first buried under water and later under various rock lay-
ers. That started the transformation of wood material into coal—a process 
known as metamorphism. Meanwhile, the world’s oceans witnessed a simi-
lar process—the transformation of plankton into petroleum.

Petroleum is a natural accumulation of hydrocarbons. Its deposits occur 
in sedimentary rocks of various ages. Crude oil is an insoluble, dark brown, 
oily liquid with a density of 0.75 to 0.95 g/cm3. It contains 83 to 87% carbon, 
11 to 14% hydrogen, and minor amounts of nitrogen, oxygen, and sulfur. 
Cyclic hydrocarbons are dominant in some oil grades and chain polymers 
are dominant in others.

The chemistry of petroleum formation has not yet been fully elucidated, but 
most likely the source material was provided by life remains in shallow sea 
basins. Rapid development of primitive algae resulted in a rapid evolution of 
animal life. In view of the enormous reproductive rapidity of protozoa under 
favorable conditions, it is not surprising that great amounts of their remains 
accumulated at the bottoms of bodies of water. In the absence of air, the remains 
slowly decomposed in near-bottom waters and were gradually covered with 
clay and sand, steadily transforming into petroleum over millions of years.

Two competitive energy carriers emerged: coal and petroleum. They differ 
in form (one is solid, the other liquid). This difference is certainly impor-
tant. Petroleum is easily transported via pipelines; coal must be repeatedly 
trans-shipped from origin to user. Furthermore, petroleum recovery is far 
less complicated. It requires only wells instead of mines. However, the cru-
cial difference between these energy carriers that determines their recovery 
and use is caloric efficiency (approximately 8 kcal/g for coal and 11 kcal/g 
for petroleum). These values correspond to the transformation levels of the 
electron shells (0.4 and 0.6 eV/atom, respectively).

The second important feature is the amount of the world’s reserves of these 
traditional energy resources. The estimates indicate more than 1.5 × 109 tons 
for coal; 0.17 × 109 m3 for petroleum, and 1.72 × 1011 m3 for gas. With respect to 
the amount and total energy content, petroleum ranks second to coal by an 
order of magnitude. As energy demands increase by approximately 3% per 
year, energy consumption in 2025 will amount to 2.28 × 107 tons of equivalent 
fuel. If industry as the main energy consumer continues to grow at this rate, 
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the world resources of coal, petroleum, and gas will be exhausted in approxi-
mately 100 years. Note, however, that this holds for explored reserves (and 
also recoverable ones with regard to coal). What geologists may discover in 
the future remains unknown although estimates are still in favor of coal. 
Gas energy in the Ukraine amounts to 41% (21% world average). Additional 
sources are coal and petroleum (19% each), and uranium (17%); other sources 
constitute 4%. Manufacture of a commercial product with a cost of $1 requires 
0.9 kg of equivalent fuel or 2.5 times the world average.

The specified values of 8 to 11 kcal/g for coal and petroleum, respectively, 
are minor in comparison to the caloric efficiency of a uranium fission reac-
tion that produces as much as 104 times the energy. Thus, many countries 
prefer nuclear fuel to coal and petroleum as sources of chemical raw materi-
als. Russia, for example, satisfies 16% of its needs through nuclear energy 
because its nationwide cost per equivalent unit is 13 to 15% less than the 
average. Nuclear fuel is virtually the most feasible energy source to replace 
limited and nonrenewable reserves of petroleum and coal. This problem still 
remains open. After sufficient thermonuclear energy sources are developed, 
coal and petroleum as energy carriers will be regarded as insignificant, and 
pass to the domain of chemists. Then perhaps the reversion to Mendeleev’s 
idea of underground coal gasification will become possible.

Comparing coal with petroleum, we have passed over one general question: 
why do coal and petroleum liberate heat during combustion? More precisely, 
why exactly do they burn? The answer is simple. The C–C and C–H bonds 
that characterize hydrocarbons possess less energy (81 kcal/g-atom) than the 
C=O bond (85 kcal/g-atom) after combustion. This benefit of 4 kcal/g-atom 
does ensure caloric efficiency. Furthermore, combustion involves surmount-
ing a certain energy barrier—somewhat low for petroleum and higher for 
coal. Under natural conditions, spontaneous ignition may occur due to the 
sulfides in beds that decrease this barrier.

What predominant problems does any physicist encounter when begin-
ning studies of coal? The first step is to establish the general physical prop-
erties and create a certain model of its structure. Then one may proceed to 
analyze its behavior during interactions with various surrounding materials 
(gases, liquids, rocks, etc.) in different stress fields.

1.1  Genesis of Coal Substance

During carbonization, the content of the basic coal-forming elements in the 
organic matter of coals changes considerably.* Coal properties are predeter

*	 A very complete systematic survey of coal typology, physicochemical properties, and struc-
ture can be found in a monograph by D.W. Van Krevelen [22]. We also employed studies of 
coal constitution to solve physical problems encountered in coal recovery.
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mined by the manner of accumulation, surrounding conditions of sedimen-
tation, and plant material required to form coal from peat. The first stage 
of carbonization is biochemical. Peat is the less metamorphosed product of 
the transformed plant bodies. It is a heterogeneous, porous (up to 70%) mix-
ture consisting of decayed parts of dry land and marsh land vegetation that 
underwent different stages of transformation. It contains 55 to 65% carbon, 5 
to 7% hydrogen, 30 to 40% oxygen, and 1 or 2% nitrogen and it approximates 
the composition of timber (50% carbon, 6% hydrogen, 44% oxygen, and 0.1 
to 0.5% nitrogen on average). The composition of the most recent deposits of 
peat closely resembles the composition of timber. Under close examination, 
peat may reveal bands characteristic of brown and even black coals.

Because of limited oxygen presence, diagenesis occurs on peat surfaces. 
Decomposition of lignin provokes synthesis of humic acids that undergo 
carbonization and generate vitrinite. During the biochemical stage of car-
bon formation, decayed vegetation initially liberates colloids (heterogenic 
unstructured systems). Coal coagulation structures are not strong originally 
but their strength increases as water leaves the solidifying colloid and the 
coal substance consolidates.

Formation of the condensed coal structure is complete at the point of tran-
sition from the biochemical to the geochemical stage. Because of the loss of 
functional groups and simultaneous compaction of the aromatic ring in the 
crystallization lattice (both events typical for coal transformation during car-
bonization), black coal, in contrast to peat or brown coal, is harder, always 
black, less moist, and more compact. The formation of a condensed coal 
structure arises from increasing pressure and temperature and dehydration 
and compaction of colloid substances in the absence of oxygen.

A variety of geological and genetic factors led to formation of coals with 
different physical, chemical, and technological properties. Within a single 
coal basin, it is possible to categorize coals according to their maturity. On 
average, black coals of the Donets Basin constitute 75 to 80% vitrinite groups, 
4 to 12% fusainite groups with large amounts of condensed aromatic frag-
ments, and 6 to 12% liptinite groups, the latter having the longest aliphatic 
chains and providing aliphatic structural parts for the coal material.

Carbonization results from the influence of certain physical factors affect-
ing the entire coal-bearing stratum and embraces all the beds. At the stage 
of diagenesis, an average of vitrinite reflection (R0) amounts to 0.4%. During 
catagenesis, its value dramatically increases, reaching 2.6 to 5.6% at metagen-
esis (of anthracites). It follows that petrographic composition and metamor-
phism degree are two independent variables that determine coal properties. 
As the extent of carbonization rises, the ratio of chemical elements alters and 
the carbon contents in the aromatic ring networks and quantity of aromatic 
rings increase. The lattices of their clusters become more rigid and the coal 
eventually acquires the properties of a solid. The microhardness of vitrinite in 
brown coal-anthracite (B–A) series, for instance, becomes five times as great. 
This change is most apparent at lean coal-anthracite (T–A) stage [1].
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Coal is a product of decayed organic materials from earlier geological 
ages. Carbonization progress depends on external conditions and the dura-
tion of their influence and results in multiple metamorphism products such 
as coals (brown, black, anthracite), sapropelites, pyroschists, and petroleum. 
Anthracites and graphites are considered the most perfect structures among 
coals and represent completion of the metamorphic line. Representative 
anthracites reveal properties unusual for bituminous coals (enhanced elec-
trical conduction, for instance). It is believed that under certain conditions 
anthracite can pass through the intermediate stages to transform into graph-
ite. In this case graphite concludes the succession from peat to lignite to bitu-
minous coal to anthracite.

In its free state, carbon exists in three modifications (1) cubic lattice (dia-
mond) (2) hexagonal graphite, and (3) hexagonal lonsdaleite extracted from 
meteorites or synthesized. A black diamond with graphite lattice was found 
first on the Moon, and later on Earth. Amorphous carbon does not occur in 
natural conditions. Graphite is composed of linked carbon networks (layered 
lattices) that account for the softness and flakiness observed while draw-
ing with a graphite pencil. Each atom of carbon is bonded to four others. 
Distances to three of them are similar (0.142 nm), whereas the fourth atom is 
more distant (0.335 nm) and contributes a weaker bond. This feature mani-
fests itself in the easy splitting of graphite into separate layers.

Attracting force between the layers is small, enabling the layers to glide over 
one another. Graphite peculiarities may result from a short-term (epoch—no 
more than 1,000 years) but powerful impact of an intrusive thermal field (up 
to 1,000°C) on already formed coal materials. In response to such an effect, 
graphite and vitrinite assume fine-grained structures, the spacing between 
carbon lattice planes decreases, carbon content increases, and ordering of 
the whole structure is enhanced. Graphite preserves the cellular structures 
of coal-forming plants [2].

In nature, solids have well defined macromolecular structures that may be 
regarded as molecules whose atoms are covalently bonded.

Comparatively few substances in a solid state can generate atom lat-
tices. One example of such a lattice is the diamond—one of the free forms 
of carbon. Each atom of carbon forms four equal bonds with four adja-
cent carbon atoms to create an enormous, very durable, and consolidated 
macromolecular structure at the expense of common electron couples by 
strong covalent bonds that enable high hardness and high boiling and 
melting temperatures. Diamonds naturally originated from a combination 
of hard-to-reproduce conditions that liberated free carbon. While natural 
diamonds formed along with the Earth’s crust by crystallization of carbon 
dissolved in melted magma, artificial diamonds are made under specific 
conditions within kimberlite pipe, and subjected to high pressures and tem-
peratures for a long period; carbonization terminates at the stage of graph-
ite. Contemporary physics laboratories succeeded in synthesizing fullerenes 
and nanotubes not yet found in nature.
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Despite the experimental evidence on artificial carbonization, the signif-
icance of geological time must be regarded as a long-term impact on any 
factor (temperature, for instance) that may produce different results from 
organic material transformation under different timing conditions.

1.2  Elemental Composition of Coals

It may seem unusual to open a study of the physics of mining processes 
with a chapter related to the chemical composition of coals. This paradox, 
however, is absolutely natural because all the macroscopic properties of coal 
are dependent on microscopic ones that are in term conditioned by atomic 
properties; thus the boundary between physics and chemistry disappears.

The basic coal components are carbon, hydrogen, and oxygen. Carbonization 
is associated with regular and specific alterations of the amounts of these 
elements. The many variations among carbon compounds account for its 
peculiar properties, the most significant of which is ability to form strong 
atomic bonds. Due to the strength of bonding, molecules containing chains 
of carbon atoms are adequately stable under ordinary conditions, whereas 
molecules with similar chains of other elements are not nearly so strong.

The energy of the C–C bond (83 kcal/mole) is sufficient to provide stabil-
ity for chains of virtually any length. x-ray examinations have shown that 
the carbon atoms in such compounds with linear structures are arranged 
not along a line, but along a zigzag. This results from carbon’s four valences 
directed in a certain way toward one another; their relative position corre-
sponds to lines drawn from the center to vertices of a tetrahedron. Carbon 
in organic compounds may exist in an aromatic state. This is defined as a 
special type of atom bonding into plane cycles (closed chains) in which all 
the atoms in a cycle participate in formation of a uniform electron system of 
bonding. Benzene is the simplest aromatic compound that forms a structural 
unit that determines the properties of all aromatic compounds.

In studies of coals via various physical and chemical techniques, it was 
found that an average of condensed aromatic cycles per structural unit 
ranges (subject to metamorphic grade) from 4 to 10 cycles with 80% of total 
carbon in cyclic components [3]. The high molecular structures of coals that 
include aromatic, hydroaromatic, heterocyclic and aliphatic components, 
and functional groups, are generally recognized. However, no uniform 
view indicates exactly how these fragments are connected, how the struc-
tural units are built, and how they communicate with the spatial system (see 
Section 1.3).

Organic matter of coal may be generally described as a mixture of con-
densed molecules whose C=C double bonds are represented only by aro-
matic bonds, and some carbon, hydrogen, oxygen, nitrogen, sulfur, and 
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other heteroatoms form side aliphatic groups at the condensed aromatic 
nuclei. The oxygen-containing components in the aliphatic segments of the 
organic coal substance allow connections of the organic and non-organic 
contents. Various types of interaction are possible, for example, adsorption 
(electrostatic adsorption, hydrogen bonding, chemisorption), complexing 
(coordinate bonding), and formation of metal–organic compounds via 
the inclusion of heteroatoms or homopolar bonding. Essentially, the rela-
tive carbon content in the metamorphic line increases according to the 
pattern:

	 C–OH → CH3 → CH2 → CHarom.

For coals with Vdaf = 28%, C–OH = 1.8%; CH3 = 7.6%; CH2 =12.0%; CHarom = 
20.8%; Carom – Carom = 57.8%.

With increasing grades of metamorphism, concentrations of oxygen-con-
taining groups decline, structural fragments become more homogeneous and 
ordered, and transformation of various components of the coal substance 
(those having undeveloped bonds and considerable oxygen and aliphatic 
components) proceeds into a three-dimensional homogeneous structure 
with a large poly-condensed system containing minimal amounts of hydro-
gen and heteroatoms.

As the degree of carbonization increases, reactions remove oxygen and 
hydrogen from coal as CO, CO2, CH4, and H2O. At the middle stage of meta-
morphism, loss of hydrogen in such coals increases with rising oxygen pres-
ence, helping enhance the flexibility of macromolecules in the coal substance 
on the one hand and forming strong bonds between the fragments of the 
structure at the expense of the oxygen-containing functional groups on 
the other hand. During the formation of anthracites, with pressure as the 
predominant metamorphic factor, nitrogen, sulfur, and other heteroatoms 
undergo redistribution from the condensed systems of the molecular struc-
ture to the periphery. Classification of coals is traditionally based on grades 
of metamorphism (see Table 1.1).

Oxidation leads to self-heating and spontaneous combustion of coals. 
Oxidation initially involves aliphatic hydrogen and carbon; aromatic ones 

TABLE 1.1

Rank Classification of Coals

Description V G F C LB L A

Yield of volatiles V (%) 37 35–37 28–35 18–28 14–22 8–18 8
Carbon content (%) 78 81–85 85–88 88–89 90 91–94 94–98
Hydrogen content (%) 5.3 5.2 5.0 4.7 4.3 3.9 3.2

Source:	 Kizilshtein L.Y. 2006. Geochemistry and Thermochemistry of Coals. Rostov University 
Press, Rostov on Don.

V = volatile. G = gaseous. F = fat. C = coking. LB = lean baking. L = lean. A = anthracite.



Coal Structure	 7

are oxidized thereafter. Coals susceptible to spontaneous combustion con-
tain hydrogen and oxygen amounting approximately to 4%; non-susceptible 
coals contain 4.8 to 5.2% and 7.3 to 7.8%, respectively. The former have aver-
age yields of volatiles of 10 to 15%, whereas the latter yields are 7.2 to 7.6%.

Combustion reactions allow conversion of one substance into another but 
also involve non-chemical (physical) processes such as diffusion, convection, 
heat migration, etc. One of the most dangerous phenomena of coal-mining—
spontaneous combustion of fossil coals—is predetermined by the chemical 
activity and internal structure of the specific coal substance [4].

Oxidation rates of natural coals increase with rising oxygen, hydrogen, fer-
rous iron, and pyrite and yields of volatiles, and decrease with rising carbon 
quantity and metamorphic grade. During the transformation of peat into 
coal, carboxyl and hydroxyl group content declines, leading to a change of 
hygroscopic ability.

Moisture content, depending on origin and carbonization grade, can 
reach 30 to 45% for peats and 5 to 25% for brown coal. Moisture content in 
Donbass coals is up to 9% for gaseous and fat (GF), 5% for gaseous (G), 3.5% 
for fat (F), 2.5% for coking (C), 1.5% for lean baking (LB), 1% for lean (L), 4% 
for anthracite (A) coals, and 4 to 5% for bituminous shales. The amount of 
hygroscopic moisture in a coal indicates the quantities of polar fragments in 
a molecule. Water amount in coal is of great practical importance because 
it may enhance or impede oxidation and self-heating, change friability, and 
cause freezing that reduces caloric value.

Epshtein et al. [5] found that the coals of a similar metamorphic grade have 
different elemental compositions and coking capacities. They based this 
conclusion on the difference between the amounts of total and pyrite sul-
fur that occur in all coals regardless of their origin and metamorphic grade. 
Total sulfur in peats ranges from 0.5 to 2.5%, in brown coal from 3 to 7%, in 
Donbass coals from 0.5 to 9.3%, and in anthracites from 0.6 to 6.3%. Sulfur 
occurs in coals as an organic sulfur (an organic component of fuel), sulfides 
and pyrite sulfurs (including metallic sulfides and biosulfides), sulfate sulfur 
(as metallic sulfates), and elementary sulfur (in free state).

Most metallic sulfides form with the assistance of sulfate-reducing bacteria 
that catalyze reduction. This is impossible under ordinary temperatures and 
in the absence of ferments. Sulfide mineralization utilizes the biochemical 
properties of the material structure of the vegetation. Pyrite crystals are dis-
persed in the coal substance. More particularly they are regular octahedrons 
arranged in layers. Different coal beds may reveal different grades of sulfide 
mineralization. Oxidation of sulfur and its compounds leads to serious tech-
nological and environmental consequences. In pit refuse heaps, it causes an 
increase of temperature that may lead to spontaneous combustion of coal [6]. 
Mineral components in coals have different origins and fall into four fun-
damental groups [7]. Clay minerals and quartz of the first group are typical 
inclusions for most coals. They occur as interlayers and lenses or are evenly 
distributed in the organic substance, forming high-ash coal.
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The second group includes minerals liberated from solutions that form 
peat during all the stages of transformation of sediments into solid rocks. 
The typical minerals of this group are sulfurous metallic compounds (pyrite, 
marcasite) and carbonates of calcium, magnesium, and iron (calcite, dolomite, 
ankerite, siderite, etc.). Minerals of the second group may be finely dispersed 
in the organic substance of coals. Pyrite, for example, is barely extractable via 
enrichment.

The third group consists of minerals brought to already-formed coal beds 
in solutions from enclosing rocks. The group includes alabaster, melanterite 
(ferrous sulfate solution), epsomite (magnesium sulfate solution), halite (com-
mon salt), and secondary sulfates of iron, copper, zinc, and quartz. Minerals 
of this group are confined in coal fissures and form balls and contractions. 
When coals are ground to a certain degree, these minerals are exposed and 
their efficient extraction becomes feasible.

The fourth group includes minerals as fragments of enclosing rocks, 
brought up with the coal while recovering it. They are various clay miner-
als, such as kaolinite, hydrous micas, mix-layered silicates, montmorillonite, 
chlorides, quartzes, micas, and feldspars. A carbonate roof allows the intro-
duction of calcite and dolomite into coal. Minerals of the fourth group are 
not related to coal; they are fragments of soils and roofs that enter the coal 
and represent aggregates of multiple minerals.

The amounts of mineral impurities are usually characterized by an indi-
rect factor known as ash content, estimated by combusting a coal sample of 
a certain weight under specified conditions according to the current stan-
dards. Ash basically consists of oxides of silicon, aluminum, iron, calcium, 
magnesium, and other elements. Its quantity varies considerably for differ-
ent coals. At present, 98% of Ukrainian coal is recovered from underground 
mines. It is important to know the structures and properties of fossil coals to 
achieve certain industrial tasks and ensure miner safety.

1.3  Structure of Organic Mass

Since the structures of coals and their porosities are studied by various 
approaches using traditional methods of physics, Sections 1.3 through 1.5 are 
closely connected and their subdivision in this chapter is merely symbolic.

Fossil coal is a product of biochemical synthesis due to the functioning 
of microorganisms in decomposition of plants, and represents a complex 
structural system formed under virtually thermodynamic equilibrium con-
ditions with multiple varieties of bonds both in its matrix structure and 
between the matrices and fluids. The distinguishing features of structural 
and chemical transformations of coals under natural conditions and the 
thermodynamic equilibrium nature of the process are high selectivity and 
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screening of transformation courses in proceeding reactions with minimal 
activation energies. Under a series of chemical reactions, a continuous clus-
ter of coal structures originates and displays the most enhanced thermody-
namic stability under physical conditions of metamorphism [8]. A coal bed 
is a natural equilibrium system containing components such as coal, gas, 
water, and mineral impurities. Gases and water should not be regarded as 
filling or passive agents; they are components that exert considerable and 
even critical effects on the related reactions.

Mineral substances essentially include compounds of silicon, alumi-
num, iron, calcium, magnesium, sodium, potassium, and other elements. 
Impurities considerably influence coal characteristics, but their effect on 
physical and mechanical properties remains disputable. Note that coal pro-
cessing properties have been well studied by chemical methods.

Water content of coals ranges from 2 to 14% and depends on grade, type 
of metamorphism, and bedding conditions. Water has a considerable impact 
on all the characteristics of fossil coals, particularly on their physical and 
mechanical properties [9].

Gases in coal deposits include nitrogen, methane, heavy hydrocarbons, car-
bon dioxide, carbon monoxide, hydrogen, sulfur dioxide, and rare gases. The 
principal gases are methane, carbon dioxide, and nitrogen. In the coal beds of 
Donbass, methane is predominant for black coals. The organic masses of coals 
are super-heterogeneous. Coal reveals visible banded arrangements of alter-
nating matte and lustrous layers with multiple inclusions of irregular shape. 
Porosity and heterogeneity levels vary from millimetric (lithotypes) to micro-
metric (macerals) and even smaller scales, resulting in arbitrary, subjective 
choices of macromolecule sizes of organic masses. The six fundamental groups 
of petrographic constituents are vitrinite, semivitrinite, fusainite, liptinite, 
alginate, and mineral impurities. Although the total number of constituents 
approaches 20, only three morphologically homogeneous groups constituting 
most coals are considered: (1) vitrinite, the basis of lustrous coal; (2) fusainite, 
consisting of soft matte layers, and (3) liptinite, which includes exinite (spores), 
cutinite (cuticles), resinite (resin cores), and suberinite (cutinized fibers). Black 
coals of Donbass contain 75 to 80% average constituents of vitrinite groups, 4 
to 12% fusainite, and 6 to 12% liptinite.

Coal properties are determined by both source material and by conditions 
of transformation during carbonization. Petrographic composition and met-
amorphic grade are considered independent variables that determine coal 
properties. As a result, structures and properties of a particular coal may be 
described only as statistical averages.

Understanding coal’s natural structure took a long time because of consid-
erable changes in experimental techniques. The structural models obtained 
via chemical experimental techniques such as an organic solvent extraction 
and thermal destruction indicated that the elementary compositions of coals 
and the chemical structures of fossil coal reaction products differed in nomi-
nal structural units of coal substance and molar mass.
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The great adsorption ability of coals, their ability to expand in polar sol-
vents and produce colloids, and their physical and optical qualities spread the 
concept that fossil coal had a colloid nature. That concept led to recognizing 
the micellar structure based on supramolecular entities (micellae) arranged 
as aggregates of fine macromolecules bonded by Van der Waals force. The 
shape of micellae was accepted as globular (spherical or resembling a pear). 
Differences in coal properties were attributed to degrees of nucleus and 
shell polymerization, construction of micellae, and their interacting forces 
[10]. However, the idea of micellar structures of black coal entities failed to 
explain the nature and mechanism of chemical processes arising from meta-
morphic transformation and heating of coals.

The first attempts to explore scale ordering were made by applying a new 
technique known as small angle x-ray scattering to organic substances (see 
Section 1.4). Krishimurty [11] found scattering in the areas of small angles, lead-
ing to his assumption that coal was an intermediate between true crystalline 
and amorphous states. Mahadevan [12] explained small angle scattering as the 
result of the colloid natures of diffracting entities. When investigating lignites, 
Brusset et al. [13] discovered bands in the areas of small angles; the dimensions 
of the elementary particles ranged from 0.4 to 0.6 nm. They proved the thesis 
that small angle scattering does not depend on atom position within scattering 
particles. Blayden, Gibson, and Riley [129] associated the presence of intensity 
maximum with the dimensions of fundamental particles and spacing between 
them. Scattering was characterized by both a steady increase in the area of 
small angles and progressive decrease in the presence of wide maximum.

Hirsch [14] obtained a scattering curve in the area of very small angles. He 
observed two types of scattering: (1) diffuse scattering in the area of 2.0 nm 
that rapidly inclined with angle narrowing and (2) discrete scattering charac-
terizing the recurrence of the coal structure in the range of 1.5 to 4.0 nm (bands 
of 1.6, 2.0, and 3.4 nm). Diffuse scattering was explained by Hirsh as the result 
of large structural elements or distribution of pores in the solid phase.

A two-phase physical and chemical model of coal is generally accepted at 
present [15]. It was presented and described by Rouzaud and Oberlin [16,17] 
and Larsen et al. [18]. According to this model, the coal structure consists of 
two components—a macromolecular network and a molecular component 
that is a complex mixture of dissolved molecules [19]. The macromolecular 
network is formed of intercrossing aromatic structures that consist of tur-
bostratic or randomly distributed layered lattices. The basic components of 
the macromolecular network are carbonic structures known as basic struc-
tural units (BSUs). With increasing carbonization grade, they accumulate two 
to four aromatic layers [20,21] and form so-called crystallites or aggregates of 
aromatic rings bonded to multiple diverse functional groups, aliphatic and 
hydroaromatic fragments, cross-linked into irregular macromolecules by 
various bonds.

This approach, used in models by Kasatochkin [8], Van Krevelen [22], and 
others is accepted by most researchers. The vitrain macromolecule model 
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of incompletely metamorphosed coal by Fuks-Van Krevelen (Figure 1.1) is 
widely distributed. It consists of a central aromatic part containing 6 to 11 
condensed rings bonded to one another and hydroaromatic groups with het-
eroatoms and side substituents surrounding the rings. Structural cells are 
not completely similar as they are in regular polymers. In Figure 1.1, the aro-
matic rings are cross-hatched and points of possible macromolecular decom-
position (along ether bonds) are shown with dashed lines. Weak areas may 
also occur at the points of bonding aromatic rings to peripheral hydroaro-
matic groups.

More recent models describe the non-aromatic structure of the organic 
mass in greater detail. Average bituminous coal molecules proposed by 
Wiser, Given, Solomon, Heregy, and Lazarov are markedly similar despite 
differences in their skeletal structures and distributions of spatial groups. 
They include elongated planes interrupted by aliphatic and hydroaromatic 
protuberances of 0.2 to 0.5 nm. These models describe a fossil coal “mol-
ecule” as a two-dimensional layer or plane [23–28].

Shinn’s research [29] on coal liquefaction led to revisions of scientific con-
ceptions of a number of aspects of coal structure. For the purpose of creating 
the model, the data on compositions and reacting capabilities of bituminous 
coals of the United States and distribution of liquid products under one-stage 
and two-stage processing were collected. The coal compositions and liquid 
products were compared to gather data on chemical reactions and define 
bonding types that are destroyed under liquefaction.

A considerable contrast between the products of two-stage processing and 
mere coal dissolution reveals that coal contains predominantly active small 
molecular units. Relatively large molecular products of a single-stage thermal 
processing may, in fact, appear to be the products of condensing fine fragments, 
and not of depolymerizing source coal. The model under discussion—an 
example of coal behavior under liquefaction—reveals a number of ambigui-
ties in its structure. They are associated with the nature of aliphatic coal, the 
abundance of active bonds, the dimensions of subunits within a cross-linked 
matrix, and macromolecule three-dimensional aspects.

More recent hypotheses based on C13 NMR and EPR data show that the 
organic mass consists of a rigid molecular network containing a mobile 
molecular component [30,31]. In their model, Larsen and Kovach [32] dis-
tinguish the molecular and macromolecular phases. The macromolecular 
phase forms a three-dimensional skeleton consisting of cross-bonded mac-
romolecular fragments, whereas the molecular phase is distributed within 
the pores of the macromolecular phase or on its periphery. The model does 
not establish the nature of the connection of these phases.

On the basis of the data obtained from research on the solvent extraction of 
coals, Marzec et al. [33,34] concluded that the molecular and macromolecular 
phases are connected by electron donor and acceptor interactions. The latter 
lead to the existence of molecular complexes since electron donor and acceptor 
centers occur in both stages. The molecular network consisting of aromatic 
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fragments bonded by aliphatic and alicyclic units is understood as nonplanar. 
Cross links within the network form due to isolated methylene, ether, thioether 
groups, and large fragments [35].

The molecular phase consists of relatively small molecules (compared to 
“macromolecules” with cross links) that are not identical in chemical com-
position or physical state. More than 300 components have been identified 
in the extracts of highly volatile bituminous coals by high resolution mass 
spectroscopy. The basic components are aromatic hydrocarbons, phenols, 
pyridine, pyrrole, and benzene homologues.

Mass spectroscopy in ionization fields established that the volatiles lib-
erated at room temperature consist mainly of substances with molecular 
masses ranging from 200 to 600 atomic units [36]. Based on the model, the 
extraction mechanism turns into a substitution reaction of the molecules of 
the molecular phase for the solvent molecules that have significant electron 
donor and acceptor forces. Some components of the molecular phase may 
not extract due to the dimensions of pore openings limited by the macromo-
lecular network.

Duber and Wieckowski [31] interpreted the electron paramagnetic reso-
nance (EPR) spectra of deaerated coals of different metamorphic grades 
in terms of the structural model of Larsen-Covach. They concluded that 
paramagnetic centers in the macromolecular phase give a narrow EPR line, 
whereas the molecular phase spins give a broad line.

Because chemical models have only two dimensions, they provide little 
information about the physical, mechanical, and other characteristics of fos-
sil coals. Disregarding structure volume, the selection of macromolecule 
dimensions is subjective and can thus ignore such complex issues as molecu-
lar mass. It is very difficult to find solutions for gas static and gas dynamic 
mining and processing tasks at coal bed developments solely on the basis of 
chemical composition.

The most widely known model among the complete versions of the three-
dimensional organic structure of coal was proposed by Kasatochkin [37]. In 
this model (Figure 1.2), the vitrain substances are regarded as space poly-
mers in a glassy amorphous structure consisting of a congregation of plane 
hexagonal atom networks (lamellae) of cyclically polymerized polymers 
bridged by lateral radicals as molecular chains of linearly polymerized car-
bon atoms. Several lamellae or condensed carbon rings are spatially united 
into so-called crystallites—formations similar to graphite lattices with few 
parallel and disturbed layers. Such structural units have dimensions of up 
to tens of angstroms and are bonded to one another by alkyl chains. Free 
valences in the side chains may be linked to hydrogen, oxygen, or other 
atoms or atomic groups within the given substance.

High resolution microscopy produced a considerable effect on the devel-
opment and improvement of coal structure conceptions. Transmission 
electron microscopy can generate precise pictures of the structural cells of 
the substances under investigation. Electron microscopy research in 1954 
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showed closed pores with dimensions of hundreds of angstroms along with 
aggregations into narrow chains and channels. At that time, use of elec-
tronic microscopy to investigate coal structures encountered considerable 
and even insurmountable procedural difficulties [38]. Research [39] using a 
YSM-35 electronic microscope showed that the vitrinite pores had rounded 
spherical shapes in GF, G, and F coals and spindle or bunch shapes in C, 
LB, and L coals. The pores formed evenly scattered aggregations within a 
homogeneous vitrinite layer, occurred layer-by-layer or at layer junctions, 
and congregated in groups at the points of forming microfissures. By mag-
nifying the view of a scanning electron microscope, pore systems of even 
smaller dimensions were revealed. Alteration of pore dimensions and 
shapes under metamorphism attests to complex transformation processes 
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FIGURE 1.2
V. I. Kasatochkin’s three-dimensional coal structural model. (Adapted from Larina I.K. 1975. 
Structure and Properties of Natural Coals. Moscow: Nedra.)



Coal Structure	 15

that form vitrinite molecular structures via metamorphism and generation 
of gases.

Lipoid microcomponents such as sporinite, cutinite, and resinite feature 
individual architectures and sufficiently capacious intracavitary surfaces. 
Due to insufficient quantity, liptinite does not substantially affect gas gener-
ation. Heavy methane homologues form at the expense of latent lipid–humic 
bituminoids of vitrinite and liptinite at 2G through 4F stages. A special 
type of porous capacity is presented by interlayer spaces with distributed 
compression, slide, and dislocation zones and fissure cavities characteris-
tic of junction zones of vitrinite inclusions in homogeneous helium-treated 
masses. The junction planes are essentially available for multiple fissure sys-
tems under developing microcleavage.

Ajruni [40] also observed a series of porous structures in fossil coals at 
various scales including pores of 1 ÷ 105 nm whose bonding types and 
gas contents differed considerably. Oberlin [41] proposed a dark field 
transmission electronic microscopy (TEM) method that provided con-
trast images for investigating minimally ordered carbon substances such 
as fossil coals. The method produced direct pictures of basic structural 
units and their general spatial orientations (substance microtexture) not 
visible with other methods. The macromolecular network is represented 
by particles bearing a resemblance to solids and the molecular component 
appears similar to liquid units. Both types contain basic structural units 
of approximately similar dimension (<1 nm) disregarding the solid fuel 
metamorphic grade. The analysis of low metamorphosed coals by dark 
field TEM showed that the basic structural units are randomly oriented 
due to a significant number of functional groups. Highly metamorphosed 
coals and pyrolysis products feature basic structural units of similar 
dimensions, but their orientations are locally parallel within the molecu-
lar orientation domains (MODs), with each MOD forming a pore mem-
brane. The substance microtexture resembles a crumpled sheet of paper 
(Figure 1.3).

Oberlin and Rouzaud described the model evolution under pyrolysis and 
metamorphism in detail [42–44]. Under carbonization to a semi-coking state, 
carbon substances undergo a more or less evident transition into a plastic 
state in which basic structural units rearrange and form domains. Oxygen 
in this case accounts for cross linkage formation and prevents development 
of large domains. Hydrogen conversely acts a plasticizer, generating large 
domains. Thus, chemical composition determines the nature of basic struc-
tural unit orientation.

Dark field technique was used to analyze 65 coals of various metamorphic 
grades with different chemical, geological, and geographic characteristics 
[41]. The data obtained agree with those from NMR and EPR spectroscopy 
and organic solvent extraction aimed at recovering the molecular compo-
nent. In conclusion, it is reasonable to note that in view of the diversity of 
the (sometimes contradictory) conceptions discussed in this section, every 
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FIGURE 1.3
Models of molecular oriented domains. (a) Dark field transmission electron microcopy image. 
(b) Simulated image. (Adapted from Oberlin A. 1989. Chem. Phys. Carbon 22, 1–143.)
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researcher is entitled to select his own point of view of the coal structure. We 
followed the spatial model by Kasatochkin and we believe that it allowed us 
to obtain a number of pioneering fundamental and applicable results that 
will be presented in the subsequent sections.

1.4  X-Ray Studies

This section covers in detail the history of x-ray studies of coals since no 
consensus yet exists regarding the interpretation of experimental results 
on the coal structure. As shown below, on the basis of experimental data 
obtained at the Institute for Physics of Metals of the National Academy of 
Sciences of Ukraine, x-ray techniques allow reasonable judgment about the 
dimensions of graphite-like crystallites.

1.4.1  Literature Review

Coal and its derivatives are sources of energy and carbon and the extensive 
use of these materials warrants thorough studies of the coal microstructure. 
Studying the atomic structure of coal by x-ray analysis commenced in the 
early twentieth century. Laue took the first x-ray photograph (showing what 
is now known as the Laue pattern) in 1912. It is fair to say that studies of 
coal structure began at the dawn of x-ray photography. Even the early works 
proved that diffraction photographs always feature three “blurred” maxi-
mums whose angle positions correspond to the lines on graphite x-ray pat-
terns. The first maximum matches the graphite line (002), the second one 
(100), and the third one (110) according to Figure 1.4.

Also, under coal annealing, especially at temperatures exceeding 1000°C, 
the widths of the maximums gradually reduced and new reflections corre-
sponded to graphite lines as well. x-ray patterns of some amorphous carbons 
that underwent annealing at 1000 to 3000°C showed all the graphite lines. 
These experiments enabled the authors to believe that a “carbonic substance” 
consisted of fine-grained graphite crystals whose shapes and dimensions 
were established by widths of diffraction maximums. The height increase 
and width decrease of the latter were associated with increasing dimensions 
of the crystals.

Over the past 50 years, x-ray techniques have undergone dramatic prog-
ress. Simple devices were replaced with powerful machines. For example, 
x-ray goniometers with high precision detectors and x-ray tube (or sample) 
positioning led to the creation of various x-ray diffractometers for general 
and special purposes. The use of x-ray tubes and x-ray power generators 
has increased significantly. Modern x-ray emission sensors allow increased 
resolution and measurement accuracy of the emission intensities of objects. 
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Personal computers achieve automation of diffraction experiments, sharply 
improving accuracy and accelerating processing of data.

Unfortunately, this progress in instrument engineering and methodol-
ogy has significantly promoted research only on crystalline objects. The 
achievements related to amorphous materials are not very impressive, 
mainly because the diffraction pattern from a disordered material (liquid 
or amorphous) is very simple—a continuous curve with only three or four 
peaks (diffusion scattering), among which only one—the first—is distinct. 
Diffraction patterns differ insignificantly even for objects with considerably 
different physical characteristics that can be seen in phase diagrams.

These features of experiment functions resulted in the lack of a reliable 
structure theory for both liquid and amorphous objects. Even now, studies of 
their structures have reached only model approximation. The defined char-
acteristics of intensity function led to a great number of structure models of 
both liquid and amorphous objects, most of which lack a strict mathematical 
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formalism and do not allow analysis on the quantitative level. Furthermore, 
diffraction methods are most often used to study ordered crystalline materi-
als whose atomic structures may be unambiguously determined from crys-
talline phase symmetry. However, the loose atomic order of disordered solids 
and liquids yields wide diffraction peaks that carry less information than 
peaks derived from crystalline objects. This makes the analysis of diffraction 
patterns of disordered materials more difficult. That is why the researchers 
use material structure modeling (similar to common crystallographic model-
ing). Estimated likelihood studies were performed by comparing theoretical 
diffraction patterns with experimental ones. However, in disordered mate-
rials and liquids, model results may be in accord with experimental spectra.

As presented in this work, interpretation of coal structure differs from the 
methods described in the literature. An overview of the existing methods of 
building and estimating physically realistic structure models that are consis-
tent with experimental diffraction patterns is given below. The methods were 
developed from those devised for analysis of disordered carbon forms.

According to most researchers, amorphous materials are characterized 
physically as frozen liquids. At the beginning of the twentieth century, a 
theory of x-ray radiation scattering by single-component melts was devel-
oped and later elaborated and extended to multi-component melts. The same 
theory is still used successfully to examine amorphous material structures.

The intensities of coherently scattered radiation of same-kind atoms aggre-
gate and, reduced to electronic units, can be written in the following form 
[45–49]:

	 Is f i i j
ji

() exp ( ) ,= −( )∑∑ 2 s r r 	 (1.1)

where f 2 is the atomic factor; s is a diffraction vector with a scalar value 
|s| = 4πsinθ/λ (2θ is the scattering angle); and (ri – rj) is the vector interval 
between i- and j-atoms. To calculate the intensity, it is necessary to know 
the total interatomic spacing in an object, which can be described by a static 
integral. With liquids or amorphous materials, it is impossible to calculate 
a static integral. That is why, since atomic position statistics usually show 
spherical symmetry, spherically symmetric functions of atomic density ρ(r) 
or probability g(r) = ρ(r)/ρ0 that depend only on magnitude rij are introduced. 
The sum (1.1) is replaced by continuous distribution and angle averaging is 
carried out. Finally, intensity distribution, depending on the scattering angle 
takes the form:
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where ρ(r) is the function of atomic density, that determines the number of 
atoms in a volume unit at the distance r from the origin atom; and ρ0 is the 
average atomic density of an object.

The i(s) = I(s)/Nf 2 is called the structural factor or interference function. 
Nf 2 is the sum scattering from isolated atoms (free “gas scattering”), which 
is easy to take into account during the calculation. Using Fourier trans-
form, we calculate the total correlation function that characterizes atomic 
radial distribution:

	 4 4 2 12 2
0

0

π ρ π ρ
π

r r r r is s sr s( ) () sin( ) .= + −⎡⎣ ⎤⎦

∞

∫ d 	 (1.3)

With the help of the function of atomic radial distribution, we determine the 
average coordination number N (equal to the first maximum area) and the cor-
relation radius. According to the structural factor, with the help of the Fourier 
transform, the relative function of atomic radial distribution g(r) is calculated:
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It should be noted that the information about the geometry of scattering 
centers distribution in a liquid structure contained in g(r) functions is not 
comprehensive, as this function does not allow determination of the prob-
ability of distribution of three, four , or more particles. With alloys, the finite 
equation of the theory of x-ray radiation scattering becomes more complex 
because of the need to consider the difference in the scattering powers of 
atoms of different kinds.

Warren in his 1934 work [46] carried out the first quantitative x-ray diffrac-
tion analysis of carbonaceous materials. He suggests a model of the structure 
of imperfectly layered substances of soot types as lattices consisting of ran-
domly oriented atomic layers. Warren derives the intensity equations for the 
line sectors in diffraction bands conditioned by such lattices. To accomplish 
this task, he introduces the average on a scattering volume function of scat-
tering by one electron and effective quantity of electrons in each atom. These 
assumptions allow use of the Fourier transform to calculate the functions of 
electron radial distribution and later on the basis of model assumptions to 
derive the atomic radial distribution function.

Warren [46] calculated the curves to determine atomic concentration at any 
distances. As a result, the areas immediately under the peaks show the num-
ber of atoms in the given distance interval since the calculations are numeri-
cal and in absolute values. Thus, in the interval around 0.15 nm, the peak 
contains 3.2 atoms; at 0.27 nm, the peak contains 10.2 atoms, and crowding 
appears at 0.405 and 0.515 nm. With the help of these calculations, Warren 
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showed that atomic configuration in the soot was not at all diamond-like. 
The diamond structure reveals 4 nearest neighbors at 0.15 nm, 12 neighbors 
at 0.252 nm, and another 12 at 0.295 nm. Warren surmises that distribution 
on the received curve corresponds to the atomic configuration of one graph-
ite layer, even taking into account errors in defining atom quantities and 
peak arrangements (conditioned by overlapping of the latter). According to 
Warren, if the neighboring layers had particular orientations and positions 
relative to the first one, atomic configuration would completely correspond 
to graphite structure; otherwise coal soot would represent some sort of 
mesomorphic form of carbon (ordering only in two dimensions). However, 
he does not consider either of these two conditions a priority.

The comparison of the experimental curves of radial distribution of soot 
and graphite atoms allowed Warren to make a conclusion that the coal soot 
consists of either extremely small graphite crystals or roughly parallel (qua-
si-parallel) graphite monolayers, or, finally, heterogeneous mixture of both. 
These two distributions are not different to the degree where one of them 
can be positively excluded. Warren concludes from this that if it is possible 
to explain satisfactorily experimental x-ray data by quasi-parallel graphite 
monolayers, this serves as a warning against hasty conclusions while deriv-
ing diffraction spectra with the help of two or three indistinct peaks only.

At the same time, Warren determined a characteristic unusual for homoge-
neous solids and liquids that appeared on soot roentgenograms. Scattering 
intensity increased to a value above the highest peak instead of diminishing 
to small values with a decrease of scattering angle. This phenomenon known 
as small-angle scattering has also been noted by many other researchers who 
have suggested more complicated explanations.

Warren associated this effect with the fact that the material consists of very 
finely dispersed particles that are loosely packed in a sample due to their 
heterogeneous form. Thus, every atom is surrounded by a high density area 
that covers the space an order higher than the particle size, then a medium 
density area that is less condensed due to loose particle packing. Therefore 
the scattering intensity at small angles can have significant values, depend-
ing on the excess density amount. Assuming part of the material is in the 
form of multi-layered small graphite crystals, the difference between graph-
ite and coal soot densities can be easily connected with the observed scatter-
ing intensity at small angles.

Warren expresses confidence in the fact that the decrease of small-angled 
scattering that occurs during angle increase depends on the dimension of 
the high-density area and thus represents a rough estimate of particle sizes. 
He surmises that small-angled scattering indicates that at least a minor part 
of the material is made of small crystals. Warren’s works [46–49] assured 
him that soot definitely contained graphite monolayers. The particle sizes 
change from sample to sample based on the method of gathering, but coal 
soot includes continuous series of structures ranging from mesomorphic to 
crystalline states.
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One way to determine aromaticity (sizes of concentrated aromatic layers 
and sizes of layers packed in a coal material) is also based on the equations 
introduced in Warren’s works [47–49]. Using Sherrer’s equation, he applies 
the general diffraction theory to statically homogeneous objects of arbitrary 
structure and determines the interdependence of the form and the inten-
sity hk0 stripe on plane size (later the formula for determination of Lc was 
derived [45]):
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where La and Lc are the width (diameter) and height of crystallites (packs 
containing several parallel layers), respectively, B is the half-width of the cor-
responding stripe, λ is the length of the scattering wave, B002 is the half-width 
of the graphite peak (002), θ 002 is the peak position (002), and ∆(sin θ) is the 
difference in angular disposition of hk0 stripe. This method of graphitized 
carbon analysis continues to be used.

Franklin [50] used Warren’s constructions [45–47] to prove that all soot x-ray 
peaks correspond to graphite reflexes (001) and (hk0). She surmises that the 
main contribution to dependence of back-scattered radiation intensity I(s) on 
the scattering vector s in soot is made by little vertical packs of completely 
ordered hexagonal graphite planes. In the same work [50], Franklin suggests 
a number of reasons for the observed broadening of radial distribution func-
tion g(r). Having analyzed the disorder of carbon aromatic atoms in graphite 
layers, she concludes that this contribution to broadening I(s) is small because 
the theoretical function g(r) for an ideal graphite plane with introduced arti-
ficial decay corresponds to the experimental dependence only qualitatively. 
Franklin [50] notes the possibility of “disorganized carbon” in the purely gas-
eous state that may explain the monotonous background of the observed spec-
tra. However, although she derives the model of very small reflecting aromatic 
layers (crystallites) in carbonaceous substance structures, ideal crystalline 
planes plus gas carbon later served as bases for building carbon structures.

To further develop the idea of plane crystalline interpretation of disor-
dered carbon structures, Franklin later [51] devised methods of analysis for 
several carbonaceous materials, demonstrating diffraction patterns inter-
mediate between cases of completely disordered structures with reflexes 
only (001) and (hk0) and crystalline graphites with complete sets of reflexes 
(hkl). Particularly, she analyzed the structures of carbonaceous materials 
with highly ordered crystallites consisting of a set of c-planes 0.344 nm from 
each other but absolutely not otherwise correlated (so-called turbostratic 
carbons). For such graphitized carbon-based materials (derived from coke, 
natural graphite, or polymers by thermal treatment at 1700 to 3000°C), the 
number of parallel c-planes in the crystallite was 30 to 150 and corresponds 
to ordered structures.
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Franklin’s [50,51] fraction of disorganized carbon was later used by 
Alexander and Sommer [52] as a parameter to determine soot structure. 
They calculated this fraction with the help of a theoretical expression for the 
expected peak (002) value for an ideal crystallite with a specified number of 
aromatic layers. The best approximation of an experimental peak (002) by 
this expression was achieved by subtracting a constant from the measured 
intensity I(s) to determine the fraction of amorphous carbon; at this point, the 
peak must stay as symmetrical as possible and fall to zero at both sides of the 
central maximum.

Intensive research on fossil coals and cokes started in the early 1950s. The 
above described development of the theory of imperfect crystal lattices and 
x-ray diffraction in amorphous bodies on the basis of carbon-based material 
research seemed to allow the quantitative interpretation of coal roentgeno-
grams. In fact, scientists differed on the interpretation of the results. Some 
agreed with Warren, Franklin, and Alexander [45–52] that coal consisted of 
small graphite crystallites. Others thought that direct crystallographic proof 
of this structure was lacking.

Kasatochkin [53,54] expressed his opinion about the inconsistency of con-
sidering natural coals and cokes to be superfine graphite-structured materi-
als because fossil coals, unlike other amorphous carbons, consist of a number 
of components with different morphologies, physical properties, and chemi-
cal composition, for example, vitrains, fusains, and others. These constitu-
ents differ sharply in their fine morphological and molecular structures. 
Kasatochkin assumes that the asymmetric maximum (002) is conditioned by 
non-aromatic side hydrocarbon groups in the peripheral parts of coal materi-
als [54]. This approach allowed Kasatochkin [8,53–55] to express qualitatively 
the idea that hydrocarbon structural fragments surrounding the aromatic 
layers interconnect the layers, thus forming a spatial polymer. This repre-
sents the first explanation of the elementary structure of coal (Figure 1.5).

Structural units that serve as the bases of vitrain macromolecules are het-
erogeneous and differ from one coal rank to another in carbon lattice sizes 
and side chains. Kasatochkin observed interference fringes, coincident with 
graphite lines (hk0), as a result of x-ray interference on a flat hexagonal carbon 
atomic lattice, similar to the graphite carbon monolayer. Fringes correspond-
ing to graphite lines with indices (001), are considered interlattice (intermolecu-
lar) interferences. That is why it was assumed that the reason for the widening 
of interference fringes (001) was the reciprocal disorder of atomic carbon lat-
tices. Lessening of interference fringe (hk0) and (001) width corresponds to the 
increase of micromolecules (carbon lattices) and an increase of their mutual 
orientation level. Structural changes of coal carbonaceous materials with meta-
morphism involve two parallel processes: (1) increase of atomic carbon lattices 
due to side group decomposition and (2) mutual orientation of carbon lattices. 
Coalification, according to Kasatochkin, should be the direct transition of sp3 

hybrid atoms into (sp2π)ar, omitting the stage (sp2π) chain. This opinion presup-
poses that at all stages of coalification only the non-aromatic hydrocarbon part 
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links condensed aromatic nuclei in a spatial polymer. Heteroatoms that are 
essential parts of younger coals and play linking roles in polymer coal struc-
ture were not taken into account.

According to radiographic examinations [14] carried out by Hirsch and sup-
ported by other works [1,56], with the increase of aromatic layer ordering, the 
space-linking role of the non-aromatic part changes. Figure 1.6 shows Hirsch’s 
structural model. The “open” structure (a) is a characteristic of black coal with 
a carbon content of approximately 85%. Aromatic layers rarely group crystal-
lites, although there is a slight orientation relative to one plane. Linking of 
layers by hydrocarbon chains leads to linkage of the layers and such coals can 

FIGURE 1.5
Vitrain of fossil coal according to V. I. Kasatochkin. (a) Structural unit. (b) Spatial polymer vitrain 
material. (Adapted from Kasatochkin V.I. 1952. Dokl. akad. nauk. SSSR 4, 759–762.)
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be considered spatial polymers. Vitrains with 85 to 91% carbon contents are 
considered liquid structured (b).

At a certain orientation in a liquid structure, the crystallites of two or three 
lamellae are formed, although single layers may form. According to Hirsch, 
coals are not characterized by large molecular nature (reticulation) and it 
is possible to find ways to decompose their structures without breaking 
valence bonds. Hirsch uses this approach to explain changes of coals in the 
plastic or soluble state. Even for highly oriented and layered anthracites (c), 
Hirsch assumes the absence of spatial graphite structures.

Diamond [57] further developed the ideas of Warren [45–48] and calcu-
lated a theoretical x-ray diffraction for carbon using Warren’s method of 
pair correlation functions with the Debye equation for aromatic monolay-
ers. In addition, Diamond built diffraction spectra for various structures 
with various numbers of atoms grouped in corresponding classes and 
discovered that even significant variations of bond distances in atomic 
planes barely influence the calculated spectra, at least from the onset of 
noticeable broadening of correlation peaks due to small sizes of aromatic 
layers.
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FIGURE 1.6
Structural model according to Hirsch. 1. Carbon layer. 2. Crystallite. 3. Spatial linkage. 
4.  Amorphous material. 5. Monolayer. 6. Pores. (a) Open structure. (b) Liquid structure. 
(c) Anthracite structure. (Adapted from Hirsch P.B. 1958. Proc. Res. Conf. on Use of Coal, Sheffield, 
pp. 29–35.)
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After Diamond, Ergun, and Tiensuu [58] calculated pair distribution func-
tions for planes that have various sections of diamond-like lattices. Design 
peaks of carbon with tetrahedral coordination are similar to those of aro-
matic carbon. Using these data, Ergun and Tiensuu tried to explain the dif-
ficulty of interpretation of disordered carbon diffraction intensity curves. 
They claim that although it is difficult by diffraction to determine the pres-
ence of diamond-like structures, these structures may be present in large 
quantities in amorphous carbon. Also, the work of Grigoriev [59] on coals 
to achieve the correspondence of experimental and theoretical diffraction 
curves suggests that models of coal structures include both the aromatic car-
bon layers and the diamond-like structures. Ergun [60] objects to Franklin’s 
[51] assumption about the obligatory presence of some parts of carbon atoms 
in gaseous state. Ruland [61] and Rietveld [62] note that the share of “disor-
ganized carbon” does not depend on gaseous atoms and may be explained 
by disordering within aromatic planes due to including penta element rings 
and side carbon and non-carbon groups in the configuration. A review [63] 
notes that Ruland and Ergun et al. found it necessary to take into account lat-
tice imperfections such as aromatic plane bending, holes, and implemented 
and out-of-plane atoms.

Shi and colleagues [64] improved the crystallographic approach of Ruland 
[61] based on the least-squares method by developing a calculating algo-
rithm similar to Rietveld’s [62] with 11 parameters to analyze crystallites in 
experimental x-ray diffraction diagrams. Shi’s model [64] assumes that the 
disordered carbon represents layers of completely ordered aromatic planes 
displaced relative to adjacent planes only in parallel or orthogonal directions. 
While the distance between the neighboring atoms is constant within each 
plane, the planes may be extended by changing the lattice parameters of the 
current plane to allow extension of theoretical peaks I(s). To account for the 
“deformation zones” in the model crystallites, defined as packets of parallel 
planes with non-graphite steps along the c-axis, the authors presented the 
distance between aromatic planes as a normal crystallographic parameter 
d002 of graphite plus deformation. During the serial input of more planes par-
allel to the initial planes in the model crystallite, the deformation increased 
due to the stochastic choice of the inter-plane distance whose deviation from 
the ideal value d002 is subject to Gaussian distribution. Having defined from 
this model various crystallite parameters of disordered carbonaceous mate-
rials, Shi and colleagues [64] showed agreement with the experimental data. 
Although the suggested algorithm does not account for peculiarities such as 
interstitial atoms, aromatic plane bending, and defects, the algorithm is fast 
and simple.

In a recent study of the influence of thermal treatment on Australian 
semi-coke [65], Shi’s algorithm was used to determine structural param-
eters. Crystallite parameters increased during thermal treatment, but based 
on algorithm calculations were at least five times more than those calcu-
lated by Sherrer’s equation [46]. As the algorithm is in good agreement 
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with existing experimental data, we surmise that Sherrer’s equation may 
not work with strongly disordered carbonaceous materials that have wide 
diffraction peaks. However, the same authors [66] later achieved good agree-
ment with the experiment and found that Shi’s algorithm [64] yielded false 
results because in some cases the calculated share of disordered carbon was 
negative. Other researchers who use Shi’s algorithm [64] reported the flaws 
in Sherrer’s equation for analyzing strongly disordered carbonaceous mate-
rials. In conclusion, all the methods need further research. Nevertheless, 
these methods of diffraction pattern analysis are still used to analyze coals 
and its derivatives.

Yen and colleagues [67], using the supposition about ideal crystallites, 
expressed the idea that peak (002) asymmetry is conditioned not by Franklin’s 
variations of ordered crystallite sizes [51], but by structural defects and this 
allows calculation of so-called aromaticity levels. The authors separate the 
diffraction peak (002) into two separate symmetric peaks and surmise that 
the smaller side peak to the left of the true normal peak (002) reflects the 
diffraction from non-aromatic carbon so that the ratio of peak areas allows 
determination of the number of aromatic carbon atoms in the material. 
They present experimental and theoretical proofs connected with research 
on the diffraction of a soot and saturated polycyclic aromatic compound 
mixture.

This method was used to study Australian coals [21]. Although the authors 
noted the simplification of structural models, they considered that this 
method could yield maximum data about the structures of carbonaceous 
materials if the data were taken from the areas of medium and wide angles. 
Further work [68] based on the concept of ideal crystallites and Franklin’s 
methods [50,51] attempted to calculate the rates of graphitization of some 
Pennsylvania anthracites with measured peak (002) positions.

Until now, fine coal structures were determined directly from x-ray inten-
sity profiles at medium and wide angles [21,68–74]. Such structural parame-
ters as fraction of amorphous carbon (xA), aromaticity ( fa), crystallite sizes, and 
characteristics of their distribution (La, Lc, d002) are defined. The main issue is 
the need to draw the background line correctly. That is why the main stage 
of wide-angled diffraction pattern processing involves background subtrac-
tion and definition of an accurate diffraction profile taking into account the 
γ component and distortions from mineral impurities [73]. The diffraction 
patterns transformed by these methods [Equation (1.5) and References 47 
and 49] provide information about coal structures. The definition of inter-
planar spacing d002 is carried out by the Bragg equation [d n= λ θ/2sin ] where 
n is the order of reflection. Figure 1.7 shows diffraction pattern of lean bak-
ing coal (V2 = 15.1%). Figure 1.8 shows the same curve after background line 
subtraction. The portion of amorphous carbon (xA) can be found by making 
the left side of stripe 002 as asymmetric as possible (Figure 1.9). Figure 1.10 
shows x-ray diffraction patterns of all phases of metamorphism for different 
coal ranks.
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As shown in Figure 1.10, the diffraction maximum 002 has an asymmetric 
view but its position and half-width vary based on stage of metamorphism. 
These special features of diffraction patterns indicate that (1) maximum dis-
placement is a result of change of interplane distance d002 of a graphite-like 
phase; i.e., the distance between graphite nettings is changed in a crystallite, 
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and (2) it is possible to define sizes of particles in direction 002 and conse-
quently determine the number of nettings in a crystallite according to the 
half-width of the peak. Asymmetry of diffraction maximum 002 has been 
explained by the presence of a γ phase that indicates the availability of side 
hydrocarbon chains. Researchers [64–74] explain these results as follows:

•	 Coal contains graphite-like zones of crystalline carbon in the form 
of excessively tiny particles. Crystalline carbon produces three indis-
tinct peaks and its structure is transitional between the graphite 
and amorphous states. This structure is stochastically layered or 
turbostratic.

•	 In addition to graphite-like particles, coal also contains a significant 
quantity of disordered substance giving rise to background inten-
sity; the authors call it amorphous carbon.

•	 The asymmetric property of stripe 002 is caused by the second (γ) 
stripe on the left. The γ stripe is explained by the presence of ali-
phatic side chains joined to the edges of coal crystallites.

•	 High intensity in a small-angled part of a spectrum is conditioned 
on interparticle scattering on densely packed particles, i.e., by stripe 
[20] and also by scattering of microcracks, micropores, and other 
adhesion faults in coal samples [64].

According to these assumptions, two types of structures appear in coal 
roentgenograms: crystalline and amorphous carbons. The authors think that 
crystalline carbon that has a turbostratic structure is the main structure and 
amorphous carbon is not spread on aromatic sections and contributes only 
to background intensity. The simplified coal structure proposed in [21] is 
shown in Figure 1.11. Graphite crystallites in the corner are very tiny and 
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FIGURE 1.11
Simplified coal structure. (Adapted from Lu L. Sahajawalla C.K. and Harris. D. 2001. Carbon 39.)
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surrounded by many aliphatic side chains (a). The crystallites are connected 
with each other by their side chains in so called macromolecules that in turn 
capture amorphous carbon [(b) and (c)].

1.4.2  Structural Peculiarities of Coal–Methane System

After reviewing the relevant literature, we suggest that coal substance consists 
of high dispersive crystallites of graphite, the shapes and sizes of which are 
determined by widths of diffraction maximums using Equation (1.5) and by 
the γ stripes of aliphatic compounds. A height increase and a width decrease 
of a diffraction maximum are linked with an increase of crystallite size.

During coal metamorphism, the number of rings and lamellae in crystal-
lites increases and this leads to the appearance of a graphite-like structure in 
later stages of coalification. Interplanar spacing of the two described phases 
based on carbon concentration changes within d002 = 0.35 to 0.404 nm and 
dγ = 0.40 to 0.82 nm [1,21,55]. However, overlapping of these ranges for d002 
and dγ that are peculiar to different structural formations indicates very free 
interpretation of these experimental data. In our opinion, the value of d002 
= 0.404 nm [27] for volatile coal with 80.2% carbon content is too high to be 
part of graphite-like structure (graphite requires only 0.336 nm). The radius 
of a Van der Waals interaction does not exceed 0.35 nm for all known aro-
matic combinations of pure carbon. Second, an increase of distance between 
graphite-like layers would weaken their interactions and led to a decrease of 
mechanical properties of coals with low carbon concentrations. In ranks of 
coking coals, those with d002 = 0.35 nm have the weakest strength and contain 
90% carbon.

In addition, the formulas for calculating Lc and La [Equation (1.5)] cannot 
be very accurate because of the approximate values they yield. To get more 
accurate values of Lc and La, we should correlate the theoretical curve with 
the experimental one by trying different values of Lc and La. It is worth not-
ing that these formulas give only overstated values [45].

The current interpretation of diffraction presents many disadvantages and 
does not allow construction of an adequate coal structure model. Considering 
the studies discussed above, we tried to observe the given experimental data 
from another view during x-ray studies at the Galkin Institute for Physics 
and Engineering of the National Academy of Sciences of Ukraine in Donetsk. 
An external view of a roentgenogram of a volatile coal is similar to a view of 
a linear polymer like cellulose [45]. Based on that, we assumed that a basic 
mass of volatile coal is not comprised of graphite-like aromatic crystallites 
and represents another form of molecular carbon. This suggestion stimu-
lated us to carry out the third phase of our research [75,76].

To analyze the form of the diffraction maximum, we used the superpo-
sition of Lorentzian methods on the supposed phases in different propor-
tions. The initial roentgenogram processing showed that to get the best 
approximation of experimental profile it was necessary to introduce one 
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more (graphite) phase. Figure 1.12 shows the location of the peak of vola-
tile coal. We subtracted background of non-coherent amorphous component 
scattering from the diffraction curve. Results indicate that coal substance 
composition is a superposition of four forms (phases) of pure carbon. Phase 
I is graphite—supposedly found in small quantities in samples with carbon 
content above 83%. Phase II is a graphite-like component with distance d002 = 
0.355 nm, typical for defective layers packing of aromatic carbon. With some 
assurance, we can represent Phase II as both graphite-like and fullerene-like 
because the fullerenes C60 d002 = 0.355 nm and the sphere has a diameter of 
0.71 nm. This does not mean that the corner is pure crystalline fullerene. A 
number of fullerenes (coaxial nanotubes, nanospheres, polymers of different 
types) are natural components of coal.

Phase III may have a chain-like composition of carbon molecules and 
act as an analogue to carbyne. The hexagonal cells of carbyne have lattice 
parameters of A = 0.508 nm and C = 0.780 nm. Thus, within the framework 
of accuracy of the experiment, d = 0.385 nm in volatile coal conforms to the 
reflection of carbyne that equals 002. Phase IV is characterized by interpla-
nar spacing d = 0.46 nm. The γ stripe corresponds to that value and indicates 
hydrocarbon ordering of the coal mass. However, the given assumption has 
been disproved by the appearance in roentgenograms of pitches and cokes 
[71]. A carbon composition that is steady at any temperature, similar to the γ 
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Decomposition of basic peak 002 into Lorentzian phases I through IV.
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phase, and called a graphyne has now been synthesized. Aromatic rings are 
tied in lattices by carbonic chains of carbyne.

An elementary cell of a graphyne is triclinic. Values of d100 = 0.508 nm, 
d010 = 0.458 nm, and d001 = 0.509 nm were noted; d = 0.46 nm and dy = 0.47 nm 
represent average values of three maximums located near each other; this is 
why Phase IV may be a graphyne. Figure 1.13 shows roentgenogram results. 
The content of each phase was estimated by comparing the integral intensity 
of the corresponding peak to general integral intensity. As we can see from 
the increase of Cdaf, the number of Phases III and IV decreases accordingly 
while the number of Phases I and II increases, in accordance with coal graph-
itization via metamorphism. Changing the phase ratio and carbon content 
entails changes of diffraction maximum configuration. Phase III dominates 
in volatile coals and moves the aggregate maximum to the side of smaller 
angles. The result looks like displacement of reflection, explained previously 
as change of interplane distance d002 during metamorphism.

From several diffraction spectra of coal, we singled out the part that shows 
aromatic carbon and estimated level of aromaticity. The linear character of 
dependence far (Figure 1.14) on carbon quantity conforms to the data yielded 
by various methods for examining coals during intervals of coalification 

[27]. The angle of the right line slope coincides with the slope of dependence 
shown in this work [1]. We found that the absolute values far were under-
stated in comparison to those cited in the literature. This can be explained by 
the specific character of x-ray experiments. Discrete maximums of medium 

100

III

II

I
IV

80

60

Ph
as

e C
on

te
nt

, %

40

20

0
75 85

Carbon Content, %
95

FIGURE 1.13
Phase coal composition depending on level of carbon content: Phases I through IV.



34	 Physics of Coal and Mining Processes

angle ranges of diffraction pattern show scattering of large crystalline zones 
in the pure carbon phase. The contribution of the fine crystalline amorphous 
phase has not yet been documented.

This interpretation of phase coal composition covers well examined sub-
stances and it does not require other interactive models of carbon clusters that 
are difficult to calculate [57–66,69]. The discovery of fullerenes led to advances 
in carbon chemistry and it became clear that unique features of fullerenes 
helped them form big molecules and clusters without having to lock chains 
broken by hydrogen or heteroatoms. Considering the results of our research 
within the framework of a polymeric model of coal composition, aromatic 
kernels in coal can be linked in a polymer by both hydrocarbon chains and 
pure carbon chains. A graphite component consisting of aromatic rings and 
carbyne chains provides a transition between structural units. The lack of 
constant quantities of Phase I shown in our patterns can be explained by the 
availability of graphite particles in the form of a mechanical admixture.

The model proposed is useful for studying the influences of external con-
ditions on coal properties, since the values of d002 for all phase components 
are fixed accurately. This allows us to record the results of external influ-
ences on of each structural component separately.

X-ray structural research carried out on coal samples simultaneously 
with nuclear magnetic resonance (NMR) studies made it possible to explain 
changes in roentgenograms of coal with high methane content during meth-
ane desorption [77]. In this work [75], we assumed that four-phase structural 
black coal can be found in any coal substance. Phases I and IV remain con-
stant when affected by external conditions having no dependence on the 
stage of metamorphism and they can be considered admixtures.
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We singled out the two main phases because of their high concentra-
tions in coal. Phase II is similar to graphite and contains aromatic carbon 
with a typical interplane distance d = 0.35 nm that is used to pack defec-
tive layers. Phase III is a hydrocarbon phase consistent with the dominant 
d = 0.38 nm structure of new coals. As carbon content increases during coal 
formation, Phase II increases and Phase III decreases (Figure 1.13). Phase II 
is a hydrocarbon of aliphatic and alicyclic character. Aliphatic compounds 
corresponding to CH3-(CH2)n-CH3 consist of carbon atoms combined in 
unlocked chains. In alicyclic hydrocarbons, the carbon atoms form locked 
chains with a single combination. The relative positions of flat, condensed, 
aromatic carbon kernels and aliphatic and alicyclic atoms of hydrocarbons 
are shown in the scheme of Van Krevelen (Figure 1.1) [78]. In interpreting the 
properties of coal, we have focused on aliphatic chains because their mobil-
ity can help explain non-monotonous changes of coal properties in cases 
of linear dependence of structural features. We received data from several 
authors on atomic ratios of basic coal mass components (C, H, O, and N) and 
tried to value the atomic ratio of H to C for Phase III. We assumed that each 
atom of oxygen and nitrogen added an atom of hydrogen and the remaining 
hydrogen belonged to Phase III. The values calculated ranged from 1.49 to 
1.54, which corresponds to an H:C ratio of 3:2. This proportion is typical for 
an alicyclic chain that consists of rings with a single combination of carbon 
and alternating groups of H and H2. These fragments have a short-range 
order that is sufficient for two-dimension diffraction. That is why they reach 
the top in a roentgenogram similar to aromatic kernels. Therefore, if we con-
sider Phase III to consist of alicyclic hydrocarbons, we can then describe the 
process of metamorphism.

Alicyclic rings lose hydrogen, form double connections, and finally form 
aromatic rings. Quantitative spectroscopic analysis shows a transition of 
carbon of alicyclic groups into aromatic carbon with a growth of coalifica-
tion rate [1,78]. This conforms to the data obtained from 1H NMR wide line 
spectroscopy that revealed the availability of significant quantities of alicy-
clic methylene groups. For coals at the medium stage of metamorphism, the 
relative quantity of hydrogen from the alicyclic groups constitutes 30 to 40% 
[1]. As to aliphatic groups, according to infrared spectroscopy, their numbers 
decrease based on the stage of metamorphism [79]. Chains differ in size and 
may be sterically disoriented when various terminal groups attach. x-ray dif-
fraction of linear disordered objects does not yield discrete maximums.

x-ray studies of methane desorption were carried out using coking coal 
samples extracted from the Zasyadko mine. This experiment was performed 
with a DRON-2 diffractometer and results were assembled and processed 
by a computer. A lump of coal was saturated for several days, removed from 
the saturation material, and x-ray images were made sequentially at cer-
tain time intervals. NMR spectra and measurements of mass changes were 
received simultaneously from the same coal samples. The results of x-ray 
data processing are shown in Figure 1.15.
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In comparison to the initial x-ray spectra of decontaminated diffraction pat-
terns, coal samples with high methane concentrations featured an increase 
of Phase II and a decrease of intensity of background scattering (Ibackground) 
while the content of Phase III was invariable. Widths of peaks and sizes of 
zones of coherent scattering of both crystalline phases remained invariable 
during methane absorption. Consequently, an increase of peak intensity 002 
in Phase II did not occur at the expense of enlargement of the available aro-
matic kernels; it occurred at the expense of new ones.

The decrease of background intensity indicates that Phase II increases at 
the expense of the amorphous component (aliphatic group). A great concen-
tration of methane molecules can bring carbon atoms together at the distance 
of formation of double connections. Some aromatic kernels will arise and 
some free hydrogen will be released. Since pressure is removed, the distance 
between atoms of carbon increases. The process of hydrogenation (joining 
of hydrogen atoms) then starts. Some metastable aromatic fragments under 
pressure lose double connections and become alicyclic and Phase III begins 
to grow. A further decrease of pressure entails disappearance of single con-
nections between chains. The quantity of Phase III decreases to its initial 
value. Some experimental curves shown in Figure 1.15 confirm this assump-
tion. At a certain time and pressure, the quantity of Phase III grows, reaches 
its maximum, and then decreases again. A change of the mechanism of mass 

140

120

100

80

80
0

50

100

150

200

250

300

Background
Phase II
Phase III
Weight

350

60

60

40

40
Time, Hours

Ph
as

e C
on

te
nt

, a
rb

. U
ni

ts

W
ei

gh
t A

lte
ra

tio
n,

 ar
b.

 U
ni

ts

20

20
0

0

FIGURE 1.15
Phase content: Graphite-like phase (II) and carbon phase (III). Background and mass of coal 
sample depending on duration of methane desorption.



Coal Structure	 37

loss is shown in the graph of phase correlation. After 90 uninterrupted hours, 
the x-ray view coincided with the picture of the initial state before methane 
absorption; this verified the termination of the desorbing process.

Despite the complexity of the coal–methane experiment, the proposed 
interpretation of the results was relatively simple and very useful.

1.4.3 � New Approach to Analyzing Coal via 
Scattering X-Ray Investigation

Warren’s suggestion [46] to use small-angled scattering to study diffraction 
patterns of fossil coals and investigations of metallic material structures 
in liquid and amorphous states enabled A. P. Shpak and A. G. Illinsky of 
the Institute for Physics of Metals in Kiev to correctly determine crystal-
lite dimensions in coal. Early x-ray studies of fossil coals clearly established 
strong scattering in the zone of small angles (small-angle scattering). Despite 
the primitive chambers and low power of early x-ray generators, the early 
conclusions [45–51] were basically correct.

We think that most scientists simplified their conclusions and in some cases 
produced contradictory or not quite correct conclusions about coal structures. 
Thus, some scientists began to consider significant small-angle scattering as 
a background to be “used” correctly and then eliminated. We consider this 
practice incorrect. The intensity function must be used correctly.

In 1966, A.S. Lashko [80] offered a more direct method for calculating 
atomic distributions of multi-component systems. In his calculations, the 
function of radial distribution of atoms is a linear combination of special 
functions of atomic density ρij(r) (later called partial). Function ρij(r) is propor-
tional to the relativity of location of atoms of i type at distance r from atoms 
of j type. The basic equation for the intensity of scattering x-ray radiation by 
multi-component objects is as follows:

	 Is ff isr ri j i j
ji

() exp ( ) ,= −( )∑∑ 	 (1.6)

where summing relates to all the atoms of scattering volume and fi and fj 
are atomic factors of the components. In case of a two-component object, the 
right section of Equation (1.5) is given in the form of three totals:
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The averaging of the sums is similar to the method for one-component objects. 
After the corresponding transformations, Equation (1.6) will be given as
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2
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2 2 2= /  are coefficients independent of the scat-
tering angle and fi2 and ni are the atomic factor and atomic concentration of 
i-component, respectively. Using the Fourier transform, we find a complete 
function of radial distribution of atoms from Equation (1.8):
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From Equations (1.8) and (1.9), we conclude that in binary objects, in addition 
to three-dimensional atomic distributions (topographic short-range order-
ing), the relative positions in the spaces of atoms of different types (compo-
sitional short-range ordering) is essential as well. The information about the 
spaces is given by the partial functions of atomic density ρij(r). These meth-
ods for obtaining diffraction patterns apply to metallic objects in liquid and 
amorphous stages. x-ray studies of the structures of materials in liquid and 
amorphous stages follow three steps:

	 1.	Experimental measurement of angular dependence of intensity of 
x-ray radiation scattered by specimen (diffraction function)

	 2.	Mathematical treatment of experimental data, calculation of struc-
tural factor and functions of radial distribution of atoms

	 3.	 Interpretation of results

As indicated above, to obtain quantitative information on an amorphous 
material structure, a high degree of accuracy is required to obtain the dif-
fraction pattern, calculate the structural factor and function of radial dis-
tribution, and determine the basic structural characteristics. Two types of 
uncertainties of the obtained functions must be noted: experimental uncer-
tainties and uncertainties of mathematical treatment.

The experimental uncertainties are based on a number of factors: (1) the 
efficiency of monochromatization of x-ray radiation, (2) the technique of 
sample alignment, (3) the ability to provide and maintain experimental con-
ditions for a long period (steady operation of x-ray and electronic equipment, 
temperature, centering of sample, etc.) of experimentation, (4) the method 
of x-ray radiation recording, (5) the geometry of the diffraction pattern, and 
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(6) the shape of the exposed surface of the sample. The potential experimen-
tal errors are described in detail in the literature [80–87].

It is not possible to estimate accurately the errors of some parameters. To 
determine the errors in experimental diffraction patterns, for example, ini-
tial treatment, calculation of basic structural parameters, and other factors 
over a long period (usually a year), we repeatedly obtain diffraction patterns 
of some components. Usually at this time the x-ray tubes are renewed and 
the diffractometer is realigned. We realize that only occasional errors can be 
found this way; it is impossible to estimate systematic errors.

Criteria for estimating obtained results are simpler: (1) changes of struc-
tural factors (how clearly they oscillate) and (2) the sizes and forms of false 
oscillations (in the area of short distances) with the full functions of radial 
distribution. Figure 1.16 illustrates two structural factors determined accord-
ing to the diffraction patterns for massive (curve 1) and thin (curve 2) anthra-
cite samples. In curve 1, the structural factor clearly oscillates; curve 2 shows 
nothing of the kind. It is better to compare the intensity functions reduced 
to electronic units or the conclusions may be incorrect. Figure  1.17 shows 
two experimental diffraction patterns obtained in different months. While 
the intensities expressed in impulses (a) significantly differ from each other, 
those expressed in electronic units (b) coincide completely.

Equations (1.1) through (1.9) lead to two important conclusions: (1) experi-
mental diffraction patterns should only be obtained for liquid or amorphous 
objects in monochromatic radiation; and (2) Equations (1.2) through (1.9) are 
integral; integration should be performed when calculating all the functions 
of atomic distribution according to the theory of the vector interval of dif-
fraction from 0 to ∞.
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Structural factors of anthracite obtained by diffractometry of massive (1) and thin (2) samples.
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It is impossible to conduct measurement over a very large range; the avail-
able range is limited by the size of the cover of the x-ray tube and the detec-
tion unit and also by the radiation wavelength. This limitation is obvious 
and the dependence of the value of diffraction value on the wavelength of 
x-ray radiation is shown as s = 4πsinθ/λ. Indeed, s will be maximum when 
sinθ = 1, i.e., s = 4π/λ. If copper radiation is used, the maximum value s will 
be less than 8 Å–1. Substitution of an infinite limit of integration by a final 
value results in a miscalculation known as the “cut-off effect”—the shorter 
the diffraction vector, the larger the miscalculation and the narrower the dif-
fraction range (function of intensity). If the task is to calculate correctly the 
functions of atomic distribution, the use of copper radiation is undesirable; a 
more acceptable radiation type is Kα molybdenum.

We suggest using one more function while interpreting the data of diffrac-
tive experiment. It can be given as follows:

	 f r r r r
r
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0

π ρ ρ d 	 (1.10)

The argument of this function is the maximum level of integration. In [82], 
the physical meaning of the given function is defined and the whole area 
around the atom which is at the origin may be divided into spherical layers 
whose average atomic densities will be the same as that of the whole object. 
This fact allows us to focus on all the coordination spheres (instead of one) 
within the correlation radius according to common physically grounded 
positions.

30

25

20

15

10

5

0

5

10

15I(s
), 

10
3

I(s
)20

25

30

35

0
0 2 4 6 8 10

s, Å–1
0 2 4 6 8 10

s, Å–1

FIGURE 1.17
Functions of intensity of a volatile coal, expressed in impulses (left), or electronic units (right). 
Diffraction patterns were obtained in different months.



Coal Structure	 41

Bregg’s equation can be related to the simplified theory of x-ray radiation 
scattering of crystalline objects. It is based on geometry and enables us to 
define quickly only the positions of diffraction maxima. It does not work for 
liquid and amorphous materials. The d symbol indicates interplanar spacing 
that does not always coincide with spacing between some atoms.

The authors of some works add Muller indices to the secondary peaks on 
the diffraction patterns of amorphous coals (Figure 1.10). This is in disagree-
ment with the Laue theory according to which it is not possible to obtain 
a reflection characteristic of a two-dimensional object from a three-dimen-
sional one. The common opinion is that long-range order cannot be found in 
amorphous materials; this is not in the agreement with the theory of diffuse 
peaks and no valid arguments prove the contrary.

Finally, most scientists consider the boosted scattering in the small angle 
zone as background and instead of checking the cause of its appearance, they 
eliminate it. Although this kind of scattering should be separated from the scat-
tering on the independent cluster, we think that this practice is not correct.

1.4.3.1  Materials and Methods

The objects of the research to determine the atomic structures of coals of 
different types include volatile, gaseous, fat, coking, lean baking, lean, and 
anthracite types (Table 1.2). The lean coals were classed as outburst-prone 
and non-outburst-prone. The coal samples were taken from different lavas 
and horizons of 18 mines of the Donetsk Basin (Kommunist, Trudovskaya, 
13-Bis, Yasinovskaya, Chaykino, and others). Diffraction patterns of volatile, 
coking, and lean baking coals were obtained for both original samples and 
those annealed at 100°C for 1 hour.

As noted earlier, diffraction patterns should be obtained in the widest 
interval of the diffraction vector and may be obtained only when using x-ray 
radiation with the shortest wavelength; the most optimum is Kα molybde-
num radiation. As we expected, this radiation is slightly absorbed by coals 
and roentgen analysis of the free space using θ to 2 θ geometry of filming is 

TABLE 1.2

Results of Chemical Analysis of Coal Samples

Coal Rank Vg (%) C (%) H (%) W (%) Ash Content (%)

Volatile 42.9 81.9 5.6 11.5 2.87
Gaseous 35.6 85.0 5.5 7.4 1.35
Fat 34.1 86.1 5.4 1.0 1.9
Coking 23.7 89.1 5.15 1.0 3.9
Lean baking 21.4 90.0 4.94 1.1 2.79
Lean 11.2 91.8 4.55 1.7 3.5
Anthracite 7.0 95.4 2.2 4.0 1.0

Note:	 Vg indicates quantity of volatile matter per gram of coal matter.
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impossible because scattering volume changes considerably when the scat-
tering angle changes and measurement becomes impossible.

In this connection, we suggest obtaining diffraction patterns for thin 
samples (in the form of wires) that are placed along the main axis of the 
diffractometer (the axes of the sample and goniometer are matched) in a 
“washing” x-ray (similar geometry was used in Debye chamber). Indeed, 
at all scattering angles, the scattering volume remains the same. We first 
tried that method on coals of several ranks and in all the cases got positive 
results. Then we used the same method to take diffraction patterns of all 
the objects listed in the table. The correct structural factor (curve 2) was 
obtained by taking a diffraction pattern of a thin cylindrical sample accord-
ing to the described method but the false structural factor (curve 1) came 
from a massive flat sample (see Figure 1.16).

1.4.3.2  Results and Discussion

The diffraction patterns of the coals of all the ranks made into samples in 
the form described in the preceding section were made with two radiations 
(Kα molybdenum [Kα Mo] and Kα cobalt [Kα Co]. The diffraction patterns were 
taken at a 2θ angular range: 3 to 90 degrees for Kα Mo radiation and 2 to 
40 degrees for Kα Co radiation. Based on the diffraction patterns of the Mo 
radiation, we calculated the structural factors and all the functions of atomic 
distribution and determined the basic structural characteristics that were 
later used for simulating the coal structure. The Co radiation studies were 
performed to determine the physical nature of small-angle scattering. The 
experiment on coals of several ranks repeated as number of times within 1 
month. No changes were found (see Figure 1.17b).

Figure 1.18 shows coal diffraction patterns. The patterns indicate that the 
functions for coals of different ranks differ significantly. After we calculated 
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and drew graphs of the total functions of atomic distribution (Figure 1.19), 
we noted that the differences in those functions were not as considerable as 
those for the intensity function. (Later we will show how that abnormality 
can be explained.)

Because the basic element of all the coal ranks is carbon, we also studied 
spectra of pure graphite. One of the fat coals crystallized at room tempera-
ture. The first diffraction pattern of that coal was taken on July 21, 2004, and 
the second on October 25, 2004. When we obtained the first diffraction pat-
tern, we noted a diffuse function of intensity characteristic of the amorphous 
phase (dashed line in Figure 1.20). The second pattern revealed a function 
characteristic of crystallized objects (solid line). The rank of the coal that 
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showed that crystallization was unclear and we have not been able to repeat 
the result on other fat coals. However, if we compare the roentgenograms of 
the crystallized coal and graphite, both diffraction patterns reveal the same 
set of diffraction peaks and their intensities are very similar (the difference 
represents experimental error), but their positions shifted. Diffraction peaks 
of coal are not always aligned to smaller values of diffraction vectors; this is 
connected to the increased parameters of the elementary cell.

After we studied the structures and crystallization peculiarities of amorphous 
alloys containing metals and metalloids, we obtained convincing evidence that 
the composition and atomic packing of clusters within amorphous strands are 
the same as those that appear in the early phases of crystallization [88]. This 
result enabled us to assume that the main structural constituent of an amor-
phous coal is a cluster with atomic packing of the graphite lattice type. We now 
discuss experimental details that clearly prove the validity of the assumption.

Note in Figure 1.21 the diffraction patterns of the crystalline fat coal (top) 
and spectral pure graphite (bottom). The same diffractive reflexive actions 
are revealed by both the coal and the pure graphite.

Furthermore, analyses of the elementary cells of graphite and the func-
tions of atomic distributions of amorphous coals and crystalline graphite 
also prove the validity of our assumption. Indeed, the graphite lattice is hex-
agonal. The base of the lattice is a diamond pattern with parameters of a = b 
= 0.246 nm and c = 0.671 nm. The shortest atomic distance (between the atom 
is inside the base and three atoms of the diamond) was 0.142 nm (Figure 1.22, 
atoms c and d). The radius of the second coordination sphere equals the lat-
tice parameters a and b (0.246 nm), that is, it is about 1.5 times the short-
est distance. Apparently, because of the complete function of radial atomic 
distribution, the first coordination peak appeared completely isolated (see 
Figure 1.23)—an indication of a cluster structure of a coal. The figure shows 
complete functions of atomic distribution of pure graphite (crystalline) and 
amorphous lean coal. In both graphs, the first two coordinate spheres nearly 
match. This proves that the main structural constituents of amorphous coals 
are clusters with atomic packing graphite lattices.

This conclusion is also confirmed in Figure 1.24 that shows the complete 
function of radial distribution of lean coal. The vertical legs show coordi-
nate spheres of crystalline spectral pure graphite (hexagonal lattice, a = b = 
0.2464 nm and c = 0.6711 nm). Although coordinate spheres of graphite do 
not match the peaks of distribution function perfectly, they describe all the 
peaks in detail. The observed differences in the parameters of the graphite 
lattice and the coal may be explained by the fact that the clusters contain 
atoms of elements other than carbon; they likely are atoms of hydrogen. The 
atomic concentration of hydrogen is second to carbon in coals of all ranks. 
Atomic concentration of other constituents of coal content is too small to pro-
duce such considerable changes of parameters. It is possible that all coals 
except types containing clusters with atomic packing of solid solution also 
contain small amounts of different atomic packing.
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As noted earlier, in the diffraction patterns of all coals, at a scattering angle 
range of 3 to 7 degrees, even with Mo radiation, one can observe consider-
able scattering whose intensity increases when the scattering angle decreases. 
A common opinion is that this is a background phenomenon but we do not 
agree.

We carried out detailed measurements near the original beam with Kα Mo 
and Kα Co to define the nature of such scattering. Diffraction patterns were 
taken on an ordinary x-ray diffractometer (DRON-3) to exclude air scattering 
and influence of the “tails” of the original beam. We measured the intensity 
of scattering without a sample (Figure 1.25, solid curve) over the whole range 
before measuring the sample (dashed curve) and calculated the value of the 
first from the value of the second. Before we made an exposure of air scattering 
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of the original beam, we installed a special lead trap that completely absorbed 
the original beam but did not influence the intensity of scattering.

Figure 1.25 shows that after deduction of air scattering, the intensity in the 
zone of small angles is very high. Moreover, the diffraction patterns of most 
coal ranks taken in Kα Co radiation show clear peaks near the original beams 
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(Figure 1.26). The d symbol in Figure 1.26 represents cluster size, evaluated 
according to an equation introduced by A. F. Skryshevskiy [89]:

	 r
S1
1

7 73
=

.
	 (1.11)

Skryshevskiy used this equation to evaluate the most probable interatomic 
distances (r1 or the principal maximum score of the function of radial atom 
distribution) of metal objects. In some cases, this simple equation enables 
high accuracy evaluation of the most probable distance according to the 
principal maximum of diffraction pattern.
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FIGURE 1.26
Diffraction pattern fragments for Kα cobalt radiation, λ = 0.179 nm. (a) Anthracite, d = 0.257 nm 
(thick line), 0.230 nm (dotted line), 0.274 nm (thin line). (b) Fat coal, d = 0.197 nm (thick line); 
lean baking coal, d = 0.245 nm (thin line); anthracite, d = 0.230 nm (dotted line). (c) Coking coal, 
d = 0.229 nm (thick line); lean baking coal, d = 0.223 nm (thin line); lean coal, d = 0.238 nm (dot-
ted line). (d) Volatile coal (thin and dotted lines represent samples from different mines).
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Figure 1.27 shows a successful application of Equation (1.11). (a) represents 
a fragment of a structural factor. The principal maximum score S1 is deduced 
and the size (average) of the atom is rated according to Skryshevskiy’s 
method. (b) represents fragment of relative function of atom distribution; 
the principal maximum score is r1. According to Skryshevskiy’s method the 
rated value r1 is only 0.003 nm less than the experimental value.
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FIGURE 1.26 (CONTINUED)
Diffraction pattern fragments for Kα cobalt radiation, λ = 0.179 nm. (a) Anthracite, d = 0.257 nm 
(thick line), 0.230 nm (dotted line), 0.274 nm (thin line). (b) Fat coal, d = 0.197 nm (thick line); 
lean baking coal, d = 0.245 nm (thin line); anthracite, d = 0.230 nm (dotted line). (c) Coking coal, 
d = 0.229 nm (thick line); lean baking coal, d = 0.223 nm (thin line); lean coal, d = 0.238 nm (dot-
ted line). (d) Volatile coal (thin and dotted lines represent samples from different mines).
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Whether Equation (1.11) can be used in our case and what the measurement 
error of the d parameter will be cannot be answered clearly now. It is obvious 
that the error can be estimated only after correct retracting of the scattering 
present in the diffraction patterns of all coal grades in a vector area of little 
value. That scattering of roentgen radiation cannot be background, as noted 
in many articles. In our opinion, it is due to cluster property of coal. The clus-
ters can be treated as large molecules, then the reason for full insulation of 
the principal maximum of radial atom distribution functions becomes clear.

As to radial atom distribution functions (Figures  1.19, 1.23, and 1.24), 
large oscillations were observed in the areas of small distances (before 
the principal isolated maximum). They were caused by the “cut-off effect” 
mentioned earlier. False oscillations rarely occur in amorphous metal 
materials. (Figure 1.28).

The cut-off effect (change of infinite integration limit for finite one) and other 
errors of experimental intensity functions influence the values and forms of 
these oscillations. We already mentioned the factors that cause errors of inten-
sity functions. The results of coal analysis prove that multiple errors affect 
experimental intensity functions and calculations of atom distributions based 
on them. In our opinion the source of error is small-angle scattering (SAS).

SAS occurs on the significant area of the diffraction vector. This explains 
the peculiarities of diffraction patterns and full functions of radial atom 
distributions. Actually, the whole diffraction situation consists of scattering 
both in independent clusters (cluster factor) with the atomic packing accord-
ing to the type of graphite lattice and in aggregates of clusters (SAS). The 
vector diffraction area where cluster factor occurs is equal to radius of the 
cluster but SAS circulates in an insignificant area where vector diffraction 
radiation activity diffused by the sample is equal to the sum of cluster factor 
and SAS. This causes the distortion of both the cluster factor and SAS in the 
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given area of vector diffraction. In the vector diffraction area where SAS is 
missing, the cluster factor is not distorted. This can be observed when con-
sidering the structural factors of fat coal and anthracite (Figure 1.29). Both 
structural factors consist of two parts. One part of the structural factor (near 
the origin of coordinates) oscillates next to the horizontal line and the other 
next to the oblique line. The parts are divided by dotted lines in the figure. 
Figure 1.30 illustrates the same data.

Intensity functions should oscillate near the atomic factor. This is observed 
in metallic materials but not in coals. In one case the small-angle scattering 
is missing in the diffraction patterns; that is why the intensity function is not 
distorted. In the other case, SAS badly distorted the intensity function and 
most of the area does not comply with our assumption; this distortion also 
leads to errors in radial atom distribution.

3.5

3.0

2.5

2.0

1.5

I(s
)

1.0

0.5

0.0
0 2 4 6

s, Å–1
8 10 12

8

6

4I(s
)

2

0
0 2 4 6

s, Å–1
8 10 12

FIGURE 1.29
Structural factors of fat coal (top) and anthracite (bottom).
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These observations made it necessary to find a way to isolate SAS from the 
general intensity function to determine more reliable intensity functions and 
radial atomic distributions. As noted, clusters can be treated as molecules 
with large numbers of atoms. Thus, to solve a problem of SAS diminution, 
one can use the James theory concerning scattering of coherent radiation on 
assemblies of polybasic molecules. Unfortunately, our attempts to solve the 
problem have not been successful yet, possibly because we find the function 
of scattering by independent clusters in one type of radiation and the total 
small-angle scattering in the other. We can convert only one function into 
electronic units and this affects the accuracy of SAS experiments.
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1.4.4  Conclusions

The research discussed in this section [90] enables us to come to the follow-
ing conclusions:

•	 The main structural component of coals of all ranks is the cluster 
with atomic packing of graphite lattices.

•	 Intensive small-angle scattering of roentgen radiation occurs in 
the diffraction patterns, deduced from examining coals of all 
ranks, and it distributes on the considerable area of the diffrac-
tion vector.

•	 Distinct maximums can be observed on SAS of the most coal ranks, 
proving the certainty of the first conclusion and confirming the 
dominating cluster sizes of coals.

1.5  Porosity

Sorption properties of coal and gas contents of coal seams are determined 
primarily by free spaces in coal materials. Volumes of cleavages and pores—
classification by size under changeable conditions of carbonization—define 
the total amount of gas in coal. Methane and carbon dioxide are the most 
prevalent gas components in fluids that fill pores and cleavages. The most 
hazardous mine gas is methane. A sudden emission of methane can cause 
outbursts and explosions—and fatalities.

Under natural conditions, layers of methane accumulate in geological fault 
lines. These zones create the sudden and hazardous coal and gas outbursts 
during mining operations. Important steps for predicting outbursts include 
fault line prediction and drilling pilot holes to ensure coal seam drainage. 
Determination of volume is necessary to predict methane retention capaci-
ties of coal layers. Classifying pore structures based on their size in coals at 
different stages of development can determine methane content under vari-
ous physical conditions.

Three types of methane conditions have been classified according to 
their bonds with coals: (1) free methane in cleavages and pores; (2) meth-
ane adsorbed at the sides of pore spaces; quantity is defined by the surface 
area of the sides of pore spaces and the active molecule sorption points of 
the adsorbate; and (3) methane incorporated into a coal substance similar 
to solid solutions or occupying very small pores comparable with methane 
molecules in size. In the last case, the methane molecules occur in the force 
fields of solid coal molecules. The methane molecules in the crystallite inter-
layer spaces have very specific properties and bonding energy since the dis-
tance between the aromatic layers (see Section 1.4.1) is equal to the diameter 
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of the methane molecule: dCH4 = 0.414 nm. The sorption capacity of coal is 
defined by its opening-and-pore structure and by the complex physical and 
chemical interactions of the coal–gas–liquid system.

1.5.1  General Characteristics

All pores are divided into groups based on typical size:

Molecular pores < 1 nm
Micropores < 10 nm (dm = 2 to 3 nm)
Mesopores 10 ÷ 100 nm (dm = 25 nm)
Macropores 100 ÷ 104 nm

The larger voids in which one of the space coordinates is considerably supe-
rior to the two others (cylindrical and tunnel forms) relate to cleavage. The 
number of openings significantly influence coal mechanical properties, par-
ticularly its strength because the cleavages expand under the stress of the 
material and thus lead to coal destruction. Coal cleavage (failure) expands 
significantly during coal face movement in mines and during explosions.

Porosity classification is based on research with sorption methods. Voids 
in a volume of pore solid may be connected to the surface by a cylindrical 
or winding channel system. Closed pores may lack ways to reach the sur-
face and only solid diffusion allows fluid transition to the pores [91,92]. In 
fact, this diffusion takes place through molecular-size channels in solid coal. 
Closed pores can be large and contain large volumes of gas (Figure 1.31). The 
detailed model explains the large volume of methane in coal and mass tran-
sitions of fluids in porous media.

The pore classification can be related to gas transition mechanisms in 
pores. Folmer diffusion takes place in the pores of the smallest diameter 
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FIGURE 1.31
Models of pore structures of coal species. 1. Open porosity. 2. Closed porosity.
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when gas molecules migrate along the pore sides, because the transfer in 
three-dimensional space is limited. The Folmer diffusion proceeds under the 
pore width (diameter), which is much less than free path of the molecule (dp 
<<λ) in which molecules of gas diffuse along the pore sides in adsorption 
layers of little density. In the first adsorption layer, molecules are bonded 
strongly. Some parts of molecules are involved in diffusion in which energy 
exceeds the necessary activation energy:

	 D ef

Q E
RT

a

= ⋅
−

const (f T) , 	 (1.12)

where Q is adsorption energy and Ea is activation energy. Ea < Q, so the 
exponent is positive in the equation and the coefficient of Folmer diffusion is 
decreased by the increase of temperature. Another limiting case is free dif-
fusion carried out when the diameter of a coal pore is larger than the length 
of the free gas molecular path (d >λ). The coefficient of diffusion is described 
by Einstein’s formula:
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where λ is the average value of the free molecular path of methane (λ = 102 

nm); υm.aver is the average speed of molecules; dm is diameter of the molecule 
(for methane dm = 0,416 nm); M is the molar mass for methane (0.016); P is gas 
pressure; T is temperature; and c is Sutherland’s constant. Knudsen diffusion 
occurs at pore diameter, which is less than the free molecular path (d <λ) 
[93]:
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where dn is pore diameter and R is the universal gas constant. Pressure does 
not influence the coefficient of Knudsen diffusion, but it depends on tem-
perature T. DK is usually one order higher than at free diffusion, Dfree. In 
Knudsen’s pores (10 to 100 nm), gas flows in the area of long-term laminar fil-
tration. The number of collisions of gas molecular with sides of pores exceeds 
the number of collisions of molecules. In this case, the Knudsen number 
(ratio of mean molecular range to diameter of channel) is more than one.

Diffusion in solids occurs in pores of small diameter, where adsorption 
areas superimpose on one another. The coefficient of diffusion in solid body 
depends on activation energy:

	
D D e
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RT

S = 0 , 	 (1.15)
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where D0 is a pre-exponential factor whose value depends on properties of 
both the adsorbed substance (gas) and the adsorbing substance (coal). The 
macropores and cracks of natural genesis sized 103 to 104 nm are charac-
terized by the Knudsen number less than 0.01. Mixed laminar and turbu-
lent filtration works in that situation. The gas flow becomes viscous and is 
described by Poiseuille’s equation.

The concept of molecular-sized micropores in a diffusional field implies 
that the sorption field occurs in the total area of micropores at sorption 
interactions of any origin. The sorption in micropores is characterized by 
three-dimensional filling of all their spaces. Therefore the main parameter 
characterizing the sorbent becomes micropore volume. The proportion of 
micropores in the total is not large, as proven by later studies [39].

For a theoretical description of the sorption processes, the theory of three-
dimensional filling of micropores (TTFM) was applied along with Langmuir 
theory and written clarifications and modifications. The authors [94] consider 
adsorption in coal to be monomolecular. Attempts were made to divide the 
process of sorption into stages. The initial stage is described by the Langmuir 
equation for multilayer coating; subsequent stages are described by the Flory 
theory for bulking and polymer solutions [95].

Dissolved methane is hardly suitable for ordinary commercial use, but it 
has some practical use based on its gradual long-term blowing and theoretical 
utility due to swelling caused by its presence in carbon matrices. The ability 
to differentiate absorption and adsorption was devised early in the twentieth 
century [96]; differentiation is now performed by processes of transfer [97] 
based on mathematical modeling.

The absorption of molecules occurs in free spaces of macromolecular lat-
tices due to the three-dimensional filling mechanism and may be interpreted 
on the basis of the micropore adsorption theory according to Dubinin’s equa-
tion. Isotherm via adsorption in micropores represents the fourth type of 
methane–coal bond; absorption in macromolecular structures of carbon 
matrices constitute the fifth type of bond of methane in coal. The sorption of 
methane in coal based only on TTFM can be identified as a form of adsorp-
tion in micropores only if curves of adsorption and desorption are reversible. 
If desorption is measured simultaneously, the irreversibility of the isotherm 
of sorption is shown clearly, and certain presuppositions are used, the joined 
isotherm can be determined and divided into adsorbed and occluded seg-
ments [98].

The most successful explanation of gas in coal is the theory of closed pores 
developed in 1992 [39]. Pore capacity is characterized by size, form, and num-
ber of pores. Pores of coals and other solids [99,100] are classified as open 
(vesicles and channels connected to surfaces) and closed (not connected to 
surfaces). The division is apparent after a comparison of gas diffusion coeffi-
cients in the tightest filtration channels to the coefficient of solid diffusion; the 
difference equals four to five orders of magnitude. Open pores are connected 
to surfaces by a system of cleavages that allow gases and liquids to quickly 
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enter into and exit from coals. Infiltration of fluids in closed areas not con-
nected to the surface can be realized only by solids diffusion, which explains 
essential process time. This concept explains pore values up to 0.3 cm3/g 
determined by gas sorption under pressure; most other methods reveal pore 
values up to 0.1 cm3/g. The distribution of porosity during metamorphism is 
represented in Figure 1.32. The closed pores act as accumulators and allow 
long-term gas storage. Based on results, closed pores constitute more than 
60% of pore volume. The tendency toward closed porosity increases the like-
lihood of dangerous outbursts.

The methods of coal porosity determination are based on the open poros-
ity method and may be applied to other sorbents [27], for example:

	 1.	A mercury injection method is based on mercury meniscus curvature 
radius R determination at its indention in pores after a pressure boost 
∆P. With a known mercury tension ratio, the radius of transport link of 
the open pore is defined by an equation obtained from the Laplace for-
mula ΔP R= 2σ/ . This method calculates a correction for compressibil-
ity of coal. The maximum coal porosity based on this method under 2 
GPa pressure is 15%. The shortcoming is that atoms of mercury cannot 
enter channels smaller than 10 µm in diameter under low pressure.

	 2.	Adsorption of nitrogen and argon at low temperatures allows defini-
tion of the surface areas of pore spaces, but micropores about 0.5 nm 
in size are unavailable for these molecules.
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Dependence of closed (1) and open (2) porosities on volatile content.
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	 3.	The helium approach is the most appropriate for calculating real 
density and porosity because the helium atom is far smaller than 
atoms of other sorbates. Helium is considered not to be sorbed at 
pore sides and this allows accurate determination of pore volume.

It has been stated that open porosity determination approaches cannot yield 
values of complete porosity because they do not consider closed porosity. It is 
obvious also that at low temperature adsorption, N2 molecules at 77 K cannot 
infiltrate space areas (< 0.4 nm) between aromatic crystallite scales (lamel-
lae), and so they also represent the properties of molecular compounds. 
This also explains low values (≤ 10 m2/g) for the defined specific areas in 
comparison to the high values obtained in micropore analysis (100 to 300 
m2/g) [101]. Micropore analysis is usually performed with carbon dioxide at 
273 K. Although the molecule sizes are equal, carbon dioxide at 273 K can 
reach ultra-micropore areas (< 0.4 nm) of coal. N2 at 77 K is unable to do that 
because of diffusion limits [102,103].

The methods of porosity evaluation mentioned above introduce values less 
than 0.15 cm3/g although the summary volumes of closed pores may exceed 
0.3 m3/g (more than the value of open porosity of deposit coal). Sorbent and 
bottle methods allow better approximations of total porosity. The first results 
of sorbent properties of deposit coal were published in 1941 [104]. Coal 
absorbed sufficient quantities of methane and carbon dioxide. Porosity val-
ues that exceeded the values found by different methods were obtained, but 
error rates for determining total porosity reached 100 to 200%. The results 
of more effective determination of the total porosity for coals of the Donets 
Basin are introduced in a later monograph [105].

Langmuir’s theory proposed for describing adsorption on the interphase 
boundary suggests that the surface of an adsorbent presents a number of 
equivalent adsorbent centers. During absorption at one adsorbent center, 
only a single molecule may be absorbed (one-layered character of absorp-
tion). No interaction occurs between the adsorbed molecules. Such condi-
tions describe an ideal process of absorption and their application to real 
systems is limited [99].

Brunauer, Emmet, and Teller [130] suggested an equation of absorption 
(BET) after refusing to use Langmuir’s postulate of the one-layered char-
acter of absorption. Their multi-molecular BET method, which is usually in 
agreement with other methods of surface distribution showed fundamental 
differences between deposit coal and other sorbents for the first time. The 
specific surface obtained at room temperature based on wetting heat and 
absorption with different substances constituted hundreds of square meters 
for coal. At temperatures of 77 and 90 K, the area was several square meters 
or less [106]. Such divergence appeared in a comparison of the BET method 
and small-angle neutron scattering [15].

Analysis based on the above theories indicates that for the evaluation 
of any porous body as a sorbent it is necessary to study the parameters of 
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its porous structure in detail. Furthermore, differential porosity is a very 
important aspect of pore distribution; the size of a sorbent determines the 
appropriate theory for describing the sorbent process.

1.5.2  Neutron Scattering

It is more reliable to evaluate total porosity using small-angle x-ray scat-
tering (SAXS) and neutron scattering (SANS) [107,108]. SAXS can trace the 
development of coal porosity based on degree of metamorphism. Hirsch 
originally used the SAXS method during his work on structural models 
of coal to determine the parameters of the porous structures of coal (see 
Section 1.4).

The methods of small-angle scattering are non-destructive; samples are 
not subjected to chemical interactions and the methods are effective for open 
and closed pores. SAXS may be used to study micropores of diameters from 
1 nm to 2 µm. This range coincides with the range of pore sizes in coal.

Polydisperse systems of porous carbon materials like coal scatter in small 
angles. This scattering is created by a difference of electronic density between 
the voids and the hard carbon matrix; we ignore mineral contents and regard 
coal as a two-phased substance consisting only of voids and densely packed 
carbon material. Pore distribution is statically isotropic. Thermal neutrons 
used in SANS are scattered non-uniformly. The regime of small-angle scatter-
ing infers that the scattering angle Θ <5 degrees. Thus, the scattering vector 
is K = ( ) ≈4 2 2π λ π λ/ sin( / ) /Θ Θ  where λ denotes wavelength. To calculate 
pore distribution based on sizes obtained from SAS, the Fourier transform is 
used. The pores sizes studied via SAS are determined by d = 2π/K.

At present, SAS methods are powerful tools for studying mining deposit 
structures containing complex systems of pores [109–111].

According to the theory of small-angle x-ray scattering, if we take the 
random distribution of scattering pores, the intensity in the range of small 
angles scattered by spherical particles is described by Guinier’s method of 
approximation [108]:

	 I I
RK

= −
( )

0

2

3
exp , 	 (1.16)

where I is the intensity of scattering; I0 is the intensity in the zero angle of 
scattering; and R is the radius of inertia of scattering particles. The value 
of R is determined by the slopes of the straight lines in the coordinates: ln 
(I) = f(K2).

The analysis of the internal part of the scattering curve yields data about 
the inertia radius (R) of a pore. The external part of the curve of small-angle 
scattering indicates pore shape. It is inversely proportional to the fourth 
degree of a scattering vector for three-dimensional pores that are restricted 
by smooth surfaces according to Porod [112], but inversely proportional to the 
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second degree of a scattering vector for random-oriented flat pores [113,114]. 
For random-oriented fine, narrow pores, the scattering curve is inversely 
proportional to a scattering vector [108].

For coal showing very small angles for extrapolation of a scattering curve 
[16], Guinier’s law is applied to extrapolate the experimental data to small 
values; Porod’s law may be applied for big angles. A coal may reveal a wide 
area where intensity is proportional to a non-integer of a negative degree of 
a scattering vector K [42] that contradicts the traditional SAXS theories [108]. 
This behavior may be characteristic of independently scattering micropores 
distributed according to size based on the power law [114] or for macropores 
with fractal surface boundaries.

The pore distribution in coal samples varies based on stage of coalification. 
Thus, the function P(r) for the coal at the lowest degree of metamorphism 
reflects non-uniformity of structure, mainly mesoporosity with typical pore 
size of 6.0 to 8.0 nm. Pore distribution according to P(r) values for Mericourt 
mine coal (Figure 1.33) shows significantly transient porosity or mesoporos-
ity not exceeding 20 nm (mean size about 8 to 10 nm). For coal of the highest 
degree of metamorphism from the Escarpelles mine, P (r) is characterized 
mainly by mesoporosity in the range of 8 to 10 nm and 4 nm and also by 
micropores smaller than 2 nm.

Studies of the coals of two American basins were conducted [111]. Applied 
methods included SAXS, SANS, and infrared spectroscopy for samples of a 
wide range of coalification (Figure 1.34). The coefficient of vitrinite reflection 
was 0.55 ÷ 5.15%; carbon content was 66.7 ÷ 92.75%. One typical feature of 
pore size distribution (differential porosity) was power dependence:

	 f(r)=Ar–B.	 (1.17)
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0.8

P(
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10 20
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FIGURE 1.33
Pore radius density distribution derived from small-angle scattering for coal showing mean 
degree of coalification. (Adapted from Rouzaud J.N. and Oberlin A. 1990. Characterization of 
Coals and Cokes by Transmission Electron Microscopy. Amsterdam: Elsevier, pp. 311–355.)
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Power value B varies in the range of 3.53 ÷ 4.79, suggesting fractality of the 
specific surfaces of pores of sizes Ds = B – 1 = 2.53 to 3.0 (see Section 1.5.3). The 
number of micropores primarily determines the specific surface. The distri-
bution of total porosity (closed pores and pores connected to the surface) was 
minimum in the coal metamorphic sequence coinciding with carbon content 
of 87 to 90%.

The contradictions among measurements of coal porosity via SAXS, SANS, 
and sorption experiments at low temperatures are ascribed to different values 
of the measured surfaces of the samples. If in the process of adsorbing nitro-
gen using the BET method, the S/V ≈ 4,7 × 103 cm2/cm3equation was obtained, 
SANS suggests the specific surface values are five to ten times greater [111], 
especially for micropores (Figure 1.35). The results of a comparison of both 
methods using coal from the Ruhr Basin are shown in Table 1.3 [115].
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FIGURE 1.34
Distribution of American coal based on pore sizes determined by SAXS and SANS. (Adapted 
from Radlinsky A.P. et al. 2004. Int. J. Coal Geol. 59, 245–271.)



62	 Physics of Coal and Mining Processes

107

r = 4 Å

106

105

5.2E5
4.6E5
2.0E5

2.2E4
1.8E4
1.1E4

104

104 105 106

103

103

102Sp
ec

ifi
c S

ur
fa

ce
 A

re
a (

cm
2 /c

m
3 )

102

101

101

Probe Size (Å)

100

100

Ammonate wc IBP

Bolt wc IBP

Herndon wc IBP

Elk Run wc IBP

FGT6-460 wc IBP

FGT6-221 wc IBP

FIGURE 1.35
Specific surface depending on pores size for coal samples oriented parallel with bedding. 
(Adapted from Radlinsky A.P. et al. 2004. Int. J. Coal Geol. 59, 245–271.)

TABLE 1.3

Parameters and Specific Surfaces Obtained via 
Small-Angle Neutron Scattering and Adsorbing 
Experiments

Sample DS S/m(cm2/g), SANS
S/m (cm2/g), 
Adsorption

2 2.40 24.62 2.24
3 2.33 55.82 1.48
4 2.27 93.18 0.90
6 2.38 18.46 1.14
8 2.22 129.11 0.53
9 2.13 363.48 0.33
10 2.29 43.88 0.59

Source:	 Prinz D. et al. Fuel 38, 547–556.
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The reason for deviations of the figures from neutron and x-ray scatter-
ing in sorption experiments is the presence of closed pores in complex coal 
structures. They are included in the macromolecular lattices. The adsorbing 
experiments allow determination only of open pores.

In fact, the results of adsorbing N2 and SANS experiments on the Ruhr basin 
coal showed essentially positive correlations. In the initial stages of coalifica-
tion, the data from N2 and SANS experiments start to diverge as coalification 
decreases since neutrons reach all the pores in the ranges of the resolving 
power while the N2 molecules do not reach the pores at 77 K. We remind you 
[116] that the pore surface (square centimeters/gram) is determined by the 
formulae for cylindrical forms that have a mean radius rp:

	 S
V

r
p

p

=
⋅2 0

104
,

. 	 (1.18)

For spherical forms:

	 S
V

r
p

p

=
⋅3 0

103
.

, 	 (1.19)

where Vp represents specific pore volumes expressed in cubic centimeters/gram, 
and rp indicates mean radii of pores in nanometers. This means that power dis-
tribution of pores in a wide range of sizes over most of a specific surface will 
be determined by micropores. In fact, the specific surfaces of macropores are 
sufficiently small in comparison with those of micropores [99,116].

Only low metamorphic coal with a small content of vitrinite (<1.1% VRr) 
shows wide distribution according to the sizes in mesopore and macropore 
ranges. In highly metamorphic coal (>1.90 to 2.23% VRr), sufficient mesopo-
rosity is not observed.

The structural parameters obtained from adsorbing and SANS experi-
ments show exponential decay with increasing of coalification degree (VRr). 
It is obvious that the structural conversion in early coalification occurs 
mainly because of loss of oxygen of functional groups. Using a specific sur-
face as a parameter, we found out that mesoporosity and macroporosity are 
one to three times less than microporosity. Distribution of pores according to 
radii is fractal, with fractal dimension function 2.13 < Ds > 2.78. Study results 
indicate a two-phase model coal substance structure is considered to have a 
structural organization similar to a macromolecular matrix (Section 1.3).

1.5.3  Fractality

The fractal peculiarities of coal structures demand special studies because 
the theory of fractal geometry is widely used in natural sciences [117], 
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particularly in geology and geophysics [118–120]. Methods of studies of 
coal porosity yield different kinds of pore distributions according to sizes. 
Due to the limitations of sorbent methods at low temperatures and mer-
cury porometry. the density of pore distribution based on size is obvi-
ously unimodal and bimodal in cases of two pore systems. Figure  1.36 
shows such distribution. The limitations of these methods mean that the 
numbers of molecular pores and micropores are underestimated. The cal-
culation involves the fractal dimension function D (fractional exponent for 
probable density) and the integral function of pores distribution according 
to size:

	 P r r D f r r D( ) − ( ) − +( )~ ~ .and 1 	 (1.20)

These functions are linked by

	 f r
d
dr

P r( ) = ( ) 	 (1.21)

Taking into account the index B in probability density

	 f r A r B( ) = ⋅ − 	 (1.22)

From (1.20) and (1.21) we obtain B = D +1. After integration over the range of 
pores we obtain for the mean pore size [121]:
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FIGURE 1.36
Distribution of micropore volume based on its diameter in coal containing 86.3% carbon. 
(Adapted from Medek, J. 1977. Fuel 56, 131.)
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Two variants are possible:
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These two equations give us the opportunity to determine variations of aver-
age pore volumes at the known index B in pore distribution according to 
their sizes. Besides, if total porosity θ is determined, we can find total num-
ber of pores in a unit of volume nP:

	 θ = = ⋅
V

V
n Vp
p p , 	 (1.25)

where Vp and V indicate pores and body volume, respectively; n p is the mean 
index of pores in a unit of volume, andVp is mean pore size. Small-angle 
methods of scattering examine the entire pore system including ultra-micro-
scopic pores in the distribution. This distribution has a scaling organization. 
Based on the radii of pores in the distribution, we can determine distribution 
by volume [122]. We start with the relation known from the theory of relativ-
ity: f r dr f V dV( ) ( )= . For spherical pores we have
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That is why we can note that
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As B > 1 and rmin << rmax, it is sufficient to note that A B rB= −( ) ⋅ −1 1
min . Then we 

obtain for distribution according to the pore volume assuming its spherical 
forms:

	 f V A V
B

( ) = ʹ( )+ −2
3

1

	 (1.28)

where the normalizing constant:

	 ʹ =
− ⎛

⎝⎜
⎞
⎠⎟
⋅ −A B rB1

3
3
4

2
3 1

π min
	 (1.29)



66	 Physics of Coal and Mining Processes

For the scaling dependence of pore distribution according to the sizes, we 
can obtain the formula for the total surface S of pore area [117]:

	 S C r f r dr
r

r

= ∫ 2 ( )

min

max

	 (1.30)

where parameter C indicates geometrical forms of pores. After the integra-
tion we obtain:
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As shown by experiments, the conditions B > 3 and rmin << rmax are always 
true. That is why it is sufficient in Equation (1.31) to restrict the components 
in the brackets. Note that the value B = 4 is critical for distribution of pores 
according to sizes [123]. Under the condition B < 4, fractality for pore surfaces 
is realized because 2 < D < 3. In accordance with Equation (1.24a), the volume 
of pore area equals minimum rmin and maximum rmax pore sizes. At B > 4, the 
pore volume will be determined by pores of minimum sizes. During upload-
ing of a coal layer near the face area or breaking a layer, the number of large 
pores and cracks increases; methane enters more easily in layers containing 
smaller pores. As a result, rapid explosion or slow methane efflux may occur, 
depending on the index of power distribution of pore sizes.

In accordance with [124], when the pressure reaches 20 MPa, the volume 
of macropores changes 27 times; the volume for micropores changes 2 or 3 
times and remains almost the same for pores of 1.25 to 7.5 nm size. These 
data were experimentally substantiated by evaluating mean pore size using 
Equation (1.23). The indices B obtained by the SANS method to determine 
uniaxial loading of T (lean) rank coal up to 1.6 GPa [125] changed in the 
range of 3.95 to 4.56. Under conditions of minimum and maximum pore sizes 
[Equation (1.23)], it follows that after loading the pore volume was 0.12 of the 
initial volume.

Evaluation of pore volume via scaling distribution with the index B = 3.5 
substantiated the conclusions mentioned above about the dominance of 
macropore volume in the total coal pore area. Table 1.4 shows the results of 
the evaluation [121]. Total porosity Vp/V = 0.116.

From Table 1.4, it follows that most pores are smaller than 10 nm and thus 
specific surface characteristics are determined by micropores. In fact the spe-
cific surface of macropores is sufficiently small in comparison with that of 
micropores [116,126]. However, the volume of pore area is mostly determined 
by macropores of diameter d > 103 nm.

Because pore geometry varies based on degree of metamorphism, it is 
essential to consider this factor when evaluating porosity during loading 
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changes. One factor that may cause changes of pore distribution slope may be 
pore volumes of different geometries. Micropores are spherical. Open pores 
are more extended in one dimension. Some cracks have slot-like shapes. If 
spherical and cylindrical pores are present, they will change their volume 
when stress level changes in a rock massif. Taking into account Hooke’s law 
and isotropic compression, we obtain relative changes of volume of spherical 
and cylinder pores:

	 Δ ΔV
V K0

3
= −

⋅ σ 	 (1.32a)

	 Δ ΔV
V E0

2
≅ −

σ 	 (1.32b)

where E is Young’s modulus, K E= −( )/3 1 2ν  is the module of all-round 
compression, and ν is Poisson’s coefficient.

Modeling of real distribution of pores is possible if contributions of dif-
ferent kinds of distribution are approximately known: (1) the scaling invari-
ant distribution for the whole range of pores and (2) Weibull or lognormal 
distribution of some macropores and cracks. These kinds of distribution are 
shown in Figure 1.37. When the range of scales is quite large (about five times), 
the differential porosity of geomaterials is described by scaling distribution 
[119]. However for some experimental data, it is preferable to describe poros-
ity by logarithmical normal distribution and Weibull distribution.

Study data [27,127] can be considered as examples of two-component 
distributions of pores according to volumes. Two kinds of distribution of 
pores observed are described by power dependence with different indices 
(Figure 1.38).

In conclusion, each researcher, despite thoroughly analyzed (and some-
times inconsistent) views, may choose his or her representation of coal 
structure. We have been guided by the spatial model of Kasatochkin and 
obtained a number of fundamental and applied results that we will discuss 
in more detail in this and other chapters.

TABLE 1.4

Pore Characteristics for Scaling Distribution with Index B = 3.5

Number
Size Range 

(nm)
Relative 
Content

Mean Pore 
Size (nm3)

Total Pore Volume 
(Range = 1 m3 × 104)

1 1 to 5 0.982 3.1 9.3
3 5 to 10 0.0147 157 6.9
4 10 to 100 3.15 × 10–3 5.4 × 103 51.2
5 102 to 103 1.0 × 10–6 5.4 × 108 162
6 103 to 104 3.1 × 10–8 1.0 × 1010 927
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1.5.4  Closed Porosity of Donbass Coals

Figure 1.39 represents the distribution of molecules of gas in a coal substance 
near closed pores. One can think that the division of pores into closed and 
opened is rather theoretical due to gas possible migration into closed pores. 
However, such division becomes clear when comparing the diffusion coef-
ficient values for the narrowest filtration channels (not less than 10–4 cm2/s) 
and for solid-state diffusion (~10–9 10–8 cm2/s.)

As the results of electronic and microscopic studies show, pores of vit-
rinite, a gel-like substance, have roundish, spherical forms (maturing stage 
volatile; gaseous and fat coals) or roundish, spindle, or cluster shapes (cok-
ing, lean baking, and lean coals) 0.9 to 1.0 nm. Pores form regularly diffused 
congestions (layer by layer) within homogeneous layers of vitrinite and in 
areas where microcracks form group congestions.

Lipoid microcomponents (sporinite, cutinite, resinite) are characterized 
by specific structures and capacious intracavitary surfaces. The porous 
capacity of interlayer spaces show widespread zones of crumpling, sliding, 
and moving along with cavities typical of contact zones for vitrinite inclu-
sions in a homogeneous gelified mass. As a rule, the numerous systems of 
split cracks of developing microcleavage run normally along the interlayer 
contact plane.

The opened pores are linked to the external surface of a coal sample by 
a system of cracks and other channels that allow various liquids and gases 
to enter and leave the coal mass [128]. The closed porosity of fossil coals is 
defined by a system of cavities of various sizes and configurations that are 
not connected with the external surface of the coal by transport channels. 
The entry into (or evacuation from) these cavities of gas molecules can be 

2

1
3

FIGURE 1.39
Distribution of molecules of gas in a coal pore. 1. Free molecule. 2. Adsorbed molecule. 
3. Molecule in solid solution.
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carried out exclusively by solid-state diffusion that determines the duration 
of this process.

The technique was developed at the Institute for Physics of Mining 
Processes of the National Academy of Sciences of Ukraine to define closed 
porosity by changing the pressure of fluids absorbed by coal samples at satu-
ration. This approach was used earlier for the definition of full porosity. To 
measure closed porosity, it was necessary to

•	 Develop quality monitoring of drying and degassing efficiency
•	 Study kinetics and thermodynamics of absorption
•	 Perform sorbate experiments

The proposed methodology was based on the results of theoretical research 
[91]. For simplicity, we assumed that fossil coal is a porous solid body (PSB) 
in the shape of a sphere with volume V [(4/3) πR3] filled with spherical pores 
of radius rp at regular intervals with density Np and separated from each 
other by distance l, considerably larger than r r l R l Np p p( ; ~<< << −1/3).

The PSB was placed in a sorption ampoule (SA) with volume VA, filled 
with a gas at a constant temperature T. Gas distribution was characterized 
by the density of molecules in a solid solution with c(r, t), pores ρ(r, t) and 
free volume of chamber n(t). The diffusion movement of gas in the volume 
of a solid phase can occur by migration of both gas molecules and migration 
of both gas molecules and molecule-vacancy or molecule-interstitial com-
plexes or in other ways, which can be described by the magnitude of the cor-
responding diffusion coefficient D. The equation of diffusion of molecules 
on PSB volume in the presence of pores as sinks (sources) is
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where c(r, t) is the density of molecules in a solid solution; t is time; D is the 
diffusion factor; r is distance; rp is the pore radius; Np is the density of distri-
bution of pores in volume; and I(r, t) is the density of a gas stream into a pore. 
The gas density in pores is changed with the speed:
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The boundary condition of Equation (1.33) at r = R is the condition of a conti-
nuity of a stream of particles through an external surface of a solid body:
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connected directly with the speed of gas density change in free volume 
(in SA) Vfs=VA-V:

	

dn t
dt

R
V

I t
fs

R
( )

=
4 2π

( ) 	 (1.36)

The initial conditions of Equations (1.33), (1.34), and (1.36) define the initial 
distribution of gas molecules in the system:

	 n n c r c r( ) ; ( , ) ; ( , ) .0 0 00 0 0= = =ρ ρ 	 (1.37)

The density of streams of molecules of gas into a pore I(r, t) and through the 
external PSB surface IR (t) is

	 I r t Dr c r t r tp( , ) , , ,= ( ) − ( )[ ]−1 νρ 	 (1.38)

	 I T R c R t n tR( ) , ,= ( ) − ( )[ ]−σ ν1 	 (1.39)

where ν is the constant characterizing local thermal balance of molecules of gas 
on the surface of a solid body defined by the equality of chemical potentials of 
gas molecules in a solid solution and free gas molecules and has a meaning of 
the specific volume of dissolution (V = M Ωo δ); δ is the gas solubility [92]; Ωo is 
the volume per molecule of gas in a solid solution; M is number of possible posi-
tions of molecules of gas in a unit of volume of a solid body (of the order of the 
number of atoms of a solid body in a volume unit: M ~ 1028 to 1029/m–3); σ is the 
diffusion factor through the PSB border, generally different from D.

The solution of Equations (1.33), (1.34), and (1.36) taking into account the 
conditions of Equations (1.35) and (1.37) by means of a Laplace transform 
with time t allows us to derive equations necessary for the further analysis 
of molecule density SA n(t) and numbers of gas molecules θ(t) contained in a 
unit of PSB volume defined by
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or, at very long times,

	
n t n

V
V

K
t

fs

( ) ~ exp ,∞+ −
⎛
⎝⎜

⎞
⎠⎟

3 ν
τ

	 (1.41)

	
θ μ ν ν

τ
( ) ~ ( ) exp ,t n K

t
+ − −

⎛
⎝⎜

⎞
⎠⎟∞ 3 	 (1.42)



72	 Physics of Coal and Mining Processes

where n°  is the equilibrium density of gas in the chamber:
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τ is relaxation time in the system;
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ξ is the least positive root of the transcendental equation:
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Analysis of the Equation (1.44) for relaxation time τ taking into consideration 
Equation (1.45) shows that

	 1.	 If the porosity of a solid body µ is small (µ << ν), according to Equation 
(1.45) ξ = y2 and the time of relaxation τ is equal τ = R2/(Dy2). Thus, in 
case of α<<1 y = 3α , the speed of relaxation in a system is limited by 
diffusion through the PSB surface. If parameter α is not small (y ~ 1), 
relaxation is defined basically by volume diffusion.

	 2.	For high porosity (µ>>ν)ξ = νy2/µ and relaxation time τ = µ R2/(νDy2) in 
comparison with the previous case, µ/ν >> 1. It is easy to understand 
because the share of “cells” in the solid body filled with gas molecules 
increases in the same way. Thus y = 3α  if α << 1 and y ~ 1 if parameter 
α is not small. These conclusions about the dominating role of diffu-
sion through a surface (α << 1) or volume (α ≥ 1) of PSB remain valid.

The results show the defining influence of time on kinetics of transition 
in the balance of a gas–PSB system that is essential for conducting sorbate 
experiments on rocks and fossil coals. The accounts of substantial growth 
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(in µ/ν times) in highly porous (µ>>ν) compared with minimally porous 
(µ<<ν) materials may explain the discrepancy concerning isotherms based 
on experimental data from gas occlusion of the same porous substance (hys-
teresis). The discrepancy arises from the absence of a global equilibrium in 
the considered gas–PSB system during the final moment of time t.

Equation (1.41) shows that at a particular moment of time t (t >τ), it is pos-
sible to achieve infinitesimal value for the second component in comparison 
with the first one by replacing n(t) for n∞.in Equation (1.41). The experimental 
conditions to establish balance at a stage of gas occlusion originally degas-
ified the PSB, so when C0 = 0, we get from Equations (1.41) and (1.43):
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Taking into account the connection of concentration of gas molecules with 
pressure at temperature T(p = nkT, p0 = n0kT), the expression for relative 
change of pressure is
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The estimations based on the laws of statistical physics show that ν < 10–4. 
For coals of µ ~ 10-–1 order and rocks of µ ~ 10–2 order, rewriting Equation 
(1.46) is permissible and yields a simple formula:
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−( )p p V

Vp
fs0

	 (1.47)

The size µ defined by this formula is dimensionless; it characterizes the ratio 
of closed pore volume to PSB volume. For practical purposes, it is more con-
venient to attribute the volume of pores to PSB weight, that is, to replace vol-
ume V by mass m in the denominator of Equation (1.47). The result is a basic 
formula useful for further research to define values of pressure p0 and p, PSB 
sample mass m, and free volume Vfp to calculate the volume of closed pores 
per PSB mass unit µ (cm3/g):

	
μ =

−( )p p V

pm
fs0

	 (1.48)

Establishment time of sorption balance is different: for minimally porous 
PSB particles:

	 τ νL R D= 2/( ) 	 (1.49)



74	 Physics of Coal and Mining Processes

and for highly porous PSB particles:

	 τ μH R Dv= 2/( ) 	 (1.50)

where R is particle size; ν is specific volume of dissolution, and D is diffusion 
factor. The condition of a solid substance (humidity in particular) defines the 
scales. An increase of humidity reduces ν by blocking structural voids with 
molecules of water; this reduces the mobility of gas molecules in wet PSB 
and consequently reduces the diffusion factor.

A number of experiments have been carried out on coal samples of various 
ranks to study the effect of moisture content on the volumes of closed pores 
(µ). The results in Table 1.5 testify to the reduction in wet coal in comparison 
with dried coal. The table also shows the growth of saturation time (column 
8). The moisture and gas contained in the organic substance of naturally wet 
coal partially block volumes of closed pores. Correct definition of saturation 
time requires preliminary drying and degasification of samples to allow the 
transformation of a wide line of a spectrum of a nuclear magnetic resonance 
(NMR) image to a Gaussian shape. The NMR spectrum of dry degasified 
coal (width 5 to 6 Oe) is Gaussian. The NMR spectrum of coal containing 
even small amounts of water and methane shows a superposition of wide 
and narrow lines (0.1 to 0.5 Oe). The change of character of the NMR to a 
Gaussian shape testifies to almost complete drying and degasification of a 
sample. The results cited above concerning the experimental determination 
of closed pores in fossil coal allowed us to formulate and implement a pro-
gram for further research. Representative samples of fossil coal and rocks 
weighing more than 400 g were taken. The samples were crushed to sizes 
below 3 mm to reduce the time needed for controllable diffusion of methane 
molecules in coal particles [Equation (1.44)]. The time required to establish 
sorptive balance τ depends on linear particle size R. The reduction of the 
sizes of experimental particles also reduces drying and degasification times. 
The crushed samples were dried and degasified by heating up to 120°C and 
simultaneous pumping of moisture for at least 10 hours.

This research would not be possible without efficient sample drying and 
degasification. The wide variations in porous structures of the many ranks 
of coal require particular modes of drying and degasification and real-time 
information about humidity and gas content of samples. Only coals with 
identical porous structures obtained after drying and degasification can 
serve as standards.

The use of NMR (see Chapter 3) to monitor molecules of water and methane 
in pore spaces of coal and rock is invaluable because it provides quantitative 
information about water and methane at all stages of drying and degasifica-
tion rather than after their removal (for example, by reduction of sample mass 
or by calculating the number of the molecules that left the samples which 
represents an error source). The NMR spectrum of wet gas-saturated coal 
is a superposition of two resonant lines: wide ∆H1 = 5 to 6 Oe from protons 
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of coal substance and the methane in a firm solution, and narrow ∆H2 = 0.1 
to 0.5 Oe from water and methane protons and sorbate on the surfaces of 
pores and the cracks; the lines are of Lorentzian shape. The NMR spectrum 
of dry degasified coal consists only of a wide line of Gaussian shape. The 
moment of transition from a complex NMR spectrum consisting of two lines 
to a spectrum containing only one wide Gaussian line corresponds to the 
defined point of the dried and degasified coal.

The NMR technique for wet gas-saturated coal included a reference stan-
dard for dry degasified coal. Unlike other methods, NMR allows stage-by-
stage control of the efficiency of degasification and drying of samples. The 
method is highly accurate; it can register 0.01% weights of sorbate, water, and 
methane molecules with a signal-to-noise ratio of 50, that is, the weight error 
does not exceed 0.0002%. The NMR spectrometer used in our studies was 
created and developed at the Institute for Physics of Mining Processes of the 
National Academy of Sciences of Ukraine.

The saturation of the dried degasified samples of fossil coal was conducted 
on a sorption installation with intermediate capacity (Figure 1.40). The first 
step was to load the sorption ampoule (SA) with the dried degasified sample 
of coal or rock with m ≈ 400 g. The reservoir for the preliminary gas intake by 
the opening of valve K1 was filled from a transport cylinder with methane 
to pressure (110 ÷130) · 105 Pa, registered by manometer M1. After opening 
valves K3 and K5 (with valve K4 closed and valve K2 opened), gas was fed 
into the SA. In most cases methane was forced to pressure (60 ÷ 70) · 105 Pa. 
After that, valve K3 was blocked and in 15 minutes the indication of manom-
eter M2 was registered. The volume of open pores in the sample of coal or the 
rock placed in the SA was filled for 15 minutes and yielded initial pressure 
p0 [see Equation (1.48)].

The absorption of methane by the coal sample or rock and drop of pressure 
in the SA was registered by manometer M2. As sorption balance is estab-
lished over infinitely long periods and is not technically realizable, we had to 
choose the moment of registration of final pressure in the SA. Studies of coal 
samples containing both closed and open pores established the presence of 
at least two times of relaxation: τ1 (several minutes) and τ2 (several days). The 
estimations show that τ1 is connected with the kinetics of filling open pores 
and some closed pores near the coal or rock surfaces; τ2 characterizes the 
process of filling all closed pores. A change of methane pressure in a sorp-
tion ampoule at t can be approximated by

	
p t p A

t
B

t
( ) exp exp= + −

⎛
⎝⎜

⎞
⎠⎟
+ −

⎛
⎝⎜

⎞
⎠⎟∞ τ τ2

	 (1.51)

where p∞- is the equilibrium pressure and A and B are constants with pres-
sure depending on coal sample characteristics.

The time scale τ1 influenced the interval of time shown above by 15 min-
utes. To ensure the filling of methane closed pore volume and measure the 
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volume with sufficient accuracy, the criterion for choosing the moment of reg-
istration of final pressure p of methane in the SA was experimentally deter-
mined: when the pressure decay rate reached 0.5 to 0.15% per day of the initial 
pressure p0 (Figure 1.41). Further saturation of sample by methane produced 
only an insignificant increase in the maintenance of methane in the closed 
pore volume; this may cause an error in closed porosity in the fourth decimal 
place.

The release of methane from the SA and evacuation of the low-pressure 
line through channel 6 was carried out within 30 minutes with valves K4 
and K 6 open (Figure 1.40). Pressure line helium was fed into the SA through 
channel 6 and the volume of SA free space Vfs was measured by the stan-
dard technique.

The calculation of closed pore volume of a mass unit of fossil coal or rock 
based on experimental values of pressure p0, p mass of sample m, and vol-
ume of free SA space Vfs followed Equation (1.48): μ = −(( ) )p p V pmfs0 / . The 
volume of open pores was calculated by the known formula

K4

M2

M1

K5

K6

K1K2

K3

6
5

B
4

2

3

1

FIGURE 1.40
Apparatus to determine closed pore volume showing preliminary intake for compressed gas. 
1. Channel for methane feeding from transport cylinder. 2. High pressure line. 3. Reservoir 
for preliminary gas intake (to 20 MPA). 4. Sorption ampoule. 5. Low pressure line. 6. Channel 
of methane feeding in metering unit and atmosphere. K1 through K6 = valves. M1 and M2 = 
sample manometers (to 16 MPa). B = sample vacuum gauge.
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VP= 1/dA – 1/dR where dA и dR are apparent and real densities defined in 
accordance with State Standard Specification (GOST) 2160-82. The total num-
ber of pores was calculated by

	 Ω = Vp+µ	 (1.52)

where Vp и µ are volumes of open and closed pores, respectively. Experiments 
were conducted on 20 samples of fossil coal. The values and errors caused 
by ignoring the volumes of closed pores are shown in Table 1.6. This 90% 
error leads to the conclusion that the main contribution to general porosity 
is made by the volume of closed pores. The described way of determining 
closed porosity serves as a standard (GDS 10.1.24647077.002:2007) for the coal 
mining industry.

1.6  Conclusions

The sequential genesis of coal (peat → brown coal → coal → anthracite → 
graphite → diamond) has been described. The modern concepts of the struc-
tures of coals and their mineral components in relation to metamorphism 

0

P∞

P

P 
.  1

05 , M
Pa

P0

15 min
t, days

∆t

∆p

FIGURE 1.41
Curve of change of pressure in a sorption ampoule over time during study of closed pore 
volume, ∆p/∆t ~10–3 ρo/day.
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have been presented. The modern ideas of scientists about the structure of 
organic mass of coal have been analyzed. In view of the various viewpoints 
(including inconsistent views), each scientist, depending on the purpose of 
his or her research, can choose among the various models of coal struc-
tures. We have chosen the spatial model of Kasatochkin. x-ray studies from 
many countries have been described. Our original research conducted at the 
Institute of Metal Physics of the National Academy of Sciences of Ukraine 
demonstrates that

•	 The basic structural component of all ranks of coal is the cluster of 
atoms packed in a graphite lattice.

•	 In diffraction patterns revealed by all ranks of coal, a powerful, 
small-angle dispersion (SAD) of x-ray radiation spreads over a con-
siderable range of a diffraction vector.

•	 SAD studies of most coals reveal clear peaks that testify to the pri-
mary size clusters.

The methods of estimation using a porous solid body as an absorbent have 
been described. Starting with the differential porosity of a sorbent, it is pos-
sible to choose a theory for a particular sorbent that can fully describe pro-
cesses in the sorbate. Small-angle x-ray and neutron dispersion show that 
ratios of mesoporosity and macroporosity of coals vary largely. The distribu-
tion of pores due to radius size is fractal: 2.13 < Ds < 2.7.

For the first time, a technique for finding the closed porosity of coal based 
on changes from saturation of pressure of absorbed methane has been 
developed. For all ranks of coal, the most common porosity is closed and 
the volume (for example, for anthracite) is higher than that of open porosity 
types.
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2
Equilibrium Phase States and Mass 
Transfer in Coal–Methane Systems

2.1 � Equilibrium and Dynamics of Mass Exchange 
between Sorbed and Free Methane

2.1.1 � Gaseous State of Methane in System of Opened and Closed Pores

Methane in coal formed and accumulated over geologic time. The main 
methane mass is found in virgin rock in a system that consists of cracks, 
canals, and open pores (that determine filtration capacity) and closed pores 
(not connected by means of transport links with filtration capacity). The 
seam methane pressure in virgin rock is homogeneous because of the homo-
geneous structure constants according to Bernoulli’s equation and its pres-
sure correlates with rock pressure.

The gaseous methane pressure in a virgin seam is equal in the filtration 
capacity and closed pores. As seam depth grows, seam methane pressure 
increases with few exceptions. The stresses in the mountain mass and the 
seam methane pressure resist the rock pressure in a state of thermodynamic 
equilibrium. As an approximation, the energy (and other thermodynamic 
potentials) of the seam form from the elastic energy of the coal structure and 
the energy of gaseous methane. When examining the energy of a coal seam, 
it is necessary to use the thermodynamic Gibbs potential as the environment 
sets the overburden load on the coal seam and seam temperature.

It is usually possible to consider methane in coal as an ideal gas, in which 
case its thermodynamic potential (based on mountain massif capacity) can 
be written as [1]

	 ϕ γg
T

P
P
P

= ln . 	 (2.1)

P is the seam methane pressure; porosity γ takes into account that methane 
is only in pores of gas and coal bearing mass; PT is dimension pressure; its 
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temperature dependence is determined by the energy of a separate free mol-
ecule of methane. If in calculating the energy of the molecule we consider 
only progressive and rotation degrees of freedom and do not account for the 
atomic oscillation and electronic conditions, we will get for the PT of meth-
ane the following correlation:

	 P T
mT T
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Here m is molecule mass of methane, �  is Planck’s constant divided by 2π, 
T is the gas absolute temperature in energy units, T Jr ≡ ( )  

/
18

1 3 2/ /π �  is the 
so-called rotary temperature, and J is the moment of inertia of a molecule of 
methane. It is possible to consider gas ideal if the real pressure of methane 
reaches several tens of atmospheres and complies with the ideal gas law:

	 P=ρT	 (2.3)

where density ρ corresponds to the quantity of molecules of methane in the 
unit of volume of gas (not in the unit of volume of the coal mass).

If the integrity of the massif is broken, for example, by coal mining or 
geological displacement, the equilibrium is broken and gas under seam 
pressure overflows from seams to open areas where its pressure is lower 
than atmospheric pressure. The flow of gas in the filtration volume inside 
the seam corresponds to filtration through the system of narrow canals. It 
is acceptable to describe this viscous flow of gas (intrastratal dynamics) by 
Darcy’s equation. The derivation of this equation is that the driving force of 
this process is the pressure gradient. The process is isothermal because of its 
slowness but not adiabatic. The gas is compressible which follows directly 
from the equation of state (2.3). Darcy’s equation is

	
∂
∂

= ⎡

⎣⎢
⎤

⎦⎥
Q
t

k
Pdiv grad

η
ρ 	 (2.4)

Here η is the dynamic viscosity of gas, k is the penetrability of coal, and Q 
is the quantity of gas in the unit of volume of the seam. After methane has 
escaped from a seam or from broken coal, its movement complies with the 
usual equations of aerodynamics of gas mixtures as it mixes with air. This 
phase of the process of mass transfer is called the external gas dynamic. 
The estimate of the coefficient of viscosity leads us to the well known gas-
dynamic formula [2]:

	 η ρ= m vl 	 (2.5)



Equilibrium Phase States and Mass Transfer in Coal–Methane Systems	 89

where m is mass of gas molecule, v  is the average thermal velocity of 
molecules, and l is the length of molecular free path. For free gas l ~ ,1/ρσ  σ 
represents the dispersion of methane molecules on each other; in this case 
the viscosity η σ~mv/  does not depend on the density ρ and the filter equa-
tion is nonlinear. In this case the flow is called Poiseuille flow. If the gas 
moves in the system of narrow channels and the typical diameter of a chan-
nel d is less than the path length of molecule in free gas, the substitution of l 
on d should be made in Equation (2.5).

At room temperature, channel size is about 10–7m, that is, a few hundred 
nanometers. In this case, η ρ= m vd, Equation (2.4) is linear and concerns 
Knudsen flow.

We now offer a mathematical description of mass transfer in coal on the 
basis of Knudsen flow. We will consider the isothermal process and treat the 
seam temperature as homogeneous. Based on Equation (2.3) and the viscos-
ity of gas, it is possible to simplify Equation (2.4):

	 div gradD
Q
tf ρ⎡⎣ ⎤⎦ =

∂
∂ 	 (2.6)

where the filtration factor is applied:

	 D
kT
mvdf = 	 (2.7)

Order of magnitude D kv df ~ ./ The permeability coefficient k has a dimen-
sion of area and defines the degree of filling of coal with transport channels. 
It is a generalized parameter of the nanostructure and mesostructure of coal 
and depends weakly on temperature (according to the root law). The crude 
estimation gives k d~ γ 0

2 , so that

	 D dvf ~ ,γ 0 	 (2.8)

where γ0 is an open porosity, i.e., relation of the total volume of transport 
channels to the volume of the gas and coal mountain mass. The average 
speed of thermal motion is approximately the speed of sound in gas. With 
a crude approximation as in Equation (2.8), the filtration factor changes in 
the rangeDf ~ ( )m s10 108 4− −− / . The first consideration for studying the mass 
transfer of methane in coal is the solution of the equation of the diffuse type 
(2.6) with a diffusion coefficient that depends on the coal structure and not 
on temperature.
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2.1.2  Solid Solution of Methane in Coal: Absorption and Adsorption

We can imagine the coal structure on the macro and meso levels as a solid-
state framework in contact with the filtration volume. Experimental data 
[3] and theoretical concepts led to the unique conclusion that methane goes 
from the filtration capacity into the solid-state framework. Inside the frame-
work, the molecules of methane penetrate into the most energy advantageous 
places. The “fringes” of coal crystalline grains are aliphatic. The incorpora-
tion of molecules of methane into the coal framework usually takes place by 
their penetration into pores of different sizes. If we talk about micropores 
(about 10 nm), it is natural to talk about the solid solution of methane in coal. 
Methane that penetrates into pores 10 nm and larger is divided into free and 
adsorbed types. The condition of methane in pores of intermediate size is 
open to discussion and not examined here.

The main characteristics of a solid solution of methane in coal are the bind-
ing energy ψ of molecules of methane with coal and a number of “matching 
sites” for methane per unit of volume of solid material (inverse value is vol-
ume Ω that falls on one molecule of methane in the solid solution). In large 
closed pores that do not mix with the filtration volume, methane is generally 
a free gas. Critical characteristics of methane, which is adsorbed on the sur-
faces of both opened and closed pores, are the binding energy χ of a molecule 
of methane with the surface of coal and the area that fits one molecule of 
adsorbed methane.

Binding energies both ψ and χ are of course averaged values because of 
the complex hierarchical structure of coal. Present theoretic concepts and 
calculations suggest that the connection of methane with coal is a combina-
tion of Van der Waals forces that induce dipole and hydrogenous connec-
tions. Calorimetric measuring [4,5] confirms this qualitative idea by giving ψ 
a value of 8 to 35 kilojoules/mole subject to the rank of coal. Remember that 
binding energy is the difference between the energy of a molecule in the 
bound and free conditions. If coal contains methane, the binding energy is 
negative as well as for most other gases in the coal.

We will use the averaged quantities to construct theoretical models and 
different quantitative estimates because specific values of binding energies ψ 
and χ and volume Ω are very specific, that is, they depend on the rank of coal, 
the structure of the seam area, the degree of stress, and other natural and 
technological details. For this reason, we will consider a generalized view of 
the methane–coal system.

We know that methane appears in coal in three phase states: (1) free in 
the filtration volume and closed pores [6,7]; (2) absorbed in coal lumps (solid 
solution); and (3) on the surfaces of closed and opened pores (adsorbed). 
Naturally, the question of correlations between the quantities of methane 
in these three phase states occurs. To answer the question, we must con-
sider the equilibrium between gaseous and sorbed methane. Statistical phys-
ics and thermodynamics research has proven that the temperature and the 
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chemical potential must be homogeneous along the system; the chemical 
potential of free gas must coincide with the chemical potential of the solid 
solution. Remember that the chemical potential corresponds to the deriva-
tive of the thermodynamic potential according to the number of particles. 
The thermodynamic potential of gas is represented by Equation (2.1) without 
the constant γ. The thermodynamic potential of weak solid solution of con-
centration c has the following form:

	 ψ ψc c cT c= + ln Ω 	 (2.9)

While differentiating (2.1) and (2.9) according to density ρ and concentration с, 
respectively, and equating the obtained derivatives, we come to the correlation:

	 c = νρ, 	 (2.10)

where solubility ν ψ= −( / )exp( / )T P TTΩ  is introduced. Equation (2.10) 
expresses the well known Henry’s law. If we consider the correlation of 
Equation (2.2), аs well as the negativity of binding energy ψ, we will get the 
following result for solubility:
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Note that solubility depends on temperature and increases when temper-
ature drops. When calculating the equilibrium of gaseous and adsorbed 
methane, remember that the surface concentration of methane can be con-
siderable enough to limit the number of “seats.” This leads to the correlation 
called Langmuir’s isotherm:

	 ρ
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s V
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where ρs is the number of “surface” (adsorbed) molecules of methane per unit 
of coal volume, s is the area of one adsorbed molecule, and Λ is an inverse 
specific surface of the pore and crack system, i.e., the inverse value of the rela-
tion of total area of the inner surface of coal to volume. We can call quantity:
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a volume of incorporation of methane into the surface structure. The dimen-
sionless parameter V sb/ Λ  is analogous to solubility ν (with solubility it repre-
sents incorporation into the lump volume; in this case is it incorporation into 
the lump surface). At room temperature, solubility ν calculated per Equation 
(2.11) varies over limits 10–3 to 10–1 (because of spread of values ψ and Ω), 
while V sb/ Λ is two to three orders smaller. That is why we discuss only two 
phase states of methane: free and absorbed like solid solution gas.

Let γ0 designate open porosity, i.e., the relation of filtration volume to the 
full mass volume and γ indicate closed porosity, i.e., the relation of the closed 
pore volume to coal volume. In equilibrium, the quantity of methane (per 
unit of mass volume) in the filtration volume is equal to γ0ρ; in the closed 
pores is equal to (1 – γ0)γρ; and in the solid solution is equal to ν(1 – γ0)(1 – γ)ρ. 
The total quantity of free methane is ρ[γ0 + γ(1 – γ0)]. According to experimen-
tal data, the open porosity varies. The closed porosity can be at about 0.3 to 
0.4 [6,7], i.e., 30 to 40%, and the solubility changes from 10–3 to 10–1. The total 
quantity of methane in all the phase states (per unit of mass volume) is

	 Q = + − − +⎡

⎣⎢
⎤

⎦⎥
ρ γ ν γ γ

γ
ν0 01 1( )( ) , 	 (2.14)

and density ρ(m–3) is defined by the seam pressure P according to Equation 
(2.3), i.e., ρ = P T/ .

These correlations and estimates indicate that at room temperature the 
largest methane quantity, about 60 to 70%, is contained in closed pores and 
the balance is distributed between the open pores (filtration volume) and 
the solid solution in comparable quantities. When the temperature falls, a 
growing quantity of methane penetrates into the solid solution so that at a 
temperature of approximately 0°С, about 10% of the methane can penetrate 
into the solid solution.

Equation (2.14) shows methane quantity as the number of methane mol-
ecules per unit of volume of a coal–gas massif. In accepted practice, the for-
mula to calculate cubic meters of gas (at atmospheric pressure) per ton of 
coal is

	 Q
P

P nc
= + − − +⎡

⎣⎢
⎤

⎦⎥α

γ ν γ γ
γ
ν0 01 1( )( ) , 	 (2.14′)

where P/Pa is the relation of the seam pressure to atmospheric pressure and nc 
is coal density. For example, at seam pressure P = 30 atm, the open porosity γ0 = 
0.05; the closed porosity γ = 0.3; solubility υ= 0.01; and the coal density. nc = 1.3 
t/m3 the methane content Q in the seam will be 7.5 m3/t or 0.5% of mass. The 
methane content in the seam increases according to depth based on increased 
seam pressure and some increase of binding energy and means of solubility.
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2.1.3 � Diffusion of Methane from Coal Lumps into Filtration 
Volume: Efficient Diffusion Coefficient

We now describe the process of methane mass transfer in coal. Consider 
a coal framework as a set of lumps of unbroken fragments of coal dipped 
into the filtration volume. The lump dimension R is defined by the struc-
ture of the coal massif on a mesoscale and is comparable to the inverse 
specific surface Λ of a filtration system [Equation (2.12)], i.е, R ~ Λ. Since 
coal has a fractal structure, the result of measuring of the area of the 
inside surface depends to an extent on the choice of the scale of measur-
ing scheme [7].

R may be estimated (R ~ 10 105 4− −÷ cm) based on the literature method 
[8,9] for measuring the specific surface (1 20√ m2 per 1 cm3 of coal). If the 
seam equilibrium is broken, the conditions for methane mass transfer are 
created. The movement of methane inside the lump toward the filtration vol-
ume is a part of this process. We believe the methane mass transfer within 
the lump occurs via solid-state diffusion, i.e., a methane molecule jumps 
from one type of “seat” to neighboring ones. However, the picture of mass 
transfer in reality is far more complex one than a transfer in an ideal crystal-
line solid solution because of the complexity and hierarchical structure of 
coal at mesolevel and microlevel.

In discussing solid-state diffusion, we rely on the strong exponential 
dependence of the corresponding diffusion coefficient on the temperature 
established by experiment [9] that is typical for solid-state diffusion but 
not for infiltration through narrow channels. When examining diffusion 
within lumps, it is very important to consider the availability of the closed 
pores distributed throughout a lump. We know that methane mainly 
remains in closed pores. To escape from a lump, a methane molecule must 
move from a closed pore first into a solid solution and then diffuse through 
the solid solution to the lump boundary. In other words, gas in closed pores 
that increases its concentration in the solid solution. The reduction of gas 
density in the closed pores corresponds to the increase of the gas concen-
tration in a solid solution. Here is the equation for methane diffusion inside 
the lump:

	
1−( ) ∂

∂
( ) = ( ) + ( )γ

t
c r t D c r t q r t
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, , ,Δ 	 (2.15)

Here c r t
�
,( ) is methane concentration at a place 

�
r  of the solid solution at point 

of time t, D is a solid-state diffusion coefficient, � is a Laplace operator, and 
q r t

�
,( ) is the source strength at a given lump place. The multiplier (1 – γ) takes 

into account the fact that the entire lump is not occupied by a solid solution; 
part γ  of the volume consists of pores. Suppose that the medium size of pores 
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is far smaller than the medium distance between them. It becomes possible 
to use the average density ρ

�
r t,( ) to calculate source density:

	 q r t
r t
t

�
�

,
,

.( ) = − ∂ ( )
∂

γ
ρ 	 (2.16)

Further we will consider that Henry’s law [Equation (1.10)] works even in the 
absence of equilibrium. We thus rewrite Equation (1.15):

	 1−( ) ∂
∂
= −

∂
∂

γ
γ
ν

c
t

D c
c
t

Δ . 	 (2.17)

As a result, Equation (2.15) become the standard diffusion equation:

	 ∂ ( )
∂

= ( )c r t
t

D c r teff

�
�,
, ,Δ 	 (2.18)

With substitution of the solid-state diffusion coefficient for the efficient dif-
fusion coefficient:

	
D

D
eff =

− +1 γ
γ
ν

.
	 (2.19)

At reduced solubility, ν γ<< , D Deff ≈ ν γ/ , i.е., as the solubility reduces, the 
efficiency of methane escape from a lump also reduces because methane is 
concentrated in the closed pores and its escape from pores into the solid solu-
tion is blocked. Note that this is the only way that the escape of methane from 
closed pores in the lumps into the filtration volume is possible. Despite the 
rise of the solid-state diffusion coefficient as the methane solubility reduces 
with the rise of temperature and gas penetrates the closed pores instead of 
escaping from them, the rise of temperature does not always intensify the 
escape of methane from coal.

2.2 � Joint Flow of Filtration and Diffusion 
Processes in Coal Massifs

2.2.1  Double-Time Models of Mass Transfer: Fast and Slow Methane

Let us examine a macroscopic coal massif. It may be a seam or a piece of coal 
detached from a seam. It is clear that thermodynamic equilibrium is broken 
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and the gas from the filtration volume, because of a difference between seam 
and outer pressures, will seep outside to the volume not filled with coal. The 
gas pressure inside the coal massif reduces and starts the methane diffusion 
process of lumps into the filtration volume. Gas filtration with simultaneous 
methane replenishment of the filtration volume takes place. In other words, 
lumps (microlumps) play the role of methane sources distributed over the 
whole coal volume.

In the coal, the filtration processes described by Darcy’s equation (2.6) are 
interconnected with and interdependent on gas diffusion in lumps (2.18). We 
want to determine the type of connection. To maintain simplicity in formula 
writing without limiting generality, let us use Equation (2.18) for the spheri-
cal form of radius R:

	
∂ ( )
∂

=
∂ ( )
∂

+
∂ ( )
∂

⎡

⎣
⎢

⎤

⎦
⎥

c r t
t

D
c r t
r r

c r t
reff

, , ,2

2

2
.. 	 (2.20)

In Equation (2.20), r is the distance from the given site to the sphere center. 
At r = 0, gas concentration must be final. Physical content is defined by the 
boundary condition on the surface of the border of the lump and filtration 
volume, that is, at r R= .

Suppose that time of incorporation of a methane molecule into the lump 
surface is far less than the time of its transfer from the lump interior to its 
surface. In this case, global equilibrium is not available on the lump border 
and a local equilibrium for methane molecule exchange between the lump 
and the filtration volume is being established. The equilibrium is expressed 
by Henry’s law (2.10) where concentration and density are taken at a bound-
ary of the border, that is

	 c R t t, ,( ) = ( )νρ 	 (2.21)

where ρ t( ) is methane density in the filtration volume in the lump location 
and ρ changes slowly at distances of about R, in contrast to density c r t,( ). 
Now let us consider the average methane concentration c t( ) in the lump solid 
solution:

	

c t
R

r c r t dr
R

( ) = ( )∫
3
3

2

0

, . 	 (2.22)

Change of average concentration over time can be found through the averag-
ing procedure (2.22) for Equation (2.20):

	
dc t
dt

D
R

c r t
reff

r R

( )
=

∂ ( )
∂

=

3 ,
. 	 (2.23)
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By correlating (2.21) and (2.23), the link of diffusion and filtration is realized. 
The initial condition of our problem is in setting methane concentration at 
the initial moment we set. Let us consider that methane at this moment is 
equally distributed in the lump:

	 c r c, .0 0 0( ) = = νρ 	 (2.24)

It is desirable for our problem to measure distance in R units and time as

	 t
R
Dd

eff

=
2
units, 	 (2.25)

where td can be naturally called typical diffusion time. Technically it is use-
ful to solve the above problem via the Laplace transform as to time of the 
quantities of interest, namely:

	 c p c t e dt p t e dtpt pt( ) = ( ) ( ) = ( )−

∞

−

∞

∫ ∫
0 0

; ,ρ ρ 	 (2.26)

where t is dimensionless time in units td. Omitting intermediary transforma-
tions [10], we find a very interesting correlation between Laplace forms of 
average concentration and density of methane:

	
c
p

c p F p
c
p

p F p
p

cth p
p

0 0 3 1
− ( ) = ( ) − ( )⎛

⎝⎜
⎞
⎠⎟

( ) = −νρ ,
⎛⎛
⎝⎜

⎞
⎠⎟

	 (2.27)

Performing the inverse Laplace transform of Equation (2.27) gives the con-
nection between c t( ) and ρ t( ) in the form of convolution of two functions:

	 c c t F t c d
t

0 0

0

− ( ) = −( ) − ( )[ ]∫ τ νρ τ τ, 	 (2.28)

where:

	 F t e n t

n

( ) = −

=

∞

∑6 2 2

1

π 	 (2.29)

is the inverse Laplace transform F p( ) from (2.27). As the lump is far smaller 
than the coal massif (piece of coal), a rough description of gas filtration from 
the coal massif shows physically infinite small volumes that include many 
lumps. One can accept that (2.28) works for every spot of massif 

�
x.
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Equation (2.28) indicates that methane concentration in lumps at moment t is 
defined by its density in filtration volume over all previous moments r t< . The 
equation expresses quantitatively and fairly simply the reciprocal influences 
of diffusion and filtration. The filtration process is dominant while diffusion 
provides feeding or replenishment of filtration volume. Let us return now 
to the model for studying methane filtration. Equation (2.14) shows methane 
content in coal in equilibrium. In a non-equilibrium state, as methane flows 
on the seam, quantity c ≠ νρ and Darcy’s equation is written [11]:

	
∂
∂

( ) + ( ) −( ) − +
⎛
⎝⎜

⎞
⎠⎟

⎡

⎣⎢
⎤

⎦t
x t c x tγ ρ γ γ

γ
ν0 01 1

� �
, , ⎥⎥ = ( )

D

D
x tf

eff

Δρ
�
, . 	 (2.30)

Concentration c x t
�
,( ) is connected with density ρ

�
x t,( ) through Equation (2.28) 

at any 
�
x of the coal massif. Equation (2.30) is Darcy’s equation in dimension-

less coordinates of time. Equation (2.28), with (2.25) in mind is true only for 
spherical lumps. For non-spherical lumps, a value less than R should mean 
an average typical lump dimension.

To solve concrete problems of methane sorption and desorption, Equation 
(2.30) must be added to the corresponding boundary conditions in some situ-
ations of internal and external gas dynamics. For example, methane flow 
equals zero on the boundary of a coal seam with bearing strata. On an open 
coal surface, pressure (and density) may equal to zero. This will be discussed 
below. Even before solving concrete problems via Equations (2.28) and (2.29), 
we can draw qualitative conclusions as to methane mass transfer in coal.

Let us consider function F t( ) in more detail. At t << 1 2/π , F t t( ) ≈ 3/ π , 
while at t >> 1 2/π  this function is exponentially small, namely F e t≈ −6 2π . 
Consider Equation (1.28) under short time limits:

	 c c t
c

t
d

t
d

t

0
0

0

0

0

3 3
− ( ) ≈ − ( )

−
=

− ( )
−∫π

νρ τ

τ
τ

ν
π

ρ ρ τ

τ
τ

tt

∫ . 	 (2.31)

We know [11] that in problems on filtration, gas escape under short 
time limits is proportional to t  and flow speed is proportional 1/ t , i.е. 
ρ ρ τ ρ τ0 0− ( ) ≈ . From (2.31) it follows that

	
c c t

t
d t

t

0
0

0

0

3 3
2

− ( ) ≈
−

=∫
νρ
π

τ
τ

τ
π
νρ , 	 (2.32)

Methane escapes from the lumps in proportion to t; its escape speed is con-
stant and final while from the filtration volume it escapes much faster and 
thus allows us to divide methane into fast moving (escaping from filtration 
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volume) and slow (contained in coal lumps). Then when t F t>> −1 2/π τ,   ( ),  
considered a function τ, is an extremely “sharp” function. It is exponentially 
small under all τ except τ values close to t. That’s why the integral on the 
right (1.27) is based on the second theorem of the average of the expression 
ν ρ ρ τ τ0 0− ( )[ ]∫ −( )t F t d

t
. The integral that belongs to this expression is equal 

to one with exponential exactness. For this reason, over long time durations, 
it follows from (2.28) that c t t( ) ( )= νρ . As this correlation is correct for all

�
x, 

Equation (2.29) becomes the standard Darcy’s equation during long time 
durations:

	
∂
∂

+ −( ) − +
⎛
⎝⎜

⎞
⎠⎟

⎡

⎣⎢
⎤

⎦⎥
( )⎡

⎣⎢
⎤

⎦t
x tγ ν γ γ

γ
ν

ρ0 01 1
�
, ⎥⎥ = Δ ( )

D

D
x tf

eff

ρ
�
, 	 (2.30′)

Equation (2.30′) shows that over time td, methane escapes from the filtra-
tion volume synchronously with the escape from lumps, i.e., methane in the 
lumps with methane in the filtration volume constitutes a single system.

The initial gas release depends on the filtration of methane from the sys-
tem of open pores. It usually occurs at a time less than diffusion time td. It 
thus appears that all methane escapes from the coal mountain mass during 
these short times, but in reality, the amount of methane remaining in the coal 
lumps within the mountain massif may far exceed the amounts that escape. 
We will show this effect by solving specific problems.

2.2.2 � Methane Escaping from Coal into Closed 
Volume: Role of Backpressure

We now examine coal broken from the mountain mass and contained in a 
closed vessel with volume V. The total volume of lumps (granules) of coal are 
designated Vc, and the volume of the left part of the vessel is Vf  (Figure 2.1); 
V V Vc f= + . At the initial moment (when coal is loaded into the vessel), methane 
density in filtration volume is constant and equal to ρ0. Within the context of 
this experiment, ρ0 is usually less than methane density in the virgin seam 
as a considerable part of methane escapes from the coal during its transfer 
from massif to vessel.

According to our model, methane escape occurs as follows. First, gas 
from the filtration volume flows to volume Vf , which is not filled with coal. 
Pressure inside the granule drops and that starts the process of diffusion 
mass transfer of sorbed methane from the lump into filtration volumes. 
Gas filtration with simultaneous feeding of filtration volume with meth-
ane diluted in lumps takes place. Filtration in each granule is described 
by Equation (2.30). For simplicity, we consider all granules as spheres with 
radius L so that L R>> . Naturally, Equation (2.30) should be stated in spherical 
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coordinates. On the borders of granules (x L= ), the following requirement 
must be observed:

	 ρ
L
R

t n t, .⎛
⎝⎜

⎞
⎠⎟
= ( ) 	 (2.33)

where n t( ) is gas density in volume Vf ; density in the center ρ 0,t( ) must be 
final. Average density ρ t( ) and concentration c t( ) in the granule are analo-
gous to Equation (2.22):

	 c t
R
L

x c x t dx t
R
L

x x
L R

( ) = ( ) ( ) =∫
3 33

3
2

0

3

3
2, ,   ,

/

ρ ρ tt dx
L R

( )∫
0

/

. 	 (2.34)

The connection between ρ t( ), c t( ) and n t( ) is determined by the equation of 
material balance:

	

n t V t c t Vf( ) + ( ) + −( ) − +
⎛
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⎞
⎠⎟

⎡
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γ ρ γ γ

γ
ν0 0 0 01 1

	 (2.35)

Vc
L Vf

FIGURE 2.1
Coal material contained in closed volume.
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In writing (2.35), we assumed that at the initial moment the gas in free vol-
ume was not available [n 0 0( ) = ]. The connection of ρ x t,( ) and c x t,( ) was 
discussed earlier. The formulated problem can be solved with the Laplace 
transform on times of all unknown values. Two parameters of time dimen-
sion, the diffusion time td (2.25) and filtration time

	 t
L
Df

f

=
2
. 	 (2.36)

are used to construct the basic dimensionless parameter of the problem

	 a
t

t
L
R

D

D
f eff

f

≡ =
α

. 	 (2.37)

Omitting intermediate calculations, we show the solution in the form of the 
inverse Laplace transformations of several quantities:
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Here g V Vf c= , i.е., ratio of free volume to coal massif volume,
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If methane is about escape into open space when Vf →∞, т.е. g →∞, in other 
words, when backpressure is not taken into account, Equations (2.38) and 
(2.39) are greatly simplified:

	 ρ ρ
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π
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n t( )→ 0 in this case. Integrals (2.42) and (2.43) cannot be computed in the 
obvious way. They may be subjected to asymptotic analysis to determine 
the physical content of methane escape from coal. Let us quote basic results 
of the analysis for cases a << 1  (t td f>> ), i.е., long diffusion times, and a >> 1 
(t td f<< ), i.е. long filtration times. For a << 1 (methane escape from a chip; 
short filtration time), methane escapes from the filtration volume very 
quickly, according to radical law:

	 ρ ρ
ρ

γ0
0

0− ( ) ≈t
a

t , 	

or in dimensional form:
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The process for lumps is much slower, according to linear law:

	 c c t
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or in dimensional form
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Near the end of this stage in filtration, most methane escapes from the filtra-
tion volume, while a small part, about a γ 0 , escapes from the lumps. Thus 
we see that under slowed diffusion, methane is clearly fast (contained in 
filtration volume and leaving it quickly, ~ L Df

2/  and slow (leaving the lumps 
at diffusion times ~ R Deff

2/ ). Measurements of initial gas release in this case 
enable the measurement of filtration coefficient but do not yield estimates of 
coal gas content.

Total quantity q t( ) of the released methane (per unit of coal volume) by 
moment t is calculated in accordance with (2.35), (2.42), and (2.43), using the 
following formula (when backpressure is absent)
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i

F y F z
( ) =

( ) + −( ) − +
⎛
⎝⎜

⎞
⎠⎟

[ ]⎡

⎣⎢ρ
π

γ ν γ γ
γ
ν0

0 0

2

1 1 ⎤⎤

⎦⎥
( )

− ∞

+ ∞

∫
exp

.
pt dp

p
i

i

σ

σ

	 (2.46)

In case a << 1, at maximum short times, t a<< γ 0
2, the major input into inte-

gral is made by p a>> 1 2
0/ γ . At this limit. it is possible that F z( ) = 0, but 

F y y( ) ≈ 3/ . Further calculations will lead to formula:
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π 	

At this stage, methane release from the lumps is fairly small in compari-
son with methane release from the filtration volume. When t a>> γ 0

2 , the 
major  input into the integral is made by p a<< 1 0

2/ γ . With it, y → 0 but 
F y( )→ 1. As consequence,
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According to the compression theorem and taking into account (2.29), we get:
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Summand 1 means that at this stage all the methane initially contained in fil-
tration volume has already escaped from coal; summand 2 characterizes the 
dynamics of methane escape from lumps into surrounding space through 
filtration volume. Asymptotic analysis of the last formula leads to the follow-
ing results: at intermediate times, γ π0

2 21a t<< << / :

	
q t

t( ) ≈ +γ ρ
γ ρ
π0 0

1 06
;

At the final stage of the process, t >> 1 2/π  and q t( ) ≈ +( ) −γ γ ρ γ ρ π
0 1 0 1 0

26 /
−( )π2t , i.е., approaching equilibrium, it follows the exponential law with 

typical time 1 2/≠ , i.е., in dimension units td/≠2. In cases of small size coal 
granules (chips), methane escape from coal covers three stages characterized 
by the following density values of gas flow from a unit of coal volume (time 
is in dimension units):
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In case a >> 1 for relatively big granules, at time t a<< 2, we substitute F(y) for 
3/y and F z( ) for 1 and arrive at

	 q t
t

a
( ) ≈ +( )6 0 0 1ρ γ γ

π
.

At earlier t f , methane escapes at equal rates both from lumps and filtration 
volume and thus the speed of methane traveling from lumps to filtration 
volume coincides with the speed of filtration outside. It also can be seen from 
the asymptotic of function F t( ) from (2.29) that travel speed is far longer than 
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diffusion time. For extremely long time values, we substitute F y( ) for unity 
and similar to the previous operation we get:

	 q t t( ) ≈ +( ) − −( )γ γ ρ
γ ρ
π

π0 1 0
1 0
2

26
exp .

As the formula is true only at t a>> >>2 1, this stage reveals almost no gas 
release because the gas has already escaped. The influence of backpressure 
on the rate of methane escape from the coal has an impact only under a large 
coefficient of vessel filling when g << 1. At this limit, escape time decreases 
according to law t g~ 2.

2.2.3  Methane Flow from Coal Seam into Worked-Out Space

Physical processes during methane flow from a natural coal seam into a 
worked-out space do not differ from processes for broken coal although the 
velocity of methane flow into surrounding spaces may differ considerably. 
Above all, the filtration coefficient in a broken coal piece may be larger than the 
coefficient in a coal massif because of mesostructure faults in broken coal.

In broken coal, a typical dimension L of the basic fraction can be singled 
out. This dimension based on the previous statement is well known and 
greatly influences the inside gas dynamics of methane. In seam setting, the 
issue is not the total quantity of escaped methane; it is the density of meth-
ane flow from an area unit of exposed coal surface. In general, to solve the 
practical problems of inner gas dynamics in seams, it is necessary to solve 
Equation (2.30) taking into account (2.28) and the specific initial and bound-
ary conditions. As a rule, such problems can be solved numerically via algo-
rithms and programs. In some cases, we can obtain estimates of the density 
of methane flow from a seam.

For this purpose we shall consider formulas (2.42) and (2.43), defining the 
velocity of methane escape from a sphere of radius L into open space. By 
simulating the situation with methane in a seam, we perform a transition to 
large (in a limit of infinite) L. The total quantity of methane escaped from a 
unit of sphere volume is
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Let’s take into account that under L→∞:
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as a is proportional to L. Then:
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Multiplying q by the sphere volume 4 33≠L / , we get the total methane escaped 
by moment t (time is in dimensionless units) from the sphere. From (2.49) and 
definition a, we can see that this quantity is proportional to L2, i.e., to the area 
of the sphere surface. Dividing the result by 4 2≠L , we calculate the methane 
quantity escaped by moment t through the unit area of the exposed surface:
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Now if we take the time (dimensional) derivative from both parts (2.50), we 
will find a relatively simple expression for methane stream density:
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The last formula admits simple asymptotic estimates of short (t << 1) and 
long (t >> 1) time limits. Under short time limits large p value contributes 
mainly to the integral (2.51) when F p( )  is small and negligible. Then it is 
easy to calculate the integral (in dimensional time):
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In the extreme inverse case, small p contributes mainly to the integral when
F p( ) ≈ 1. The flow in this case is inversely proportional to t as before but 
with the other coefficient:
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More detailed research of the integral (2.51) shows that the time slice t td<<  
disintegrates into two intervals: the first is t td<< γ γ0

2
1
29/  and the second is 

γ γ0
2

1
29t t td d/ << << ,

	
γ ν γ γ
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In the first interval, Equation (1.52) “works.” For the second, the equation is
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Here b is a numeral constant of the order of unity. As a rule, γ γ1 ≈ , i.е., γ 1 cor-
responds to closed porosity. We can check that formula (2.55) “is bound” well 
with formula (2.52) under t td∼ γ γ0

2
1
29/  and with formula (2.53) under t td~ . As 

the closed porosity is about four to five times the open porosity (typical val-
ues: γ γ0 0 005 0 2= =. , . ), γ γ0

2
1
29 1 200/ /≈ , i.е., the “closing” time of Equation 

(2.52) is 200 times less than td.
Methane escapes from a big coal massif at three stages. During the first 

stage that does not last long, about 10 2− td, the methane flow density decreases 
according to the inverse radical law. At this stage, methane in the filtra-
tion space escapes mainly from the coal mass. Although the stream den-
sity decreases with the passage of time at the second stage, it is far weaker 
according to the law t−1 4  because filtration and diffusion take place simul-
taneously. This stage continues until t td~ . At the third and long stage, t td>> , 
the stream density decreases again according to the radical law but slower 
than at the first stage because now gas escapes from the lumps through the 
filtration space.

Figure 2.2 depicts the process of the methane escape from the coal massif. 
The graph of function N t j t dtt( ) = ∫ ( )

0
 corresponds to the methane quantity 

escaped during time t from the moment of exposing of the mass and from the 
unit of area of the exposed coal surface. Theoretically, the methane escape 
process from the mass continues ad infinitum. In fact the mass is limited; 
hence methane escapes during a very long but finite time. Some numerical 
estimates are presented below.

The dimension of a coal microlump is R ~ 10 6−  m, Deff ~ 10 15−  m2/sec, 
and diffusion time is t R D cd eff= 2 310 20/ ~ ~  min. The filtration coefficient 
according to (2.8) is 2.5∙ 10–6 m2/sec—nine orders of magnitude greater than 
the diffusion coefficient; ρ0 30=  m3/m3 can be considered the gas pressure at 
30 atm. It is worthwhile to calculate how many cubic meters of methane will 
escape from the surface of 1 m2 by the moment td. N td( )~ 1 m3 from the sur-
face of 1 m2. Double the amount of methane will escape by the moment t td= 4 . 
Our example indicates that 2 m3 of methane will escape during 80 minutes 
from every square meter of the exposed surface.
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2.3 � Methane Accumulation in Dangerous Coal Lump Regions

2.3.1 � Time for Formation of Highly Explosive Methane–Air Mixture

Knowing the methane escape velocity from an open seam and from broken 
coal permits us to solve the problem of methane accumulations in differ-
ent coal mine workings, particularly in the dead regions of cul de sacs and 
bunkers. For the sake of simplicity, we confine our examination to methane 
concentration dynamics in bunkers.

A coal mine bunker is a container filled periodically with fresh coal and 
from which coal is periodically removed. That makes it possible to determine 
the average coal quantity in a bunker and apply the bunker filling coefficient 
kз, which is equal to the ratio of the volume taken by the coal substance to the 
full bunker volume. This value usually varies from 0.5 to 0.7.

Coming from the coal face into the bunker, coal contains a considerable 
quantity of methane. This methane escapes from the coal into the bunker 
volume when the coal batch is in the bunker. The methane escape from the 
coal into the bunker is controlled by such parameters as gas saturation of 
the working seam, dimensions of coal lumps, diffusion and filtration coef-
ficients, porosity, and solubility. The gas release velocity calculations are well 
known and covered in detail in the previous section.

Conversely, the interchange of gases between the bunker and the excava-
tion has not been studied thoroughly. In some cases, the bunkers are ven-
tilated forcibly. In other cases, ventilation arises from depressions inside a 
mine. In both cases, the free bunker space in filled by a methane–air mix-
ture. Concentration of separate components of this mixture (methane, oxy-
gen, nitrogen) can change over time for a number of reasons.

First, methane-containing coal enters a bunker in discrete batches and 
methane flow from this coal weakens gradually. Second, bunker ventila-
tion may be unequal or even absent if a ventilation cutoff occurs during an 
emergency situation. Third, to prevent fire, nitrogen may be injected into a 
bunker. To build a mathematical model describing the changes in concen-
tration of the various components of the mixture, we considered the follow-
ing principles.

The concentrations of methane and other components in a methane–air 
mixture are generally heterogeneous and they differ in different areas of 
a bunker. Nevertheless because of the fast mechanical agitation of gases 
and their mutual diffusion, the concentration of the components equalizes 
within seconds according to our estimations. For this reason it is possible to 
determine average concentrations of certain gases in bunkers.

According to preliminary hydrodynamic calculations, within a fraction of 
a minute, a regime of interchange of gases is set so that the gas quantity 
drawn into the bunker is equal to the gas quantity that escapes from it. That 
makes it possible to apply differential equations that determine the (average) 
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methane concentration in the mixture to analyze the other quantitative char-
acteristics of the process.

Let us examine these considerations in more detail by using the methane 
example. The same considerations apply to oxygen and nitrogen. An increase 
in methane concentration takes place during its escape from the coal into the 
bunker and a decrease occurs when methane is emitted into environment as 
part of a mixture. Let us designate by m(t), q(t),and n(t) (sec–1) as the quantities 
of methane, oxygen, and nitrogen, respectively, entering the bunker per unit 
of volume per unit of time. The sum of these quantities m(t) + q(t )+ n(t) is the 
total gas entering the bunker. Based on these estimates, the same gas amount 
escapes from the bunker for each unit of time. We assume that the atmosphere 
entering the bunker is the same and oxygen and nitrogen quantities in the 
mixture are constant. If we designate the running methane concentration as 
c1(t) so the rate of change of this quantity dc dt1/  is estimated by the difference 
between the velocity of methane entering the bunker m(t) and the velocity of 
methane escaping from the bunker [(m(t) + q(t) + n(t))c1(t)]:

	
dc
dt

m t m t q n c1
1= − + +( )( ) ( ) . 	 (2.56)

Similar considerations are valid for the oxygen and nitrogen concentrations 
c2(t) and c3(t), respectively:

	
dc
dt

q m t q n c2
2= − + +( )( ) 	 (2.57)

	 dc
dt

n m t q n c3
3= − + +( )( ) 	 (2.58)

Concentrations сi (i = 1, 2, 3) are connected by the correlation:

	 c1 + c2 + c3 = 1.	 (2.59)

It is easy to see the system matching with the correlation (2.59) by summing 
the system equations. Using the dependencies calculated earlier, we derive 
the expression for the power of sources of methane entering the bunker in 
the form:
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where lc is the radius of coal fractions, (m), ρ0 is methane pressure in the 
seam, ρa is the atmospheric pressure, Df  is the filtration coefficient, ttr is the 
time of coal transportation to the bunker, γ γ ν γ γ γ νe = + − − +0 01 1( )( / ), and 
α is the geometrical factor that takes into account the form of coal fractions. 
Oxygen and nitrogen quantities entering the bunker (per unit of bunker vol-
ume) can be estimated:

	 q
Qa
Vb

=
60

; n
Q a

Vb

=
−( )

.
1
60

	 (2.61)

Here Q is air consumption (m3/min), Vb is bunker volume (m3), and a is atomic 
concentration of oxygen in air. Initial conditions of the system [Equations 
(2.56) through (2.58)] are that no methane is contained in the entering air and 
oxygen and nitrogen constitute the main parts of the gas mixture:

	 c1(t)=0, c2(t)=a, c3(t)=1–a.	 (2.62)

The numerical solution of the system under the initial conditions (2.62) 
allows us to follow the changes in concentration of the components of the 
methane–air mixture subject to the different characteristics of coal, methane, 
and ventilation power.

Figure 2.3 illustrates the change in methane concentration in a bunker. 
Each concentration rise is the result of a charge from a new coal batch. We 
assume that a bunker with a capacity of 100 m3 is charged every 2 hours 
by ventilation of 200 m3/min, the radius of coal fractions is 0.01 m, and 
the coal transportation time to the bunker is 15 minutes. We see that the 
concentration increase takes place very quickly and the decay begins to 
decline very slowly. Forced ventilation is desirable for bunkers. The bunker 
has to be filled less than 50% and coal has to be taken out of the bunker 
as fast as possible.

Figure  2.2 shows the change in the oxygen content subject to the oscil-
lations of methane concentration. In this case the oscillations of oxygen 
concentration are small. The large increase of methane concentration at the 
moment of coal inflow can be accompanied by a relatively small decrease of 
oxygen concentration, i.e., nitrogen is displaced generally. Research focused 
on changes of methane concentrations under different ventilation conditions 
shows that the time for obtaining of the concentration peak does not depend 
on ventilation capacity. The concentration value maximum reached under 
these conditions depends on the ventilation value.

Let us consider a situation in which bunker ventilation stops. If the ven-
tilation capacity through the bunker is decreased 10 times (Figure 2.3) leav-
ing only natural leakages, the methane concentration can reach 5% or more 
during tens of minutes and stay dangerously high over several hours. The 
conditions for filling a bunker with methane apply to a considerable extent 
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FIGURE 2.3
Variations of methane concentrations when bunker ventilation ceases.
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FIGURE 2.2
Change in oxygen content (dotted line) subject to oscillations of methane concentration in a 
bunker (solid line) during methane escape from coal massif.
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to cul de sacs and other dead spaces. Knowing the condition required to fill 
dead spaces with methane allows us to predict the appearance of highly 
explosive methane–air mixtures in these spaces.

2.3.2 � Thermodynamic Gibbs Potential for Gas–Coal Massif: 
Prognosis for Localization of Coal Burst Sections of Seam

Let us consider a coal seam containing pores filled with gas because meth-
ane pressure and travel are important safety factors in coal mining. We 
will apply the model presentations of methane in coal seams developed 
earlier.

Methane pressure in pores is designated P; outer (rock) pressure on a seam 
is Pm. To calculate the elastic energy of the coal frame, we start by dividing a 
seam into spherical areas of radius R2 containing cavities of radius R1 filled 
with methane. We then calculate the frame elastic energy as the sum of elas-
tic energies of all such areas. Applying a known solution of the problem of 
deformations and tensions on a sphere with a concentric cavity subjected to 
inner and outer pressures [12], we use the formula for elastic energy of the 
area under consideration:
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where K and G are the modules for all-around compression and shift, respec-
tively. We now calculate the ratio:

	 γ = R R1
3

2
2 	 (2.64)

to determine coal porosity. To calculate the density of elastic energy, we use an 
expression containing parameters defined in laboratory and mine experiments:
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Since εelast  is expressed as pressure, it is an elastic constituent of the thermo-
dynamic Gibbs potential of gas and coal materials. By adding the density 
of the thermodynamic Gibbs potential of gas in the pores (2.1) to εelast, we 
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derive the density �  of the Gibbs potential of coal and the gas mass under 
consideration:
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Since the seam is heterogeneous, its elastic modules K and G and porosity γ 
may differ in different seam sections—the usual case. Furthermore during 
mining, the outer pressure Pm becomes very heterogeneous. Concentration 
of tensions caused by the cavity (working) in the massif at maximum (so-
called abutment) pressure can be several times higher than the pressure in 
the virgin massif. In all these cases, the gas pressure redistributes along the 
seam. To determine the nature of the spatial change of gas pressure at equi-
librium, one should minimize the thermodynamic potential of gas and coal 
material to redistribute gas in the seam. We assume that no gas escapes from 
or enters the seam, and consider the requirement for keeping the total quan-
tity of methane in the seam. In this case, the thermodynamic equilibrium of 
the seam gas lies in the homogeneity of its chemical potential (µ):

	 ∂
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= =
ϕ

γμ
n

const, 	 (2.67)

where n = P/T is gas density and T is absolute temperature. Methane sorp-
tion in the lumps of coal changes methane pressure in accordance with its 
solubility. Usually the methane solubility in coal does not exceed 10–2 and 
methane sorption during initial calculations of pressures may be ignored.

The application of Equations (2.66) and (2.67) yields an opportunity to 
localize sections with increased gas pressures and estimate relative changes 
in those sections. We say for this purpose that the constant on the right side 
of (2.67) can be derived by considering that under x→∞ we transfer to the 
virgin massif. In this way we get the working correlation:
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The ∞ symbol indicates the section of the seam away from the geological 
or anthropogenic heterogeneity concentrated near x. When (2.68) is applied, 
one should bear in mind that elastic modules and porosity may depend on x 
as well. Let us consider two cases of interest.
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Material characteristics are homogeneous; outer pressure is heteroge-
neous — G = G∞, K = K∞, and γ = γ∞. While considering the coal material 
by summands contained in the denominator of the module of all-around 
compression, K may be neglected in comparison with the summands that 
contain the shift module G. In coals at medium levels of metamorphism, 
according to experimental data [13], the shift module G is four to five times 
less than module K. Under these conditions, considering γ << 1, and using 
a standard logarithm series expansion we get the following evaluation 
formula:
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As noted above, during seam extraction, the so-called abutment pressure 
formed can exceed the rock pressure five to eight times within a few meters 
of the coal face. Calculations [14] and experiments [15] reveal a wide varia-
tion of concentration coefficients of the tensions (two to ten) in the zone of the 
abutment pressure subject to mining and geological conditions, seam capac-
ity, and geometry of working layouts. Let us specify pre-critical situations. 
For example, at a depth of ~1000 m the rock pressure (Pm° ) is equal to 25 MPa 
and the abutment pressure P x Pm m( ) ≈ ∞8  = 200 MPa.

Thus, the gas pressure is increased by 15% (~8 atm) at the section of con-
centration of the abutment pressure in relation to the pressure on the moved 
seam sections. In fact, the gas pressure increase will be even greater as the 
elastic deformations can be added by plastic deformation and the effective 
modules will decrease. The physics of the paradoxical (at first glance) phe-
nomenon of the gas pressure increase on the sections with the high outer 
pressure lies in the fact that the gas creates the backpressure that decreases 
the shift of elastic energy of the coal frame.

Even an insignificant increase of gas pressure [8] when a seam is at its max-
imum state in the zone of abutment pressure may cause the pores to become 
cracks upon further development and the bursts of coal and gas. Layer-
specific tearing occurs in accordance with the concept of Khristianovich [16]. 
At present, we know of no experimental measurements of the increase of 
sub-threshold pressure arising from an increase of outer load. We calculated 
a theoretical value (2.69) of the increase using the concept of homogeneity 
of the chemical potential subject to the gas influence on the stressed and 
deformed seam condition.

Outer pressure is homogeneous; coal microstructure is very heteroge-
neous — Let coordinate x mark the section where elastic modules G and K 
are considerably fewer than the corresponding modules in the undisturbed 
section, i.e., G << G∞ and K << K∞. This problem concerns geological seam fail-
ures. If the porosity along the seam is constant and the shearing modulus is 
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considerably less than the compression modulus, we can proceed from (2.68) 
to the following realistic value:
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. 	 (2.70)

Since the rock pressure Pm is always more than the methane seam pressure, 
it follows from (2.70) that methane pressure in the broken seam section (G << 
G∞) exceeds methane pressure in the unbroken section. The quantity of the 
effect is defined by the P G° /  ratio and the rock pressure. For example, if P∞ 
= 5 MPa, the shear modulus G = 100 MPa (eight times less than its standard 
value) and the rock pressure Pm=25 MPa, then P – P∞ = 0.75 MPa. If seam 
decay occurs subject to the increase of porosity (γ γ>> ∞), we get the follow-
ing estimation based on analogous reasoning:
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It follows from (2.70) and (2.71) that gas accumulates in sections with low 
resistance to shear and in sections with heightened porosity, in agreement 
with mine experiments and observations. The methane pressure accumu-
lations can exceed the average pressure in a seam by 10 to 20% and create 
conditions prerequisite to dangerous emissions. These techniques allow 
engineers to make preliminary forecasts of dangerous gas-dynamic phe-
nomena in mines.

2.4 � Investigation of Phase State and Desorption 
Mechanisms of Methane in Coal

Various degrees of metamorphism, heterogeneous porosity, fissuring, and 
humidity in black coals define a wide spectrum of parameters that influence 
the kinetics of methane motion but also make comparative analysis of exper-
imental data difficult. As a result, the characteristics of methane distribution, 
desorption, and phase states in coals remain controversial [17–19].

We believe that filtration and diffusion processes or their superposition 
may take place in porous materials but this assumption is only theoreti-
cal and has not been proven by experimental support. Data concerning gas 
desorption from massive coal fragments were compiled over a long term 
and constitute inaccurate measurements that do not permit unambiguous 
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interpretation. Conversely, more accurate measurements on small coal gran-
ules show abnormally weak dependence of granule exhaustion rate on size. 
In this case, the discrepancy between experimental and theoretical results 
can hardly be explained solely as the result of filtration mechanisms of 
methane motion in coal.

Progress in understanding methane motion is connected with the devel-
opment of the concept of block structures of fossil coals [19,20]. For exam-
ple, Kogan and Krupenia [20] proposed a model of porous coal structure 
in which the whole mass of coal is subdivided by intercommunicating fis-
sures and macropores into separate structural elements (blocks). Fissures 
and macropores form the filtration volume that communicates with the 
external coal surface. The blocks are penetrated by channels of a smaller 
scale (micropores) the authors assume are the main collectors of methane 
in coal. Thus, methane desorption bears a two-stage character: at first it dif-
fuses from micropores in blocks and enters filtration channels (fissures and 
macropores) and then proceeds toward the coal surface.

In studies [19,21] at the Institute for Physics of Mining Processes of the National 
Academy of Sciences of Ukraine, the idea of block structure of coal has been 
further developed in a theoretical description of diffusion–filtration methane 
motion. The physical model of coal containing methane was complemented 
by the concept of closed pores in blocks. It was assumed that gas desorption 
from closed pores occurs by solid-state diffusion. Solving the material balance 
equation in this model determines parameters of a coal–methane system in two 
cases of methane desorption: from diffusion and filtration.

In summary, the importance of theoretical investigations and their 
significance is somewhat limited by the adopted model assumptions. 
Another factor is a noticeable lack of experimental material concerning 
methane desorption from coal samples that allows comparisons of effects 
of diffusion and desorption mechanisms. New data, particularly systemic 
experimental data, will provide additional information about methane 
distribution and motion in coal.

2.4.1 � Methane Phase States in Coal

The studies of methane–coal systems indicate three phase states of methane: 
free gas in pores and fissures; molecules adsorbed on coal surfaces; and mol-
ecules absorbed in coal lumps in the form of a solid solution [22]. Two basic 
models describe methane–coal systems. One assumes that all the methane is 
either in a free or adsorbed state [23–25] while coal saturation is provided by 
a network of small open pores with considerable dispersion of cross-sections. 
The shortcoming of this model lies in the difficulty of explaining the dura-
tion of methane desorption from coal. According to theoretical estimates 
[26], gas diffusion coefficient in the smallest coal pores should exceed 10–6 to 
10–7 m2/s. According to [27], this coefficient is considerably smaller (10–14 to 
10–16) m2/s and is more typical of solid-state diffusion.
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The second model relates the concept of the block structure of coal 
[21,28,29] based on comparative analysis of methane escape kinetics from 
coal samples of various sizes. [28] and [30] indicate that experimental data 
may be explained by assuming that black coal structurally is an aggregate 
of the smallest formations (microblocks); the free volume between micro-
blocks represents open pores and fissures. The pores communicate with 
the external surface and provide evacuation channels for the gas after its 
diffusion from microblocks. In the desorption model, microblocks are the 
regions of a coal sample not containing open pores and fissures. The size of 
these regions is assumed to be small compared to the coal granule size.

Both models assume that methane in coal is in both free and adsorbed 
states but they differ about the character of gas distribution in the coal 
matrix. In the former case, the main reservoirs of methane are small 
(Folmer and molecular) pores. In the block model, this role is played by 
closed pores in microblocks. The block model presents an advantage over 
other models; it provides more persuasive grounds for interpretation of 
experimental data. It also explains the low values of methane diffusion 
coefficients in coals and connects high gas content with the presence of 
closed pores and inclusions of metastable single-phase formations of a solid 
solution. For these reasons, the experiments described below involved the 
block model of coal.

This model allows the general problem of methane distribution to be 
reduced to a calculation of methane in a free state in open fissures and pores 
and in an adsorbed state on coal surfaces (including the surfaces of open 
pores and fissures) and microblocks. It is reasonable to consider that if closed 
pores are available in microblocks, they contain methane in both free and 
adsorbed states and the ratio of the phases is the same as in open pores. The 
amount of free methane in open pores is evaluated according to
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where Vop is the specific volume of open pores and fissures determined by 
volumetric measurement; Ps is methane pressure in the saturation chamber; 
ψ( )  PT P V P Vs atm= ⋅ ⋅/  is methane compressibility depending on methane 
pressure Ps  and temperature Т ; V is the volume of compressed methane; 
Рatm is the normal pressure equal to 760 mm Hg; Vо is the volume of the 
tested methane at pressure Рatm and temperature То = 273 K; and mcoal is coal 
mass.

Let us use an example of calculating Qop
fr  for a dry coal sample from 

the Zasyadko Mine (seam l1). The initial data are mcoal = 20 g; Ps = 3 MPa; 
Vop = = ⋅ −0 06 6 10 5. /cm g m /kg3 3 ; and Т = 298 K. According to reference data 
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[31], the quantity of ψ at the specified values of Ps and Т is equal to 1.04. 
Then:
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The amount of methane Qop
ads sorbed on the coal surface can be found by 

comparing the amount of gas escaping from the container with coal after it is 
saturated with methane or helium. The method is based on the assumption 
that helium (unlike methane) does not interact with coal, i.e., helium is not 
adsorbed on a coal surface.

Laboratory studies of coal gas content conducted via methane desorption 
into a vessel of known volume (volumetric method) involved three stages. 
The first deals with coal saturation by methane compressed to dozens of 
atmospheres. The second covers the preliminary release of the compressed 
gas from the container upon saturation. The third state is collection of meth-
ane released by coal into an accumulation vessel (AV). The estimation of 
quantity Qop

ads must be done during the second stage—compressed methane 
or helium release from the free volume of the container. Note that during 
the second and third stages, vessels of different volumes and vacuumed in 
advance are used.

We filled a container of coal granules of 2.0 to 2.5 mm with methane or 
helium compressed to 30 atm. Upon the closure of the high pressure gas 
main line, methane pressure in the container decreased as it was sorbed by 
the coal. In the case of helium saturation, the pressure in the container of 
coal did not change. In the experiment with methane, the compressed gas 
was added to the container until equilibrium gas pressure of 30 atm was 
established (sorption lasted more than 10 days). Before desorption registra-
tion, the compressed gas was released from the free volume container into 
a vessel of known volume. The operation took fewer than 5 sec; after that, 
helium release into the accumulation vessel was not observed. Conversely, in 
the methane experiment, methane continued to escape although at far lower 
velocity than the gas pressure release from the free volume. These results 
indicate that helium does not interact with coal and the chosen method of 
estimating Qop

ads  is well grounded.
The first experiment with helium was conducted under the following con-

ditions: temperature of medium Т = 298°С; initial helium pressure in the 
container with coal = 3 МPa; mass of coal mcoal = 20 g; volume of accumula-
tion vessel V = 4804 Сm3; helium pressure in the accumulation vessel at gas 
release from the free volume of container with coal РAV = (28.13 ± 0.07) kPа; 
atmosphere pressure Рatm = 0.1 МPа.
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For the second (methane) experiment: methane pressure after release of 
compressed gas from the free volume of the chamber with coal РAV = 30.39 
± 0.07 kPа; the remaining parameters were the same ones used in the first 
experiment.

	 QCH4
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We also determined the value of the correction factor k for the different com-
pressibilities of helium and methane. At a compressed methane tempera-
ture Т = 298 K and 30 atm pressure, methane and helium volume change 
ratio due to expansion during escape is 1.033 ± 0.005. In these studies of the 
escapes of compressed gases, it is necessary to consider the influence of the 
considerable Joule-Thomson effect for methane [32]. Using the obtained data, 
we found the methane quantity adsorbed on the surfaces of a coal free of 
moisture:

	 Q Q Qop
ads

CH He= − ± ⋅ ±
4

1 033 0 005( . . ) = (0.60 0.13)·110 m–4 3 	 (2.76)

Thus the quantity of adsorbed methane on the open coal surfaces was 
almost twice the quantity of methane in the free condition. Consider that 
value Qop

ads can be considerably more because of high mobility and the small 
helium atoms that penetrate into small pores that are inaccessible to meth-
ane molecules.

We also used the volumetric method to determine the quantity of gas Qmb in 
microblocks. After compressed methane escaped from the container of coal, 
it was possible to observe the slow desorption process of methane escape 
from the coal microblocks. When methane gathers in an AV, desorption can-
not be complete because of pressure in the AV. The presence of gas in coal 
in the free and adsorbed states may make the volumetric method essential. 
The gas can be removed easily by cooling the AV used for desorption in 
liquid nitrogen. Due to low pressure maintained in the vessel (the pressure 
of saturated methane vapors at Т = 77 K = ~1.33 kPа), methane escape will 
be more complete. After desorption occurs under such conditions, the vessel 
containing coal is isolated, returned to room temperature, and the pressure 
is recorded.
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We now explain the method of calculating Qmb  of methane in coal micro-
blocks from the Zasyadko mine. Methane saturation pressure is 3 МPа; coal 
mass is 20 g; volume of the accumulation vessel VAV = 12.17 · 10–4 m3; AV pres-
sure at completion of desorption PAV = (18.8 ± 0.07). kPа; medium temperature 
is Т = 298 K.

Q
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o AV AV
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5
4

298 10
2 00 0 03 10

⋅
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Thus, the full amount of methane contained in 20 g of dry coal from 
Zasyadko (seam l1 ) after saturation with methane compressed to 30 atm 
amounted to

	 Q Q Q Q mCH op
fr

op
ads

mb4
2 93 10 4 3= + + ≈ ⋅∑ −  . , 	 (2.78)

which corresponds to gas content of coal equal to 14.6 m3/t.
It is important to note that one-third of methane is lost even before mea-

surement of its content in coal is started. This phenomenon arises from a 
break of equilibrium in a coal–methane system resulting from the release 
of compressed gas from the free volume in a container of coal or separation 
of a coal piece from a gas-containing seam. The result is fast and intensive 
methane escape from open pores and cracks.

It is logical to ask what quantity of methane remains in pores after depres-
surization in a saturation chamber and after termination of the first phase of 
methane escape, i.e., at the moment of desorption registration. If the meth-
ane pressure in pores remains high, the method of estimation of the Qop

ads of 
adsorbed methane stated in the first phase should be considered erroneous 
or requiring more precise definition. This question is all the more important 
as its solution affects forecasts of pollution at sites where coal is produced 
and stored.

We studied the dependence of gas flow through coal on gradients of gas 
pressure. Apparently this dependence may be of use for determining meth-
ane pressure in the transporting channels when it is desorbed from coal. 
Figure 2.4 depicts an appliance for measuring coal permeability under these 
conditions. We used air and methane as gases and a cylindrical coal sam-
ple free of moisture (13 mm diameter; lcyl = 12 mm height). Registration of 
amounts and velocities of gas release was based on changes of pressure in an 
AV with a volume of VAV

stat = 340 Сm3 chosen to minimize the influence of the 
accumulated gas on experiment results. The gas pressure that exceeded the 
vacuum level was defined with a mercury–oil vacuum meter.

Table 2.1 presents the results from studies of the quasi-stationary motions 
of methane molecules through a coal sample from seam l1 of the Zasyadko 
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mine using the following parameters: �t is experiment duration (sec); P1 
and P2 are gas pressures at sample entrance and exit (mm Hg) in a mer-
cury column; �( )P2  is the difference of these pressures squared; �PAV  rep-
resents changes of gas pressure in the AV during the experiment (mm) in 
the oil column; and ( )� �P t/  is the velocity of change of pressure (mm of oil 
column/s). These data were supplemented with the results of a study of air 
molecule transfer shown in Figure 2.5. The linear character of dependence 
of Δ ΔP tAV( ) from �( )P2  shows that even in an area of low pressure (lower 
than atmospheric) viscous flow of gases in the open pores of the black coal 
occurs and we can apply Darcy’s law to describe it. According to [33], under 
stationary laminar gas flow in an isothermal regime, the molecular release 
of gas through transportation channels (pores) is described by the following 
formula:
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FIGURE 2.4
Appliance for measuring dependence of gas flow through a coal sample on gas pressure. 1. Gas 
reservoir. 2. Accumulation vessel of known volume. М = pressure meters in vessels 1 and 2.

TABLE 2.1

Influence of Methane Pressure Difference on Velocity 
of Gas Pressure Change in Accumulation Vessel

P1 P2 ∆(P2) ∆PAV ∆t Δ ΔP t( )
125 15 15973 59 5400 0.011
161 45 28125 93 3900 0.024
245 30 60937 70 1700 0.041
325 0 105469 114 1500 0.076
453 0 205460 162 1170 0.139
577 0 333594 199 870 0.229
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where N is the number of gas molecules, mo is the mass of one molecule, 
S is the cut area of a coal sample end, β  is the proportionality coefficient 
between gas pressure and density β ρ= P , lcyl  is length of a coal sample, 
P1 and P2 are gas pressures on the ends of a coal sample, η  is gas viscosity, 
and κ is coal permeability. ΔPAV ∂ ∂ = ⋅ ∂ ∂[ ] ⋅N t V P t k TAV AV B/ ( / ) / , then from 
Equation (2.79) we derive a formula for coal permeability κ:
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We will now calculate coal permeability based on experimental data 
from methane: Vstat

AV = ⋅ −340 10 6 m3; lcyl = ⋅ −12 10 3 m; Boltzmann constant 
kB = ⋅ −1 38 10 23. J/K; temperature Т = 300 K; cylinder end area Scyl = 1.32 · 10–4 
m2; pressure square drop along sample length Δ(Р2) = 105469 · (133.322)2 = 
0.187 · 1010 Pа2; pressure change rate in SB at this Δ(Р2) value (ΔРAV /Δt)stat 
= 0.076 · 8.7 = 0.66 Pа/sec; mass of methane molecule mo = 26.5 · 10–27 kg; 
η = 1.08 · 10–5 n/m2; and β = 105/0.717 = 1.395 · 105 m2/sec.
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Estimation of air permeability yields about the same value as the difference 
in velocity between air molecule permeability and methane permeability 
and the differences in viscosity of these gases.

We also compared the methane flow in the above experiment with the 
flow of gas during desorption from the coal batch. The batch mass was 20 g, 
size of granules Rgr = 2.0 to 2.5 mm, and preliminary saturation was with 
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FIGURE 2.5
Dependence of velocity of gas pressure changes in an accumulation vessel on the difference 
squared of pressures on coal sample ends.
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methane compressed to 30 аtm. Registration of desorption motion started at 
5 seconds—the time necessary to release the pressure of compressed meth-
ane in the free volume of the container. During the experiment, we regis-
tered the change of gas pressure in the AV as the gas escaped from the coal. 
Figure 2.6 shows the methane desorption motion from coal into a previously 
vacuumed vessel with volume VAV

des  = 1217 Сm3. We used a computer interpo-
lation function to determine pressure: PAV = a(1 – (1 + bt)–0.5) + c(1 – exp(–t/d)). 
More details on choosing interpolation type are in [34].

With data on stationary gas flow, one can estimate the quantity �( )P des2

whose gradient in the lengths of open pores in the coal granules determines 
the gas flow observed during desorption:
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In Equation (2.82), the first square bracket corresponds to the permanent 
gas flow; the value in the second represents flow by desorption. Vcoal is the 
total volume of coal granules in the hinge, in this case, ~15 · 10–6/ m3. The 
result for the first square bracket in our experiment was 2.97 · 109 Pа/sec (or 
2.227 · 107 mm Hg/sec). As we can see from Figure 2.7, ∂ ∂( )P tAV

des
 of 1.5 Pа/

sec represents maximum gas flow.
Substituting other values into Equation (2.82), we find that Δ( ) ( )P P Pdes des2

1
2

2
2= −  

equals 6.1 · 106 Pа2 at the initial time of registration of methane desorption. 
In a case in which gas escapes from the coal into a pre-degasified vessel, it 
is possible to consider that Р2 ≈ 0 at the initial time of desorption. Hence it 
follows that the methane pressure drop in the open pores does not exceed 
6 1 10 2 45 106 3. .⋅ ≈ ⋅ Pa (or 18 mm Hg) at desorption from granules 2.0 to 2.5 mm 
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FIGURE 2.6
Methane pressure in accumulation vessel as function of desorption time (symbols depict 
experimental data points; solid line shows corresponding interpolation function PAV = a(1 
–(1+bt–0.5) + c(1 – exp(-t/d))).
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in size. Analogous investigations of desorption on coal in granules 0.2 to 0.25 
mm and 9.0 to 10 mm in size showed that the methane pressures in pores are 
~2.5 and 31 mm Hg, respectively.

Let us stress that the above calculations were based on data obtained 
for penetrability κ of the main coal pores, i.e., pores that provided connec-
tions between the ends of a comparatively large coal piece. The effect of 
gas filtration on methane desorption can be connected to small blind pores 
(with one outlet on the granule surface) and not attributed to permanent 
flow. Their penetrability is far lower and thus their methane pressure drop 
during desorption is higher.

The obtained values for differential pressure on the open pores can be used 
to define the time when the gas pressure in pores decreases from the maxi-
mum (after coal saturation) to the value achieved at the beginning of methane 
desorption from coal microblocks. For this purpose, it is sufficient to deter-
mine the time τ f  of the filtration process via the formula cited earlier [28]:

	 τ η γ κ πf grR P= ⋅ ⋅ ⋅ ⋅ ⋅4 2 2
1 . 	 (2.83)

Value τ f  varies for different sizes of coal granules and equals 0.048, 0.8, and 
7.6 sec for granules with diameters of 0.2, 2.0, and 9.5 mm, respectively. Note 
that the obtained τ f  values are valid for a particular coal saturated with 
methane under a certain pressure.

Research reveals how much gas escapes from open pores with large cross 
sections during the first seconds after unsealing of the equilibrium system 
coal-methane; and the amount of gas remaining in such pores is negligibly 
small. Gas escape from the open coal pores during first seconds upon its sep-
aration from a seam saturated with gas may exceed 25% of its total content 
in the coal. This feature must be taken into account during coal extraction 
and also when taking samples for diagnosing methane subsystems in a coal 
seam.
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Methane pressure change rate in accumulation vessel as function of desorption time.
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The experimental data presented above question the credibility of the 
known methods of diagnosing methane states in mine seams. In fact, 
the methods for determining in-seam methane pressure and methane 
content in coal based upon measuring desorption have one common 
deficiency: considerable gas loss occurs in the interval between sample 
removal and seam sealing because of the inevitable appearance of fis-
sures in the sample. The result is distorted information about the initial 
methane content.

One can avoid these discrepancies and reduce the time for analysis of 
coal–methane samples by correlating the results of all measurements made 
under mine conditions with data from the desorption passport (DP) of the 
coal seam that contains experimentally established numeric or graph data 
that correlates the intensity of methane release from coal, seam methane 
pressure, and methane content. To complete a DP, it is necessary to make 
laboratory measurements of methane desorption kinetics and determine its 
content in coal. The measurements are made after preliminary saturation 
with methane in containers under different equilibrium methane pressures 
Рsat. The coal samples of equal mass in granules of 0.2 to 0.25 mm or 1.0 to 1.5 
mm (depending on coal type) and natural moisture are used. The samples 
are obtained by sifting coal chips on sieves.

The first part of a DP establishes dependence of the intensity of meth-
ane desorption on the equilibrium gas pressure during coal saturation. 
Desorption is made into an airtight AV filled with air in which changes of 
pressure ΔPdes are registered during period Δt. Data showing changes of ΔPdes 
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Change of pressure in accumulation vessel during methane desorption from coal after satura-
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during desorption are presented in graph form for several values of Рsat that 
yield a family of curves ΔPdes (t)=F(Рsat) similar to those in Figure 2.8.

The data obtained are then used to derive the dependence of ΔPdes on Рsat 
at any time interval. For example, Figure 2.9 depicts the increase of pres-
sure ΔPdes (dots) in the AV during 15 min of desorption (desorption interval 
= 20 to 35 min) based on the methane pressure Рsat, saturating the coal. 
The graph of function ΔP P a P b c Pdes

sat sat sat
d( )   exp / ( )= ⋅ − −( )( ) +1  corresponds 

to its minimal deviation from experimental dot values. Optimization of 
parameters a, b, c, and d of the interpolation function is performed by a 
computer program. A set of numerical values of ΔPdes from Рsat forms the 
first segment of the DP. The delay in entering information (20 min in this 
case) is very important because the first 15 to 20 minutes of mine measure-
ment are usually spent on drilling, sieving, and other preparations. Thus, 
we can compare measurements obtained under mine conditions with data 
from the first section of a DP to determine seam methane pressure without 
taking a coal sample.

The second part of a DP establishes the dependence of the methane in coal 
on saturation pressure. Having such information about seam methane pres-
sure enables us to estimate the amount of methane in coal. Completing this 
segment of a DP in a laboratory requires the following operations:

	 1.	Saturation with methane at different pressures (0.5 up to 10 МPа) of 
several samples of coal chips containing natural moisture

	 2.	Determining the amounts of methane in the samples according to 
the described methods

	 3.	Optimization of the parameters of the interpolation function 
Q a P bCH sat4

1= − −( exp( / ))

Figure 2.10 illustrates the measurement results (data points) and fitting func-
tion. A set of numerical values of function Q PCH sat4

( ) comprises the second 
section of the DP.
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FIGURE 2.9
Change of pressure in accumulation vessel during methane desorption within 20 to 35 min as 
function of saturation pressure.
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Comparing the results of a quick and simple mine measurement with labo-
ratory data yields information about seam gas pressure and methane content 
in coal without the need to obtain a sample. The scientific work that led to the 
DP system served as the basis for constructing the DS-01 desorption tester 
at the Institute for Physics of Mining Processes of the National Academy of 
Science of Ukraine. The design of the portable device allows its use in under-
ground worked-out spaces of mines that are unsafe because of the presence 
of gas and coal dust and also in highly explosive zones under and on the 
surface.

2.4.2  Kinetics and Mechanisms of Methane Desorption from Coal

Black coal is a dense, fissured, and porous medium with a heterogeneous 
chemical composition. Its nature makes it difficult to achieve a comparative 
analysis of the kinetics of gas desorption. For this reason, experimental data 
on the kinetics of methane escape are rather scarce.

We conducted research on the kinetics of methane escape from black coals 
via desorption into a vacuumed vessel of known volume. The accuracy of 
the method depends on the accuracy of measuring the vessel volume, its 
thermostatic performance, and gas pressure in the vessel. The method is not 
influenced by air moisture and allows measurement of desorption over a 
long interval. To exclude variations due to coal moisture content, the experi-
ment was conducted with pre-dried samples. The subsequent computer 
processing of results yielded parameters of desorption kinetics that reveal 
mechanisms of methane escape from black coals.

Figure 2.11 illustrates the installation used to study the kinetics of methane 
desorption from coal. Registration of desorption was done via measuring gas 
pressure in an AV of known volume. The installation consisted of a metal con-
tainer containing sample (1). A valve (2) connects the container to the AV (3). 
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FIGURE 2.10
Dependence of methane amount in coal on equilibrium saturation pressure Рsat.
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The pressure in the AV is measured by mercury–oil (4) and reference (5) vac-
uum meters. The container and accumulation vessel are connected to a vacuum 
pump (7) via a valve (6). A valve (8) connects the AV with a container (9) that is 
plunged into a Dewar bottle (10) containing liquid nitrogen. The coal container 
and AV are confined in a thermal container (11) made of foam plastic.

We used samples of volatile coal from the Korotchenko Mine; fat coal 
from the Zasyadko Mine; lean coal L1 from a jammed coal band from the 
Glubokaya Mine; lean coal L2 from the Kirov Mine; and anthracite from the 
Communist Mine. After crushing and sieving, volatile, fat, gaseous, and lean 
coals were dried at temperatures below 370 K for several hours. Anthracite 
was dried 30 days or more. The drying quality was checked by analyzing 
spectra from 1H NMR [35].

The next stage included air removal via vacuum pump from the sample 
container, after which the container was joined to the tank with compressed 
methane and the sample remained in the methane atmosphere (6 МPа) for 
14 days. Then the coal sample container (9) saturated with methane (valves 
2, 6, and 8 were closed) was connected to the pre-vacuumed AV. After these 
steps, the container (9) was plunged into the liquid nitrogen medium (valve 8 
closed).

Gas escape was registered from both the free volume (between coal gran-
ules) and from the coal sample. The first stage was compressed gas release 
from the container into the AV. This is a fast process (less than a minute) 
and does not provide information we need. Upon the release of the com-
pressed gas and slowing of its emission from the container, the AV pres-
sure was registered. With valves 2 and 6 closed, valve 8 was opened and 
fast methane condensation occurred in the container (9). Valve 8 was then 
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FIGURE 2.11
Low temperature desorption installation.
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closed and valve 2 opened to desorb the methane from the coal. The con-
tainer volume, coal mass, and AV (3) volume were chosen so that methane 
pressure PAV  desorbed from coal into the vessel (3) would not exceed ~100 
mm of oil to minimize the influence of abutment pressure in the AV during 
desorption. The AV and vacuum meter function together as a measuring 
probe. The more the volume of the AV, the less is its influence on the desorp-
tion process. Test measurements proved that additional pumping of the AV 
increased the methane release from coal no more than 1%. We observed the 
following conditions:

•	 Different in sized fractions were made from a single coal lump.
•	 Methane saturation was done under consistent gas pressure.
•	 Desorption registration ceased as soon as the change of gas pressure 

in the AV became less than 1 mm Hg per day.

The number of gas molecules NAV released in the AV of volume VAV at the regis-
tration moment was derived according to the well-known gas state equation:

	 N
P V
k TAV
AV AV

B

= 	 (2.84)

where kB is the Boltzmann constant and T is the temperature in Kelvin. The 
fractional error of determining NAV did not exceed 3%. After desorption, 
valve 8 was opened, the gas was condensed in the container (9) and the com-
position of the gas released from the coal was determined via the pressure 
of the saturated vapors. The admixture of other gases was not registered. 
To find the methane desorption mechanisms, we estimated the influence of 
coal sample size on specific time τAVdes  of filling the AV with gas while it was 
desorbed from coal:
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where ∂ ∂N t tAV ( )/  is the velocity of change in the number of gas molecules in 
the AV (gas flow from coal) and NAV

max is maximum number of gas molecules in 
the AV upon the completion of methane desorption. The last equality in (2.85) 
is written with the assumption that in the above experiments on desorption 
the methane in coal N t( ) is determined by expression N t N N tAV AV( ) ( )max= − . 
In this case, for the specific time of methane desorption from coal:
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Further, we shall be interested only in absolute values of quantities τdes and τAVdes , 
so while discussing the experimental data we shall use only τdes. Parameters
NAV

max , N tAV ( ) and N t( ) can be determined by graphical and computer analy-
sis of the curve describing the course of desorption.

The choice of specific time τdes as a basic parameter in the comparative 
analysis of desorption kinetics was based on two factors. The first is the high 
sensitivity of time to the sizes of coal granules. The second, no less impor-
tant, is that quantity τdes does not depend on the number of coal granules in 
samples.

In analyzing experimental data on methane desorption (or sorption) from 
black coals, it may be difficult to choose the type of interpolation function 
describing the gas escape process. In cases where measurement accuracy 7 
is low, the function may have the form N t N t des( ) exp( / )= ⋅ −0 τ  where N(t) is 
amount of gas in coal and τdes is the specific time of gas escape, assuming 
that the specific time of relaxation to equilibrium of the system coal–gas is a 
constant quantity not depending on the desorption phase τdes = const.

The filtration theory [35] and research [28, 30] show that this image of 
desorption kinetics is simplified. In reality, it is impossible to describe gas 
escape by a single exponential function. Thus, the choice of an interpolation 
technique grounded in physics is an important element in studies of tran-
sient gas release from black coals.

Figure  2.12 presents the typical course of methane desorption from a 
black coal into a vacuumed vessel of known volume using methane amount 
NAV (or gas pressure РAV) in the AV as a function of time. Graphs of fitting 
function P a tAV

des= ⋅ − −( )( )1 exp  /τ  are presented as well. Optimization of 
parameters a and τdes in the fitting function was done by a special computer 
program. Cases in which desorption registration ceased after 600, 1,800 
and 10,000 minutes of gas release were considered. It is evident that the 
values of a and τdes depend on experiment duration. That is, the desorp-
tion parameters depend on time and the interpolation function in the form 
of one exponent cannot accurately describe the whole process of methane 
escape from coal. Our analysis shows that in choosing the type of interpola-
tion, less mean-square error is provided by a combination of the square and 
exponential dependencies.

	 P t a bt exp tAV ( )     .
.

= − +( )( ) + − −( )( )−
1 1 1

0 5
/τ 	 (2.87)

Calculated according to Equation (2.87), τAVdes AV AVt P t P t t( )   ( ) ( )= ∂ ∂[ ]/ /  changes 
continuously over time and more accurately describes the desorption process. 
The disadvantage of this interpolation is also evident: the clarity of physical 
interpretation of parameter b in the summand of the expression is lost (2.87). 
That is, we will use an approximation of the sum of two exponents:
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	 P t a t b tAV
des des( ) ( exp( )) ( exp( )= − − + − −1 11 2/ /τ τ )), 	 (2.88)

This expression, as it follows from Figure  2.12, presents a satisfactory 
description of the experiment. Parameter τAVdes t( ) in this case also depends on 
t, but this dependence is weaker than in the case of interpolation based on 
Equation (2.87). Figure 2.13 shows a fragment of the initial phase of methane 
escape and illustrates the desorption course with functions of types (2.87) 
and (2.88).
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Thus, having chosen Equation (2.88), we sacrifice the accuracy of quan-
titative estimates for the sake of convenience in qualitative analysis. Note 
that the sum of parameters а and с corresponds to gas pressure in the AV 
vessel after the end of its release from the coal. If another method of desorp-
tion registration (e.g., NMR) is used on methane protons in coal, the inter-
polation of a t c tdes desexp( / ) exp( / )− + −τ τ1 2  can be applied and parameters а 
and с are connected with the number of methane molecules in the coal. We 
note the significant consequence of using interpolation as a sum of several 
exponential dependences: in this case during the final desorption phase, 
when t>>τ1, the correlation τ τAV

des dest( ) ≈ 2  takes place. Figures 2.14 through 2.18 
present the results of measurements and the corresponding interpolation 
curves of methane desorption from volatile, fat, lean1, lean2, and anthracite 
coals for fractions of 0.2 to 0.25 mm and 2.0 to 2.5 mm. General ideas of the 
physics of transient gas release from a porous solid material allow us to 
assume that the first (smaller) value τ1 in the interpolation function (2.89):

	 Y a t b tdes des= − − + − −( exp( / )) ( exp( / ))1 11 2τ τ 	 (2.89)

is determined by the gas escape from the near-surface layers of the coal gran-
ules. The high initial gradient of gas concentration decreases during desorp-
tion, mainly at the expense of a shift of the concentration maximum toward 
the center of the granule. Upon completion of the transient processes, the 
second (final) phase of desorption begins when the gradient of methane con-
centration decreases only from the concentration difference in the center of 
the granule and near its surface.

0
0

0.5

N
c/(

a 
+ 

b)
1.0

0.2–0.25

1
2

2.0–2.5

1) a = 0.535;  τ1 = 119 min;  b = 0.465;  τ2 = 2927 min;
2) a = 0.67;  τ1 = 142 min;  b = 0.33;  τ2 = 2340 min;

2000 4000 6000 8000
t, min

10,000

FIGURE 2.14
Pattern of methane desorption from volatile coal. (1) 2.0 to 2.5 mm. (2) 0.2 to 0.25 mm.



132	 Physics of Coal and Mining Processes

The τ2
des represents a specific desorption time at the final stage. This value is 

of particular interest as it directly depends on the sizes of the coal granules. 
That is why in further comparing values of τ2

des in samples of different sizes 
of coal granules (R1 and R2) we will use 1τdes and 2τdes to describe values in the 
last decomposition exponent (2.88). We must say that this interpretation of the 
summands of function y does not fully reflect desorption physics because τdes 
during laminar gas release is always a continuous function of time t.

The comparative analysis of curves in Figures  2.15 through 2.19 reveals 
two features. The first is that parameter а in the first summand of Equation 
(2.88) for coal fractions of smaller size exceeds the similar parameter for the 
larger fraction. In small fractions, the part of the near-surface layer (and 
methane in it) in the granule volume exceeds the part in the granules of 
larger size. It is interesting that in the last summand of function (2.88), dur-
ing the passage from granules of 0.2 to 0.25 mm to granules of 2.0 to 2.5 mm, 
the expected change of parameter τ2

des by 100 times was considerably less. 
This indicates the anomalous dependence of desorption velocity on the sizes 
of coal granules. Thus, for anthracite, the ratio is 1τdes/2τdes = ≈30; for coals 
with intermediate degrees of metamorphization (fat, lean1, and lean 2), 1τdes/
2τdes varies from 2 to 12.

One can better understand the mechanism of methane escape by assum-
ing that each coal granule consists of small (microblock) fractions and the 
volume between them is the volume of fissures and open pores (similarly 
to the model in [19], [21], and [30]. Thus, a microblock is a part of coal with-
out fissures and open pores; the surface area of all microblocks in a granule 
is equal to the surface of all open filtration channels. That is, microblocks 
can be regarded as results of excision of a homogeneous body by these 
channels. These formations are very small (rmb <<Rgr), distributed over the 
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whole volume of granules, and connected to the coal surface through a 
system of fissures and open pores. Figure 2.19 shows a variant of the block 
composition of coal.

In this model, methane diffusion occurs from the closed pores of small 
particles (microblocks) whose average size rmb does not depend on the sizes 
of the coal granules. Since microblocks and closed pores are very small, their 
large total surface allows diffusion gas flow of sufficient intensity. If one 
ignores the filtration effect in pores, the model must not show a correlation 
between granule sizes and the velocity of gas escape. Gas escape is possible 
if the gas enters pores with large enough openings. The kinetics of methane 

0

0.2 – 0.25

12

2.0 – 2.5

1) a = 0.482;  τ1 = 34.77 min;  c = 0.518;  τ2 = 200.69 min;
2) a = 0.83;  τ1 = 17.6 min;  c = 0.17;  τ2 = 80.67 min;

400 800
t, min

1200

N
c/(

a 
+ 

b)

0

0.4

0.6

0.8

0.2

1.0

FIGURE 2.16
Pattern of methane desorption from lean1 coal. (1) 2.0 to 2.5 mm. (2) 0.2 to 0.25 mm.

0
0

0.4

0.6

0.8

0.2

N
c/(

a 
+ 

b)

1.0
0.2 – 0.25

1

2 2.0 – 2.5

1) a = 0.41;  τ1 = 196 min;  b = 0.59;  τ2 = 2000 min;
2) a = 0.58;  τ1 = 18 min;  b = 0.42;  τ2 = 166 min;

2000 4000
t, min

6000

FIGURE 2.17
Pattern of methane desorption from lean2 coal. (1) 2.0 to 2.5 mm. (2) 0.2 to 0.25 mm.



134	 Physics of Coal and Mining Processes

desorption from coal at a low level of metamorphization (volatile) is similar 
in pattern to the described case.

Conversely, in anthracite, the dependence of quantity τ2
des on particle size 

is the strongest when one of the desorption mechanisms (diffusion or filtra-
tion) dominates. However, because anthracites possess developed networks 
of micropores, the assumption about solid-state diffusion as the main mech-
anism of gas release should be rejected.

The kinetics of methane desorption from all types of coals can be explained 
by the assumption that if it is assumed that along with the diffusion from the 
microblocks, gas filtration from the open pores takes place in these coals 
and adjusts the velocity of gas passing from the microblocks. To ground this 

0
0

0.4

0.6

0.8

0.2

N
c/(

a 
+ 

b)

1.0

1) a = 0.455;  τ1 = 4.8 min;  b = 0.545;  τ2 = 52.9 min;
2) a = 0.535;  τ1 = 107.3 min;  b = 0.465;  τ2 = 1555 min;

1000 30002000
t, min

4000 5000

FIGURE 2.18
Pattern of methane desorption from anthracite. (1) 2.0 to 2.5 mm. (2) 0.2 to 0.25 mm.

Closed pores in
micro blocks

Micro block’s body

Methane molecules motion
during desorption

Filtration volume

Micro
blocks

FIGURE 2.19
Coal structure in block model.



Equilibrium Phase States and Mass Transfer in Coal–Methane Systems	 135

assumption we should consider the process of methane escape from coal in 
more detail.

We shall assume that coal granules of medium radius Rgr consist of spheri-
cal formations (microblocks) whose average size rmb is far smaller than Rgr 
The space between microblocks is the filtration volume where methane from 
the closed pores through the microblocks body releases by diffusion. This 
desorption makes an explicit thesis: at a certain moment, a balance of flows 
of the gas released by diffusion ∂ ∂[ ]N t d/  and filtrated by Poiseuille pores 
∂ ∂[ ]N t f/  occurs. The characteristic filtration time is determined by the vis-

cosity η of gas, apparent porosity γ , and the permeability κ of coal. It also 
depends on the length of the filtration channel and gas pressure drop P tf ( ) 
in the channel [29,33]:

	 τ ηγ π κf
f ft R D t R P t( ) ( ) ( )= = ⋅2 2 2/ / 	 (2.90)

The expression for τ f  assumes that the methane pressure at the end of 
the filtration channel can be neglected. The τ f  value increases in the ini-
tial phase of desorption while pressure Pf  decreases. The specific time of 
the gas escape from microblocks is τd mb dt r D( ) = 2 / . Most cases include a time 
function t as a result of the dispersion of microblock size and diffusion 
coefficient Dd over a coal granule. The gas pressure release Pf in the filtra-
tion pores at desorption is followed by a decrease of filtration parameter Df 
and weakening of gas flow in the filtration channels, leading to conditions 
that balance the diffusion and filtration flows that remain until desorption 
is finished.

Desorption in cases where the dominant process is gas diffusion from 
microblocks and equality is observed ∂ ∂[ ]N t des/  = ∂ ∂[ ]N t d/  = ∂ ∂[ ]N t f/  will 
be described in detail. Figure 2.20 shows the distribution of methane mol-
ecule concentrations in different elements of coal during desorption.

At desorption, the concentration n1(t) of methane molecules in the closed 
pores of microblocks exceeds their concentration nf(t) in the filtration chan-
nel near the microblock body. The methane motion from the closed pores 
into the filtration channels results from gas diffusion through the microblock 
body. Diffusion in this case is connected with the concentration difference 
ΔC t C t C t n t n tf( ) ( ) ( ) ( ) ( )= − = −⎡⎣ ⎤⎦1 2 1ν  of gas molecules between the opposite 
walls of the microblock body. The amount of methane in coal N(t) is the sum 
of molecules in the closed pores N1(t), filtration channels Nf(t), and solid liq-
uid (microblock body) N2(t):

	 N t N t N t N tf( ) ( ) ( ) ( ).= + +1 2 	 (2.91)
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Under these conditions, the balance of flows for the specific desorption time
τdes by analogy with (2.85) can be written:
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The specific desorption time is a linear combination of specific times of filtra-
tion and diffusion:
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	 τ τ τdes f dt t U t t( ) ( ) ( ) ( )= +[ ]+1 	 (2.93)

Parameter U(t) reflects the correlation of gas amount in the closed and open 
pores of coal. In materials with τ τf dt U t t( )( ( )) ( )1+ << , the ratio 1 2τ τdes des/  
will be close to the ratio for granules of different sizes (R1 and R2). For 
τ f t U t( ) ( )1+[ ] >> τd(t):

	
lim

( )

τ

τ

τ τ τ τd

U f

des des f f R R
1

0
1 2 1 2 1 2

2

+
→

= ≈ ( )
	 (2.94)

Thus, by comparing the course of gas desorption from the granules of dif-
ferent sizes, for example, 10 times larger, we can calculate desorption times 
that will differ from 1 to 100 times, depending on the type of desorption 
mechanism prevailing in the given material. For example, the mechanism in 
anthracite will be 1 2 30τ τdes des/ ≈  and in fat coals it will be 1 2 2τ τdes des/ ≈ . In the 
fat coal case, the role played by the diffusion component of the mechanism of 
gas escape is considerably greater than the role of diffusion in anthracite.

The clearest influence of diffusion can be observed in volatile coals where 
the contribution by τd is so substantial that the filtration effect is barely notice-
able. In anthracite, the dependence τdes on granule size is the strongest and 
represents clear evidence of the weak influence of the diffusion component 
of desorption (little τd).

Using experimental values of τAVdes  for granules of R (large) and r (small) 
size, we can derive numerical values of the summands of expression (2.93) 
if we assume that 1 2 1 2

2
τ τf f R R/ /≈ ( ) , and τd does not depend on the sizes of 

coal granules. Table 2.2 shows the results of calculations of specific times τd  
and filtration components of methane desorption from black coals of differ-
ent degrees of metamorphism.

Thus, the behavior of desorption curves and the table data indicate that 
the velocity of the directed motion of methane in small granules of volatile 

TABLE 2.2

Values of Filtration and Diffusion Components at Specific Time of Methane 
Desorption from Black Coals

Coal Type τ0.2des (Min) τ0.2des (Min) (1 + U)τ f0.2 (Min) (1 + U)τ f
2.0 (Min) τd (Min)

Volatile 2900 3030 1.3 130 2898
Fat 1075 2940 18.8 1880 1056
Crushed lean1 79 201 8.2 129.7 71.1
Lean 2 165 2000 18.5 1850 146.4
Anthracite 78 1625 15.6 1560 61.2
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fat and lean coals is determined mainly by their diffusion characteristics; the 
relaxation time of diffusion decreases from the volatile to lean coals and cor-
respondingly the total desorption time decreases. These coals reveal remark-
able values of Dd coefficients that are characteristic of solid-state diffusion.

In anthracite, dependence τ2
des оn granule sizes in samples is the strongest 

and points to the weak influence of the diffusion component of desorption. 
Analysis of data from Table 2.2 also shows that the specific diffusion time in this 
case appears to be the least one and the diffusion coefficient Dd ~ 1/ ( )τd t  cor-
respondingly the biggest. At first sight, this result appears unexpected because 
we know that among coals anthracite has the greatest density and it would 
be logical to expect the converse result—the lowest value of Dd. Apparently, 
in anthracite, a considerable admixture of Knudsen diffusion several orders 
of magnitude higher than the solid-state result occurs. This interpretation of 
results for anthracite (and possibly for the lean coals) requires consideration of 
the existing system of small open pores.

Thus, the results of studying methane desorption in black coals show that 
desorption kinetics cannot be explained by the assumption of a single mech-
anism of methane escape (diffusion or filtration) through the open pores. 
The kinetics of methane desorption can be explained as a hybrid mechanism 
of release that involves a certain type of superposition of the diffusion and 
filtration processes.

We have not discussed the reasons for the dependence of specific diffusion 
time τd t( ) on time t. This parameter and the specific time τdes t( ) change from 
coal depletion as the methane escapes, i.e., they depend on the desorption 
registration time. A simple (but not complete) explanation may be the disper-
sion of microblocks in the coals, which are heterogeneous materials based on 
density and composition. Let us analyze gas desorption from coal and try to 
determine the peculiarities of its kinetics based on dispersion of the coal of 
microblock size.

During the diffusion, small microblocks deplete more quickly than larger 
ones. That is why microblocks that are partially or fully free of methane 
appear during desorption. This indicates that during diffusion the average 
size of the “active” (methane-containing) microblocks will change. The char-
acter of such change [28] approaches the exponential exp( )− ⋅D t rd mb/ 2 .

The function of the distribution N rmb( ) of the active microblocks according 
to their size rmb and the transformation of this function during desorption are 
shown in the lower part of Figure 2.21. The upper part illustrates the pattern 
of change of methane amount Q in microblocks of different sizes over time. 
In the course of methane escape, the average size of microblocks subjected to 
diffusion increases. This explains why, during the final phase of gas desorp-
tion, the specific time of diffusion achieves the highest value.

A similar effect occurs during decomposition of the desorption curve into 
two components. Figure 2.22 shows the transformation of gas molecule distri-
bution in small and large microblocks. In the initial state (before desorption), 
total distribution corresponds to the initial curve (t1 = 0) in Figure 2.22. Over 
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time, the ratio of number of small and large active microblocks decreases and 
as a result methane diffusion during the final phase of desorption occurs 
chiefly from large microblocks. This effect is described by the first compo-
nent of Equation (2.88).

Thus, we can state that in Equation (2.88) the constituent characterized by 
larger τ describes the kinetics of gas desorption during its diffusion from 
a group of microblocks of larger size. Parameter τd in Equation (2.93) has a 
mean value τd mb

dr D=  2 / , as determined by the mean value squared of size 
rmb in the group of large microblocks. Although large blocks are fewer than 
small ones, their total volume is probably large because they carry consider-
able methane in coal.
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The analysis indicates that another “fast” constituent of the interpolation 
function must be connected with the escape of methane from smaller blocks 
of coal. Artificial partitioning of the microblocks into two groups of mean val-
ues ( )rmb 1 and ( )rmb 2  leads to the same partitioning of τd into two components. 
Thus, the dispersion of the coal microblock sizes predetermines the choice of 
the interpolation functions for several constituents. Each one describes the gas 
escape from a certain group of coal microblocks. For interpolation in the form 
of the sum of two functions, the microblocks are divided into two groups that 
differ based on the mean value of their sizes and the corresponding time of 
methane escape. Apparently, the more constituents used for interpolation, the 
more accurate will be the description of the desorption.

2.4.3 � Transformation of Methane Desorption 
Mechanism: Three Stages of Desorption

In studying the kinetics of methane desorption, it is acceptable to consider the 
initial and final phases the most informative ones. According to the physics 
of transient processes, the kinetics of desorption in the initial phase must be 
defined to a considerable extent by the initial parameters of the equilibrium 
gas condition of the coal-methane system. Gas filtration in open coal pores 
is a distinctive peculiarity of the initial phase when the pressure in the open 
pores decreases from the initial (equilibrium) value in megapascals to kilo-
pascals. The velocity and short duration of the process often led to complete 
desorption before registration could be attempted.

Conversely, the final phase is characterized by longer duration and weak 
intensity of gas release. It is assumed that by the final stage the transient pro-
cesses have ended and desorption kinetics are fully determined by the cur-
rent content of gas in the coal and the sizes and structures of coal lumps. The 
absence (or weak influence) of the transient processes aids in discovering the 
mechanisms of methane desorption from coal. Based on the block model of 
coal, the gas released through diffusion from the blocks (the smallest ele-
ments of coal without open pores) passes into the open pores and fissures 
and on its way to the surface experiences the effect of filtration. The assump-
tion about flow balance in this phase proved exceptionally productive and 
helped explain the abnormal kinetics of methane desorption from the coal 
lumps of small sizes [28].

Against the background of some progress in explaining the mechanisms 
of mass transfer in the two phases described above, the third (transient) 
phase has not been thoroughly studied. Until recently, no experimental 
evidence indicated the duration of the phase. One reason for the lack of 
study may be the absence of proven methodology. A second may relate to 
the specific character of the black coal structure. Its porosity, heterogene-
ity, and chemical composition distort desorption characteristics. Taking 
measurements means dealing with “washed-away” average values of 
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kinetic parameters. Furthermore, the specific character of coal composi-
tion makes it difficult to analyze the course of desorption in the transient 
phase. A distinctive peculiarity of the transient phase must be condition: 
Ifiltr ≠ Idiff.

These difficulties can be avoided by studying the dependence of gas flow 
Ides from coal starting from the initial methane pressure Psat in a coal–meth-
ane system. By assuming the availability of two nonequal and weakly con-
nected gas flows (diffusion flow from the microblocks and filtration flow from 
the open pores), we can determine the complex dependence Ides on Psat. The 
method is based on the different sensitivities of the two flows to the quantity
Psat. Following the principles of transient process physics, determining the 
complex correlation between Ides and Psat is most likely during the initial 
stage of methane desorption from coals with small sections of open pores 
such as types T and A.

Below we present the results of studying the correlation of methane desorp-
tion flow from coal and the initial equilibrium pressure of coal saturated with 
methane. The laboratory experiments to assess the velocity of methane escape 
were carried out by gas desorption in a vessel of known volume (the volumet-
ric method). The experiments involved three stages. The first was coal satura-
tion by methane compressed to some tens of atmospheres. The second stage 
was the preliminary release of compressed gas from the container of coal after 
saturation. The third stage was the accumulation of methane released from the 
coal into a vacuumed vessel of known volume. We used pieces from a single 
lean coal lump (volatile-matter escape from coal is 12 to 18%). After the coal was 
crushed and sieved, granules of 1.0 to 1.5 mm were picked out and buttons of 20 
g were formed. The samples were then dried, poured into the containers under 
high pressure, and saturated with compressed methane for 14 days. Before the 
desorption registration, the compressed gas was released from the free volume 
of the container into a larger vessel. After about 5 sec, the methane escape was 
in progress but its velocity was several orders of magnitude lower. Immediately 
after the methane emission slowed, its flow was directed into another vacuumed 
AV of known volume. The course of desorption in the initial state was registered 
during the first 120 minutes. The optimization of the interpolation parameters of 
desorption at each state was performed by an appropriate computer program.

Earlier in this chapter we presented a set of curves that reflected the change 
of methane pressure Pdes in the AV during the first 120 minutes of desorption 
(Figure 2.9). The numbers in the figure designate the values of methane pres-
sure Psat under which the coal was saturated.

Note that as pressure Psat
 grows, the velocity of gas release does not reach 

saturation and continues to increase. This contradicts the generally accepted 
ideas about the direct proportionality of desorption flow and gas content in 
coal. We know that the methane content of coal with a rise of Psat  tends to 
reach its maximal value (methane intensity) and it would be logical to expect 
such a change for the flow of desorbed gas.
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The details of the dependence of intensity of methane emission Ides on Psat

appear more explicit if all the values for gas flow are taken at the same time 
of desorption. The plus symbols (+) in Figure 2.23 designate values of Ides 
after 10 minutes of methane desorption from samples saturated with meth-
ane at pressures of 4, 9.3, 22.6, 31.3, 33.2, 53, 72, and 100 atm. The dependence 
of gas flow Ides on Psat is easily interpolated by the sum of exponential and 
power functions y = a(1 – exp(–x/b)) + c(x)d . The computer optimization of 
interpolation parameters gives values of a = 2.85, b = 8.9, c = 0.00013, and d = 
2.3. Figure 2.23 illustrates this function as a continuous line. The dotted line 
represents the exponential and power components. It is clear that under the 
low pressure of saturation, the dependence of Ides on Psat has an exponential 
nature. Further, with the increase of Psat, the influence of the power depen-
dence of gas flow on the value of Psat becomes more distinct.
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The pattern of dependence of methane release intensity on the value of equi-
librium pressure can be explained if we assume that under low values of Psat 
the main accumulators of methane are closed pores in the lumps of coal. Due 
to the growth of Psat and approaching maximal gas content of coal, the sorp-
tion ability of the closed pores gradually decreases while the adsorption in the 
open pores of large sections and coal fissures continues. In the framework of 
such an assumption about the early stage of the reverse process, the unfinished 
initial phase of gas filtration by transportation channels (open pores) will be 
noticeable. One should expect it to occur under comparatively high initial gas 
pressures in pores. Based on the theory of viscous laminar gas flow during fil-
tration, the intensity of the gas flow depends on the pressure difference in the 
pores as Δ(Р2). This type of dependence occurred at high values of Psat.

Figure 2.24 shows the transformation of the pattern of the dependence of 
Ides on Psat during desorption. In the early stage (10 and 20 min after start), the 
unfinished filtration processes of the initial phase are rather strong based on 
the influence of the squared contribution of the interpolation function. With 
methane release, this contribution weakens and becomes almost invisible 
after 50 min of desorption. We can also observe the dependence of Ides on Psat 
to acquire the form typical for the gas release when the leading process of 
desorption is diffusion from coal blocks. As stated earlier [28], it is possible 
only under conditions of balance of diffusion and filtration flows that indi-
cate the final phase of desorption.

The experiment indicates that the duration of the transient phase is consid-
erably longer than expected, taking into account the fact that it is connected 
with the admixture of unfinished filtration processes in the initial phase. 
The long duration can be easily explained by the residual manifestations of 
the initial phase characterized by small difference of pressure in the open 
–pores. Thus for ΔР = 1 Pа, pore length of 0.7 · 10-3 m (in coal granules of 1.0 
to 1.5 mm), methane viscosity η = 1.08–5 nm2/sec, permeability κ = 2 · 10–16/
m2 [36], and coal porosity γ  = 0.06, the specific time τ f  of the filtration process 
will be τ η γ πf grR P= ⋅ ⋅ ⋅ ⋅ ⋅ =4 2 2/  648 sec or ~10 min.

The results show that between the initial and final phases of methane desorp-
tion from coal is a lasting transient phase characterized by a shift of the leading 
role of mechanisms of methane escape from filtration to diffusion. For research-
ers dealing with practical applications of scientific works, the important fact 
is the breach of proportionality between the methane content in coal and the 
intensity of its release during separation of coal lumps from a seam.

2.5  Conclusions

For objective reasons, the description of the coal–methane system is a very 
difficult physical problem. Solving it requires a correct choice of a structural 
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model of coal and a mechanism of methane motion in the coal matrix. The 
theory of methane motion in coal set forth in the first section of the chapter 
is based on two assumptions: the diffusion–filtration nature of gas mole-
cule transmission and the availability of closed pores in coal lumps. Solving 
the equation of material balance made it possible to detect three phases of 
methane escape from the coal massif that all display different kinetics. The 
research outcomes have practical significance. It is now possible to describe 
methane release from a seam and also estimate the time of formation of 
highly explosive methane–air mixtures in cul de sacs and bunkers.

The second section of the chapter discusses the most important outcomes that 
complement the theoretical concepts. The dependence of methane desorption 
kinetics on granule sizes and other coal structure parameters has been studied. 
The results of the experiments can be explained only within the framework of 
a hybrid mechanism of methane emission—a concrete type of superposition 
of diffusion and filtration processes that reveals the dependence of methane 
escape time on the sizes of coal granules.

The phase state and the quantity of methane in the structural components 
of coal were determined. The quantity of methane adsorbed on the surface of 
coal may amount to 25% of the total content; methane emission after coal sepa-
ration from a seam has a burst nature. The intermediate (transient) desorption 
phase was experimentally proven. In this phase, the leading mechanism of 
methane escape shifts from filtration to diffusion.
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3
Nuclear Magnetic Resonance 
Studies of Coal and Rocks

Nuclear magnetic resonance (NMR) is widely used for scientific research and 
qualitative and quantitative analysis during manufacturing. Recent technical 
progress has greatly improved NMR spectrometers and developed methods 
to extend the sphere of its applications. Since its invention, NMR technology 
proceeded in two directions: (1) high resolution NMR that can analyze lines 
from millionths to thousandths of oersted (Oe) in width and (2) low resolution 
NMR for analyzing lines of tenths of oersteds and larger. Spectrometers imple-
menting these methods include various types of technologies and instrumen-
tation. Their only similarity is functioning is based on NMR principles.

To analyze the structures of coals and rocks, their metamorphism, poros-
ity levels, and phase state of water and methane, as well as diffusion and 
filtration processes, we used stationary and impulse NMR spectrometers of 
both high and low resolution.

3.1  Experimental Techniques

3.1.1  High Resolution Spectrometers

Modern spectrometers of high resolution (produced by Bruker and Varian) 
were developed mainly to study isotropic liquid samples, but they can also 
work with solid samples in special stands. They are characterized by high 
sensitivity and wide temperature range (~5 to 600 K). Research under pres-
sure up to 350 atm is also possible.

High resolution means that under a given external field the nuclei of the 
same atoms absorb the energy of the applied high resolution field at different 
frequencies because different chemical environment nuclei are shielded from 
the applied field in different ways. The distance between resonance frequen-
cies of the examined nucleus and reference compound is called chemical shift. 
It is represented as a dimensionless parameter in parts per million (ppm):
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−
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H H

H
i ref
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where Hi and Href are the resonant field of the analyzed i-th nucleus and the 
reference, respectively. In complex compounds, the same atoms, for example 
carbon atoms in coal, can be surrounded by different electrons and thus yield 
several absorption lines instead of one. However, the necessary line resolu-
tion cannot be achieved by direct methods such as increasing data accessing 
time. Additional problems appear during registration of coal spectra on iso-
tope 13C because the percentage of this isotope in the natural environment 
is small and because the spectrum widens due to strong dipole 13C and 1H 
interaction. Coal spectra were determined by the combined use of multi-
impulse patterns and sample rotation at a “magic” angle.

In Bruker spectrometers, proton-amplified NMR is used. Magnetization 
of the proton system is transferred to the 13C-system. This leads to improved 
sensitivity and reduced experiment time due to shorter times of T1 protons. 
In addition, the dipole 13C and 1H interaction is suppressed by turning on the 
decoupling field, making it possible to separate aromatic and non-aromatic 
coal components. The effect connected with residual line width (70 to 100 
ppm) and caused by the anisotropy of chemical shift is eliminated by fast 
rotation of the sample at the angle of 54°44′ (the “magic” angle) to the axis of 
the magnetic field. Thus, combining proton amplification and sample rota-
tion yields well-resolved coal spectra.

To achieve high resolution, small amounts of samples are usually ana-
lyzed. To achieve higher sensitivity, a large number of signal accumulations 
is needed. Thus hours and even days are required to achieve a well-re-
solved spectrum. This limits applications to analyses of kinetic processes. 
Unfortunately, high resolution NMR proved ineffective for analyzing high 
speed (transient) processes of methane desorption whereas Bruker stopped 
producing wide line spectrometers.

3.1.2  Wide Line Spectrometers

Powerful permanent magnets make expensive cryogenic magnetic systems 
(such as with NMR of high resolution) unnecessary. Spectrometers of wide 
lines can be equipped with supplementary devices in the magnet bore. For 
example high pressure chambers, helium and liquid nitrogen cryostats, and 
other equipment allow NMR studies that would have been impossible for high 
resolution spectrometers. Scientists in Russia and Ukraine have long carried 
out NMR research and now manufacture low resolution spectrometers.

Relaxometers are produced in Kazan, Russia. Using the high impulse gra-
dient of a magnetic field, they can measure diffusion and self-diffusion coef-
ficients in liquids and solids at 10–8 to 10–16 m2/sec. The Institute for Physics 
of Mining Processes of the National Academy of Sciences of Ukraine created 
a spectrometer that examines samples under high hydrostatic pressure up to 
1000 MPa in a high pressure cylinder piston type chamber, samples at gas 
pressure up to 25 MPa in a special gas container, and samples up to 150 MPa 
with a cryocompressor. It is possible with a continuous-flow liquid nitrogen 
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cryostat to conduct temperature research at 90 to 300 K and achieve long-
term temperature stability within 0.5 K accuracy.

In NMR spectrometers of wide lines, permanent magnets with field 
intensity at 4 kOe and homogeneity ~10-6 Oe/cm are used. The sensitivity 
of the spectrometer reception path is ~1 mV with a signal-to-noise ratio ~1. 
Lines from 0.01 Oe wide can be resolved. Figure 3.1 shows a spectrometer 
flowchart.

The process of spectrum registration is carried out via computer monitor-
ing with special software. NMR wide lines techniques led to the develop-
ment of devices for quantitative express analysis of methane-rich material in 
coal mines. Modern wide line NMR spectrometers used for physical research 
utilize equipment whose total cost is dozens of times lower than the cost of a 
high resolution spectrometer. This fact and the ability to use the equipment 
for temperature and baric research promotes its development, improvement, 
and distribution for research purposes.

The physical principle of NMR is that nuclei of many atoms have magnetic 
moments that precess in a magnetic field at a frequency ω0. The materials 
under our analysis—water, methane, and coal material—contain atoms of 
hydrogen, oxygen, and carbon that exhibit magnetic moments. If a substance 
with precessing magnetic moments is placed in a magnetic field of inten-
sity H0 and gliding frequency ωn, resonance will occur at ωn = ω0. Under 
resonance, the nuclei transfer to the next energy level via energy absorption 
registered in the form of an absorption spectrum.

Figure 3.2 illustrates the 1H NMR spectrum (PMR = proton magnetic reso-
nance) of a fluid-rich coal sample. The spectrum consists of two lines. The 
Lorentz line (5) is a narrow spectrum component (Equation 3.1). The Gaussian 
line (3) is a wide component (Equation 3.2) whose parameters (width, inten-
sity, etc.) contain information about the amount of hydrogen in the sample 
structure, retained fluid, and phase states of hydrogen-containing fluids.
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FIGURE 3.1
Flowchart of NMR spectrometer.
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Here: An is the amplitude of the narrow component of the prototypic absorp-
tion line; ∆Hn = ∆H1 is the width of the narrow component of the prototypic 
absorption line at height 2 2An/ ; H is the magnetic field increment, Hm is the 
modulation amplitude; Aw is the amplitude of the wide component of the pro-
totypic absorption line; ∆Hw = ∆H2 is the width of the wide component of the 
prototypic absorption line at height Aw/2; and k is the instrument parameter 
that determines the position of the zero line on the coordinate axis.

To register the PMR spectra of moisture and methane-rich coals we use a 
continuous autodyne spectrometer and modulation of spectra registration. 
Initially, the first derivative of the absorption line is registered (Figure 3.2b). 
It represents the sum of the derivatives of the absorption line components. To 
interpolate the experimental 1H NMR spectra, Equation (3.3) is used:
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FIGURE 3.2
Absorption line of 1H NMR of fossil coal containing fluid (a), and derivative from absorption 
line (b). 1. Absorption spectrum. 2. First derivative of absorption spectrum. 3. Wide component 
of absorption. 4. Its first derivative. 5. Narrow component of absorption spectrum. 6. Its first 
derivative.
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It presents the superposition of the first derivatives of the Lorentz and 
Gaussian components. Absorption spectra contain important information. 
The line width ∆H characterizes atomic mobility. The wider the line, the less 
mobile the atom. Thus, it is possible to characterize the phase state of the 
material under analysis. In our case for methane, the phase state is gas, both 
adsorbed and, as we found, dissolved in the internal coal structure. The area 
under the adsorption curve is proportional to the number of resonant nuclei. 
NMR is a high precision quantitative technique.

3.1.3  High Pressure Technique

The practicability of studying coal material under high pressure is condi-
tioned by the fact that fossil coal under natural conditions is always under 
pressure and stress from tectonic processes within the massif. Coal produc-
tion process changes in its deformation mode. Donets Basin (Donbass) mines 
are as deep as 1500 m where geostatic pressure is 45.5 MPa. As a mine is 
worked, the voids can concentrate pressures up to 8 times. That is why loads 
up to 300 MPa in a rock massif are common.

As an organic mass turns into coal, it goes through a plasticity stage under 
certain pressure and temperature conditions during the coalification pro-
cess. It is logical to assume that during coalification the coal pores are filled 
with methane (formed during the restructuring of the organic mass). Then 
the pore size will decrease to the point when interstitial pressure plus matrix 
resistance do not equalize the pressure of the overlying material, that is, 
methane pressure in closed pores equals γH minus plastic matrix strength 
during coalification. The higher the coal strength, the less interstitial pres-
sure it has.

It is incorrect to equate methane pressure measured in spurs in coal to 
methane pressure in closed pores. During a spur drill, the gas from the 
peripheral spur areas in transport channels and pores “gets out” via filtra-
tion over tens of seconds. After hermetization, the pressure in a spur is cre-
ated by methane from the closed pores via solid-state diffusion. This process 
is very slow. For anthracites, for example, methane takes 3 months to “get 
out” of coal particles as big as 3 mm. Measurements in a spur last for half a 
month on average; this is why maximum measured pressure at depth was 
10 MPa. The pressure in closed pores is much higher.

We used 1H NMR together with uniform hydrostatic compression of 
samples. The spectrometer receiving circuit with the analyzed sample was 
in a channel of a high pressure chamber and linked to the autodyne input 
through a special electric lead-in. Figure 3.3 shows a double high pressure 
chamber with autofrettaged external layer [1].

The choice of perfluorooctane C8F18 as a pressure medium in a high pres-
sure chamber was based on a number of factors. First, it allows easy hydro-
static compression of a coal sample without introducing “outside” hydrogen. 
Thus, all possible changes in the spectrum will reflect only processes in 
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the sample. Second, sample preparation is easier because the sample does 
not have to be isolated from the working fluid with hermetic shells. Finally, 
despite its volatility, perfluorooctane is compressed easily in a chamber 
(much easier than benzene and spirit mixtures that are known to provide the 
best hydrostatic conditions in high pressure chambers) and produces high 
compression hydrostatics over a whole range of working pressures in a high 
pressure chamber.

In the first experiments using NMR under pressure [2], a question arose 
about using the phase states of fluorine-containing fluids under pressure 
to assess the value of the transferred pressure to the test sample by these 
fluids. In the experiment, pressures from 1 to 1000 MPa were used at tem-
peratures from 77 to 295 K. The phase changes between liquid and solid 
states in perfluorooctane, perfluoroheptane, perfluorochemical ether, and 
perfluoraminetetrafuran were studied. Because the fluids all contained fluo-
rine, NMR analysis was carried out with 19F. Under normal pressure, the 
temperature of phase change is between 143 K (perfluoroheptane) and 183 
K (perfluoroheptane) for all liquids. The NMR line width in a solid state is 
11.3 to 13.0 Oe. At indoor temperature, phase changes occur above 450 MPa. 
Perfluoroheptane does not solidify even at 103 MPa. The simultaneous influ-
ence of high pressure and temperature results in a shift of phase change to 
higher temperatures.

The same author designed an installation for carrying out x-ray and NMR 
experiments at gas pressures between 0.1 and 300 MPa and temperatures 
from 0 to 200°C [3]. One difficulty was consolidating dynamic connection 
seals for gas to ensure laboratory safety. Several structures of high pressure 

6 5 4 3 1 10

hmax35

hmin15

Hmin125

2 8 7 9

 
9.

4
 

45

 
24

 H
7

FIGURE 3.3
High-pressure chamber for NMR studies of coal. 1. Test sample. 2. Autodyne receiving circuit. 
3. Obdurator. 4. Sealing rings. 5. Case. 6. Screw nut. 7. Plunger. 8. Sealing rings. 9. Screw nut. 
10. Tensiomanometer.



Nuclear Magnetic Resonance Studies of Coal and Rocks	 153

chambers for x-ray structural analysis of solids are known. One common 
component is an external gas pressure generator (compressor, intensifier). 
The systems differ in whether they handle gas void compression via mer-
cury, siphon, pressure generation by thermal compression, or the kinetic 
energy of a “flying bullet.”

We suggested two-level technology for handling high gas pressure. The 
installation is presented in Figure 3.4. The functional units include a cylinder 
with methane (1), intensifier (2) measuring cell (3), high pressure cutoff valve 
in intensifier case (4), high pressure tubing (5), high pressure manometer (6), 
cooling bath (7), thermal stabilization system (8), low pressure cutoff valves 
(9), lock nut on intensifier plunger (10), and x-ray diffractometer or spectrom-
eter NMR (11).

Pressure generation starts when all gas channels of high pressure cham-
ber components cooled in the bath (7) to –70°C are filled with methane (20 
to 30 MPa) from the gas cylinder (1). After fixing t at –70°C, the system is 
disconnected from the cylinder and low pressure channels by cutoff valves 4 
and 9. Chamber temperature is brought to the required level (0 to 200°C) by 
the thermal stabilization system (8). As a result of thermal compression, the 
pressure in the chamber is increased according to Amagat’s law P = PV/P0V0; 
P0V0 denotes the initial conditions.

If the experiment requires pressure higher than the corresponding 
value resulting from thermal compression, the increase is achieved by the 
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intensifier (2). Shifting the plunger compresses the void gas down to the 
necessary value with the help of low pressure gas. After that, the plunger 
position in the channel is fixed by the cutoff valve (9) or the lock nut (10). 
Then the chamber is placed on the goniometer table of the diffractometer or 
between the pole terminals of the NMR spectrometer, thermostatted, and 
measured.

The measuring cell characteristics depend on the technique (x-ray struc-
tural analysis or NMR). A cell for x-ray structural analysis has two base lay-
ers: the external band (12) of alloyed steel (X18H9T, 5XHM, 40XH) and the 
internal layer (13) of beryllium. The band has a double sector slit (35 degrees, 
1 mm height) for x-ray input and output. Layers 12 and 13 are mated with 
tightness on the conical surface 2α  =  2 degrees. The diameter of the cell-
working channel is 10 mm; the average value of the external diameter of the 
beryllium layer and its height is 20 mm, and the external diameter of the 
band is 50 mm.

The holder (14) of the coal sample (15) is in semi-cylindrical form. Edge 
locks on sealing plugs 16 and 17 provide spatial orientation of the sample 
plane relative to the x-ray axis. The upper sealing plug (16) is latched in the 
axial direction by the clamp; the lower plus (17) is latched by the nut (18). 
Axial thrust is grounded from gas pressure on the chamber band. Sealing of 
the plugs is carried out by a set of bronze, fluoroplastic, and rubber gaskets. 
The face seals of the nipples mating with the plugs is carried out according to 
the cone–cone conjugation scheme and the slope angle of the cone generators 
differs by 1 or 2 degrees.

The mechanical features of beryllium define the ultimate pressure in the 
chamber. Estimates show that under the guaranteed level of yield point at 
operating voltage σs ≤260 MPa and isotropy of the material strength, the min-
imum calculated working stress to make the inner layer plastic is at Pss ≤165 
MPa and collapsing pressure –Pb≤ 290 MPa. The dependences P = f(t) are 
shown in Figure 3.5. The maximum mean square error of approximation for 
a curve with initial pressure (t = –70°C) Pи = 10 MPa makes S = 2.3 MPa. The 
approximation equation in this case is

	 P = 26.02 + 0.19t	 (3.4)

For initial pressures 20 and 30 MPa, final pressure with error S = 1 to 1.5 MPa 
can be calculated from the proportions (3.5) and (3.6), respectively:

	 P = 34.56 + 0.21t	 (3.5)

	 P = 43.03 + 0.21t	 (3.6)

During our studies of changes in coal under pressure [4], as noted above, 
perfluorooctane was used for loading coal samples. Dissolution of coal in 
perfluorooctane was not noted over a period of several days. Perfluorooctane 
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purity was controlled. No water or impurity containing hydrogen appeared 
in any state. No changes in the 1H NMR spectrum of coal were noted when 
the sample was placed in the receiving circuit of the autodyne in a test tube 
with perfluorooctane.

NMR spectra were registered by autodyne spectrometer according to 
Robinson’s scheme [5].

We noted an unusually strong dependence of the spectrum intensity on 
the value of the applied hydrostatic pressure and the sign of increment 
load. Figure  3.6 presents the spectra transformation. Under increments 
of pressure from 0 to the maximum (1000 MPa), the amplitude gradually 
decreased. Under a negative increment of load (decompression) beginning 
at 500 MPa, we see a dramatic increase in the intensity of the narrow com-
ponent of the full NMR signal. The narrow line intensity under complete 
decompression is far larger than the intensity of the same line before the 
pressure increment.

Detailed mathematical processing of spectra [6] showed that the changes 
in coal structure begin during the load increment. At 700 MPa, we see a rela-
tive increase of the narrow line intensity. Under high pressures, the increas-
ing density of perfluorine octane and the analyzed material disguise the 
noted effect. Under gradual unloading of the high pressure chamber, the 
effect becomes evident.

The appearance in the spectrum of a narrow line corresponds, in our opin-
ion, to the appearance of mobile protons in the sample structure. This may 
be connected with the mechanical and chemical reactions stimulated by 
pressure treatment [7]. Coal chemistry studies [8] show that the redistribu-
tion of oxygen and hydrogen is possible in the organic coal mass through 
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Dependence of final pressure P on temperature t and initial pressure in chamber at 70°C.
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the influences of various factors. In our case, the factor was high pressure. 
The reorientation of an internal coal structure by high pressure is possible 
and under certain conditions leads to valence bond breakage accompanied 
by isolation of separate radicals or their association in a new structure. In 
our experiments, we are most likely to find a new hydrogenous material or a 
significant increase of existing materials under high pressure based on their 
isolation from a rigidly bound state in a mobile form. This is indicated by 
small line width compared with the line width of a liquid or gas. The effect 
of the working fluid on proton presence carried out immediately after high 
pressure chamber disassembling showed a negative result. The fluid was 
still clear, proving its effectiveness for this type of experiment.

In summary, the NMR method proved effective, accurate, and universal 
for studying fossil coals and their physical processes. High resolution NMR 
made it possible to determine the distribution of coal material structural 
elements and their quantitative changes under temperature, pressure, and 
other factors. Despite rapid development of methods and equipment for 
high resolution NMR, the wide line NMR method is still relevant. New 
computerized NMR wide line spectrometers equipped with the neces-
sary software are characterized by high sensitivity and resolving capac-
ity. They can successfully analyze porous structures of fossil coals and 
reveal qualitative and kinetic characteristics of processes of fluid sorption 
in fossil coals.
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FIGURE 3.6
Sequence of 1H NMR spectra in coke coal during one measurement cycle. Loading; 
1. P = 0 MPa. 2. P = 700 MPa. 3. P = 1000 MPa. Unloading: 4. P = 700 MPa. 5. P = 500 MPa. 
6. P = 300 MPa. 7. P = 100 MPa. 8. P = 0 MPa.
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3.2  Coal Structure Research

Despite the development of several models (Chapter 1), all the differences in 
coal qualities evident among the ranks and within a single rank taken from 
different seams are not explained. For that reason, the focus is on carbon and 
oxygen distribution based on functional groups and the orders of structural 
elements and links between them.

The organic mass of coal contains sets of molecules of various chemical 
compositions interconnected by multiple bonds, mainly electron donor–ac-
ceptor (EDA) interactions. EDA interactions in organic masses of coal are 
created by irregularities of electron density distributions in macromolecules. 
This is due to the presence in coal of various functional groups with heteroa-
tom participation (O, N, S) and carbon atoms with various hybridizations of 
valence electrons. Some structural elements have separate zones that reveal 
electron donor and acceptor qualities. The character of these zones depends 
on chemical structures of groups, their surroundings, level of macromolecule 
aromaticity, and aromatic structure. The same functional groups can be both 
donors and acceptors of electrons, resulting in more EDA bonds in coal.

NMR research allows more accurate separation of coals of similar struc-
tures. At the same geological age, the structural groups of petrographic and 
elemental compositions of coals can differ.

3.2.1 � Determining Structural Components of 
Coals through 1H NMR Data

Richards and Van Krevelen conducted the first NMR examinations of fossil 
coals [9,10]. In NMR spectra, the 1H of solid structural hydrogen of dry coal is 
represented by a wide component with line width ∆H2 and a second moment 
M2 that depends on the distance between hydrogen atoms in a structure. The 
distance between hydrogen atoms in aromatic rings is larger than the dis-
tance in aliphatic chains. That is why it was possible to define the correlation 
between aliphatic and aromatic hydrogen in coals by measuring M2. While 
registering NMR spectra in the zone of normal temperature (T = 296 K), it is 
almost impossible to resolve this line with respect to nuclei Har, Hal, and HOH. 
However, Van Krevelen [10] showed that the values of the second moments 
of M2 spectra, registered at temperatures below 110 K, depend on the rate of 
coal metamorphism. It is convenient to use the following relation to calculate 
the second moments [11]:
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where c is the splitting scale in a magnetic field; fn is an ordinate of the n-th 
point; and n is splitting in the horizontal coordinate of a spectrum. Richards 
[9] developed a formula to calculate relation PA of hydrogen quantity in 
aromatic rings A to hydrogen quantity in aliphatic groups b depending on 
values of M2:
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where M2
exper denotes the second moment of NMR spectra from hydrogen 

atoms contained in the coal structure; and M2
al = 174.2 × 103 and M2

arom = 
61.4 × 103 (A/m)2 indicate the second moments from protons of aliphatic and 
aromatic groups, respectively, determined by modeling connections. As 
M2

exper for fossil coals of Donbass varies from 147.8 × 103 to 81.2 × 103 (A/m)2 
(with decrease of coal-volatile matter ranging from VG = 39 to 5%) [12], accord-
ing to Richards the amount of aromatic carbon increases from 0.75 to 0.98. 
That is, with the growth of metamorphism, coal becomes more ordered and 
the content of the side groups (aliphatics) decreases.

Since value M2
exper varies almost linearly from 147.8 × 103 (A/m)2 in coals 

with carbon content C = 75% to 81.2 × 103 (A/m)2 in coals with C = 95%, an 
increase of C on average by 1% results in a decrease of M2

exper to 3.2 × 103 
(A/m)2. The dependence result can be used to assess C percent: C = 75 + 
(147.8  × 103 × M2

exper)/3.2 × 103. Accuracy of practical calculations of value 
M2

exper means 5%, absolute C value has been calculated with an error within 
±1%2 [13].

As metamorphism grows, the atomic fraction Hal of methyl and methylene 
hydrogen decreases and the Har share of aromatic hydrogen increases accord-
ingly. Aggregate content of organic H0 is expressed by the sum of aromatic 
Har, aliphatic Hal, and hydroxyl HOH of hydrogen. Calculation of hydrogen 
distribution is carried out by means of the modified equation [9]:
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where a1 + a2 + a3 = 1 indicate fractions of atoms Har, Hal and HOH, respectively. 
H0 = Har + Hal + HOH, then Har = A1 H0; Hal = A2 H0; and HOH = A3H0. M2

Ar and 
M2

Al were obtained from modeling aromatic and aliphatic structures. Value 
M2

OH varies little from M2
Ar [13].

3.2.2  Application of 13C NMR for Analyzing Coal Structures

Improvements of NMR spectroscopy of high resolution in solids (such as 
the NMR spectrometers with strong magnetic fields of Varian and Bruker) 
provide better resolution of spectral lines [14]. Japanese researchers [15] ana-
lyzed brown coal from Australia containing 66.1% C, 5.3% H, and 27.7% O 
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(elementary composition determined relative to combustible part of coal). 
They used a Bruker CXP-300 spectrometer with resonance frequency ~75 
MHz; rotor rotational frequency was 4 KHz. The authors achieved bet-
ter resolution of spectral lines than they had in previous works. 13C NMR 
revealed a number of absorbing maxima of ten types of carbon bonds. 
(Figure 3.7) [15].
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FIGURE 3.7
Spectra of Yallourn coals. 1. Fossil coal. 2. Coal annealed at 773 K. 3. Coal annealed at 1073 K. 
(Adapted from Richards R.E., Yorke R.W. J. Chem. Soc. 6, 2489–2497, 1960.)
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In the spectra, maximum of absorption from carboxyl groups (COOH), aro-
matic carbons bound to oxygen (Ar-OH), aromatic carbons bound to alkyne 
ethers (Ar-Or), hydroaromatics, ether, methylene (CH2), and methyl (CH3) 
groups have been resolved. After thermal treatment at 500°C, the coal spec-
trum changes drastically. The resonances conditioned by methyl and meth-
ylene groups disappear completely in aliphatic zones. In aromatic zones, 
the intensity of the resonance line grows dramatically. It can be explained 
by the growth of an aromatic carbon fraction during a pyrolysis reaction. 
Maximum of absorption from phenol carbon remains invariable. Obtaining 
such detailed descriptions of coal structures and the results of treatments is 
possible only by using high resolution fields.

In another study [16], several coal ranks from New Zealand containing 62 
to 92% carbon, 4.7 to 3.9% hydrogen, and 38.3 to 3.9% oxygen were examined 
with a Varian XL-200 NMR spectrometer. The authors obtained 13C NMR 
spectra for coals exhibiting several absorption maximums, thus proving the 
conclusions in [15]. 13C NMR spectra give more detailed information about 
coal structure than simple separation into aliphatics and aromatics.

3.2.3  Research of Donets Basin Coals

13C NMR-spectra show alterations of coal structures at different degrees of 
metamorphism and also alterations in structures caused by outbursts. Using 
a specialized Bruker CXP-200 spectrometer, 13C NMR spectra of Donets Basin 
fossil coals of different degrees of metamorphism were taken and differences 
in molecular compositions of coals before and after outbursts were examined 
[17]. Measurements were carried out at indoor temperature. Rotor speed was 
200 MHz. A standard method of cross-polarization with sample rotation at 
the “magic angle” was used. A mushroom-shaped rotor was made of deuter-
ated plastic. Rotation frequency was 3.5 KHz; the 90-degree polarizing pulse 
was 12 × 10–6 sec; timing of polarization transfer was 2 × 10–3 sec. The phase 
of the first polarizing pulse changed by 180 degrees at each scanning with a 
simultaneous change of free induction decay sign. Therefore, the aggregate 
signal lost some coherent interference. The amount of accumulation was 512; 
scanning time was 1 sec.

Much research has been conducted on fat coal (C = 84.8%), coking coal 
(C = 88.5%), lean coal (C = 89.7%), and anthracite (C = 92.2%). The spectra con-
sist of four maximums. According to the value of chemical shifts (comparing 
with modeling connections), several functional groups were singled out [17].

The biggest maximum of absorption can be found in the zone of 126 ppm 
due to the presence of heteroaromatic and aromatic carbons. Absorption in 
the zone of 72 ppm relates to carbon linked by bridges to oxygen, nitrogen, 
and sulfur heteroatoms. Absorption in the 18.20 ppm zone is caused by the 
availability of carbon atoms belonging to methyl groups. The line of absorp-
tion at 30 ppm in spectra of fat coals is due to an increase of the number 
of carbon atoms of methyl and methylene bridge groups that are bound to 



Nuclear Magnetic Resonance Studies of Coal and Rocks	 161

nitrogen atoms and haloids. Absorption at 176 to 200 ppm arises from carbo-
nyl groups of aldehydes and amides.

Figure  3.8 [18] is a 13C NMR spectrum of methane rich lean coal. Along 
with four maximums of coal organics, we can see a maximum of the methane 
sorbed. A chemical shift of methane sorbed varies from –4.2 (volatile coal) to 
–9.3 ppm (anthracite). A chemical shift of free methane equals –11.5 ppm. For 
the first molecular layer, chemical shift varies from –7 to +5 ppm [19].

Samples taken from the zones of coal layers (pillars) that presented no 
danger of methane outburst and from outburst layers exhibited consider-
ably different NMR spectra. The spectra of the coals thrown by outbursts 
[17] showed a decrease of line intensity in the zone of 127 ppm, demonstrat-
ing the detachment of light carbons bound to aromatic parts of the coal. A 
substantial decrease of the maximum 20 and 73 ppm intensity suggests a 
decrease in a number of aliphatic chains caused by destruction of many 
bonds during the outburst. Natural coal has typical polymer features [20]. 
For example, polymer deformations lead to restructuring of molecular struc-
ture accompanied by formation of gaseous substances. Drawing an analogy 
of polymers and coal destruction, the authors [18] conclude that coal struc-
ture destruction during outbursts is accompanied by methane formation. 
This explains why, during outbursts, large amounts of methane that exceed 
levels in efficient methane-bearing coal seams are released. This assumption 
was proved later [21,22].

3.3  Phase States of Water and Methane in Coal

In fossil coal the role of fluid collection is performed by transport channels 
and pores (open and closed) that contain water and methane in different 
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FIGURE 3.8
13C NMR spectrum of methane-rich lean coal. (Adapted from Alexeev A.D., Serebrova N.N., 
and Ulyanova E.V. 1989. Dokl. akad. nauk. USSR B 9, 25–28.)
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phase states. Gas and water are by-products of coal formation (coalification) 
as original plant cells lose hydrogen and oxygen in the form of water, meth-
ane, and other kinds of gases. Methane dominates in coal extracted from 
the Donets Basin. Pressure in overlying rocks and release of gaseous prod-
ucts created a specific dispersive porous-fractured structure of fossil coals 
of seven orders from commensurable sizes of methane and water molecules 
(diameter = –0.414 nm) to fractures with gaps up to several millimeters. 
Pores differ from fractures in that they are characterized by similar sizes in 
three dimensions. In a single fracture, sizes can differ by several orders of 
magnitude.

One of the main problems of extracting coal is estimating outburst dangers 
of coal seams. Efforts to control sudden coal outbursts and gas explosions are 
discussed in Chapter 5. This problem relates to the amounts and phase states 
of moisture in different surface-active agents; moisture is forced naturally or 
artificially in a coal massif. Thus, analysis of water behavior in coals at dif-
ferent stages of metamorphism is of great importance for national and world 
economies.

The efficiency of watering as a way to control coal and gas outbursts does 
not depend on the total amount of water forced into a seam. It depends on 
the water sorbed, i.e., physically linked to the coal surface. Its effect is shown 
both in wedging and weakening of intermolecular bonds of coal mass par-
ticles in microcracks. Sorption forces of moisture interaction with solids can 
change coal mass into a plastic state at maximum moistening, thus excluding 
dangerous outbursts. That is why the moisture sorbed Wsorb value of coal is 
one of the main indices of an outburst-dangerous coal seam.

To determine the Wsorb level necessary to change a brittle fracture into a 
plastic one, several experiments were conducted on fractures of different 
coal ranks with different water contents. Experiments involved triaxial com-
pression on unequal components (see Chapter 4) using moisture-containing 
cubic samples (edge length = 50 mm). The conditions for coal outburst arise 
from adjustment of principal stresses σ1, σ2, and σ3. No outburst occurs when 
moisture content reaches 2 to 3% (depending on coal rank) and there is no 
point to further increasing moisture content. Extensive mine testing car-
ried out in different geological conditions confirmed that a specific amount 
of moisture is sufficient to reduce outburst danger. Furthermore, at such 
moisture content, gas is displaced 50 to 80% from porous spaces whose size 
constitutes 4 to 6%. Gas left in coal does not constitute an outburst danger 
because it is partly dissolved in water or partly enclosed in dead-end cracks 
by adsorbed moisture.

NMR is an efficient method for studying adsorbing interactions and water 
phase states in solids. It has high resolving power and tests samples without 
destroying their structures. It also allows us to clearly differentiate physical 
adsorption and chemical adsorption—a difficult task with other methods 
especially when chemical adsorption is irreversible.
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3.3.1  Water–Coal Adsorption

Physical adsorption is an increase of substance concentration (water in this 
case) on the surface of a solid (surface of a pore in coal) as a result of attrac-
tion and its retention at the interphase boundary by Van der Waals forces. 
Physically adsorbed molecules keep their chemical identities and adsorption 
is reversible. The nature of surface greatly influences the character of inter-
molecular interactions and parameters of the boundary phase.

The basic thermodynamic works by Gibbs [23] led to investigation of the 
fluid structure near the interphase boundary. Water has a special place 
among fluids due to its unique properties; that is why the question of water 
structure at the interphase boundary has always interested researchers [24]. 
Significant research indicates that structural and dynamic water properties 
near the interphase boundary are significantly different from the properties 
of volumetric fluids [25,26]. Note that the formation of an interphase layer of 
adsorbed water is not a unique characteristic. Interphase layers form in all 
fluids [27]. However, polymer characters of a water structure and availability 
of a cooperative net of hydrogen bonds are reflected in interphase proper-
ties. Studies of intermolecular interaction character and surface influence on 
interphase properties is also of great importance.

Some research assumed that interphase layers are lengthy—102 to 103 
nm [28]; that estimate was later shown to be overstated. Some researchers 
assumed that water interphase layer thickness din did not exceed ~10 to 100 
nm  [29]. Subsequent works showed that din barely exceeds 1 to 2  nm [30]. 
One peculiarity of the water interphase layer is water molecules orientation 
ordering near the interphase boundary, which causes, in particular, surface 
potential jump [24].

In assumptions about the character of adsorbed molecule movements, sci-
entists who played great roles include E. Rydil [31], J. De Boer [32], and their 
disciples [33]. De Boer [32] chose two ultimate cases from different models of 
monomolecular adsorptive layers: localized and non-localized adsorption. In 
a model of localized adsorption, the molecules adsorbed are strongly bound 
to adsorption centers; they have no translational degrees of freedom and do 
not oscillate perpendicularly or parallel to the surface. The localized charac-
ter of adsorption does not signify that adsorptive molecules remain motion-
less. The presence of an adsorptive balance between the gas and adsorptive 
layer shows that molecular motion occurs both perpendicularly and parallel 
to the surface.

Adsorptive molecule migration along the surface occurs in discrete steps 
from one adsorptive center to another. The connection of molecular resi-
dence time in one section τC and activation energy V0 for discrete steps along 
the surface is shown in Frenkel’s equation [34]:

	 τ τc
V RTe= ⋅0
0/ , 	 (3.10)
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where τ0 is the constant connected to adsorptive molecular vibration. V0 is 
a difference between adsorption molecular heat in the active center of the 
surface and in its section between two active centers. That is why V0 is sig-
nificantly lower than adsorption heat Q.

During physical adsorption on hydrophilic (polar) surfaces, V0 usually con-
stitutes a third to a half of Q ≥ 40 kJ/mole [35]. It is much bigger than heat 
motion energy RT ~2.4 kJ/mole (at T = 290 to 295 K). Therefore, time of delay τ 
exceeds vibration period τ0, which has order 10–13 sec, but it is less than adsorp-
tion time t. Research examples [32,36] show that during physical adsorption 
on polar adsorbents, the ratio t/τC is ~5000. When V0 is less than the energy of 
thermal motion, the molecules adsorbed move freely along the surface in both 
directions. Adsorptive layers consisting of such molecules behave as two-di-
mensional gases. In this case, adsorption is described as a non-localized model. 
According to De Boer, during ideal non-localized adsorption, the adsorbed 
molecules retain rotational and two translational degrees of freedom.

The surface of a polar adsorbent, as a rule, is energetically non-homoge-
neous [37]. Non-homogeneity molecular arrangements in different adsorp-
tive centers are no longer equiprobable and the role of combinative energy in 
overall entropy of adsorption has decreased. Therefore, no models can cover 
all varieties of adsorptive systems.

In analyzing adsorption entropy in real systems, it is necessary to con-
sider that during adsorption both partial and complete loss of translational 
mobility can occur. At the same time, the number of rotational degrees of 
freedom decreases because the surface forms a potential barrier limiting 
molecular rotation. Based on these results, it is necessary to note that water 
molecules on any hydrophilic surface are adsorbed locally and interact with 
polar groups.

Scientists later became more interested in studying water adsorption on 
the surfaces of hydrophobic materials [38,39]. Most hydrophobic adsorbents 
have hydrophilic adsorption centers on their surfaces. Their active centers 
are different π bonds, single electronic pores, cations of small radii, oxygen-
containing groups, and CH, CH2, and CH3 radicals. Water molecules are 
adsorbed first in the hydrophilic centers. This results in localized water 
adsorption on carbon and little movement to coal surfaces.

However, the literature lacks data about adsorptive water molecule 
states on hydrophobic adsorbents with different concentration and hydro-
philic center polarities. To a certain extent, the lack arises from the exper-
imental difficulties of defining quantities of hydrophilic groups on the 
surfaces of hydrophobic adsorbents independent of methods of measuring 
water adsorption. Another difficulty surrounds the intentional formation 
of specific adsorption centers with different polarities on the surfaces of 
such adsorbents.

Wide line and impulse NMR methods have special places in interphase 
water structure and dynamics research. The first NMR experiments studying 
adsorptive moisture on the surfaces of solids were carried out on activated 
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carbon, cellulose, silica gel, and synthetic zeolites. However, the results of 
the experiments are not totally useful for describing adsorptive processes 
in coals. One reason is that coals have different adsorptive centers (π bonds, 
single electronic pairs, branched aliphatics, cations of small radii). Moreover, 
zeolites and silica gels have porous systems that have similar radii. Coal con-
tains systems of micropores (0.4 nm) and macropores (1 · 105 nm). For these 
reasons, researching water phase state in coals and defining water quantity 
are complex tasks.

Studies of the dependence [39–41] of water sorption on degree of coal 
metamorphism defined the quantity of moisture sorbed as 0.3 to 0.5%, accu-
rate within 0.1%. The experiments tested artificially moistened coals because 
the adsorbed H2O state in both artificially and naturally moistened coals is 
identical. Coals with different degrees of volatility (5.8, 11, 21, and 42%) and 
moisture content (2.4, 0.77, 1.23, and 1.67%) were examined. First the coal was 
crushed to 0.1 to 1 mm fractions. Since the micropore radius is 1 nm and 
its volume in coals with high metamorphism is about 80% of free internal 
volume (with low metamorphism, 50 to 60%), the crushing did not affect the 
natural micropores system that mainly defines the adsorptive surface and it 
did not change the absorptive properties.

In the NMR spectra of the coal–water system (Figure 3.2) two lines of the 
hydrogen nuclei with different mobilities are resolved. The nuclei that are 
strongly fixed related to neighboring nuclei (hydrogen within the organic 
coal mass) yielded an extensive line (ΔH2 = 5.5 to 6 Oe). Water in coal is in a 
physically associated state. As compared to free water (line width smaller 
than 0.1 Oe), it is less mobile because molecules in the first monolayer seem 
to be attached to the coal surface and vibrate around the adsorptive centers. 
As soaking intensity increases, molecule mobility grows. The line width of 
physically adsorbed water is ΔH1 = 0.1 to 0.5 Oe. For coals with natural mois-
ture, the values of NMR spectra line width were 2.4%, 0.21 Oe; 1.67%, 0.36 Oe; 
1.23%, 0.35 Oe; and 0.77%, 0.45 Oe. All coal samples with natural moisture 
were heated to 115°C for 0.5 to 0.7 hours and vacuumed at the same time. 
The heating continued until evaporation controlled by NMR spectra was 
complete. The narrow line indicating moisture availability is missing on the 
vacuumed coal spectrum.

The vacuumed samples were saturated with water vapor and held in vapor 
for 20, 30, 40, 60, and 90 min. After 90 min, the moisture of all coal ranks 
reached the original level. An increase of saturation time up to 4 hours and 
more did not raise coal moisture in comparison with the original amount 
under natural conditions. Adsorption of water vapor by coals at a steady tem-
perature normally does not exceed the value of natural vapor. Temperatures 
are steady in mine conditions and provide good evidence of coal saturation 
in natural conditions. Coal cannot absorb more water even if moistening 
time increases. To increase the quantity of moisture adsorbed, it is necessary 
to choose appropriate surface-active substances. Anthracite is an exception 
because its moisture reached 3.2% after 2 hours of saturation.
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In Table  3.1, the widths of NMR spectra narrow lines for moistened 
coals are shown for anthracite, lean, coking, and volatile ranks. As mois-
ture increases, the line width of NMR spectra for all coal ranks decrease. A 
decrease of line width is caused by molecule mobility and is good evidence 
of a weakening connection to the adsorbent surface. Line narrowing occurs 
when new adsorption layers appear. However, line narrowing occurs differ-
ently in various coal ranks. Thus, the change of anthracite sample line width 
by 0.04 Oe corresponds to a moisture content change from 0.7 to 3.2%. For the 
volatile sample, the change of line width is four times that when moisture 
changes only from 0.7 to 1.7%. The change is caused by different porosities. 
Coal porosity is high at the early stage of metamorphism. Pores have signifi-
cant sizes (up to 500 nm). As metamorphism continues, lamellae numbers in 
packets and oriented parallel to stratification increase; the structure becomes 
more compact and porosity decreases. In studies of volatile coal (low meta-
morphism) and lean coal (much higher metamorphism), we noticed an obvi-
ous line width reduction with an increase of water content. One can suppose 
that coal moisture increases due to new sorption layers, which proves that 
relaxation time increases in impulse NMR.

Moistened coal adsorption at low temperatures was studied. Wide line 
NMR can show the influences of porous structures and active surface centers 
on activation energy V0 and correlation time τC more easily than measure-
ments of entropy in wide interval T [42], dielectric losses at different frequen-
cies, and nuclear quadrupole resonance (NQR) frequency [43].

Using the Bloembergen-Purcell-Pound approximate theory [44] and exper-
imental data on low temperature NMR line broadening of sorbed water 
information on τC, correlation time change based on water molecule mobility 
was obtained. According to Fedin [45] τC, molecule correlation frequency of 
line width ∆H and ∆H0 at a given temperature and rigid lattice temperature, 
respectively, are connected by the following relation:

TABLE 3.1

Dependence of Spectrum Line Width on Moisture

Moisture (%)

Line Width (Oe)

Anthracite Lean Coking Volatile

0.7 to 0.8 0.23 0.41 0.45 0.49
0.95 0.23 0.38 to 0.4 — 0.45
1.1 0.22 0.38 — 0.39
1.2 0.22 0.35 — 0.36
1.7 0.21 — — 0.36
2.7 0.19 — — —
3.2 0.19 — — —

Note:	 Natural moisture (%): anthracite 2.4, lean 1.23, coking 0.77, volatile 1.67. 
Volatility outlet (%): anthracite 5.8; lean 11; coking 21; volatile 42.
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where ∆H0 is line width of the frozen lattice; α = 8ln2; γ = 4258 c–1Oe–1; ωC = 2π/
τC reorientation frequency. Hence, the formula, defining correlation time τC 
can be given as
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The low temperature dependence of line width and second moments was 
determined for several coal ranks [19,46] (Figures 3.9 and 3.10). The charac-
teristic peculiarity of low temperature spectra of NMR coals is the difference 
of temperatures during the phase transformation of adsorbed water from a 
liquid to a crystal-like state for coals of different ranks [19] (Figure 3.11).

The transformation is not abrupt. It occurs gradually as the molecules that 
are less closely connected with the surface are the first ones frozen. As Bloch 
showed [47], the two or three monolayers nearest the surface maintain their 
mobility even at very low temperatures at which rotatory mobility is frozen. 
For anthracites, the transformation starts at 183 K; for coals with VG = 26% 
at 158 K; and for coals with VG = 39% at 233 K. According to Uo and Fedin 
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[45], the potential barrier of stagnated motion U0 is calculated according to a 
simple formula:

	 U0 = 155.4 T (K) J/mole,	 (3.13)

where T is the phase transition temperature. The maximum value U0 is 
40.74 kJ/mole for coals ejecting volatile matter (VG = 39%); the minimum is 
28.43 kJ/mole for anthracites (VG = 5%). Thus, the connection of water mol-
ecule sorption centers is strongest for coals of medium rates of metamor-
phism. As follows from Equation (3.12), the correlation time τC for coals with 
VG = 39% is 2.8 × 10–5 at 233 K for coals with VG = 26%—the same correlation 
time for water molecules at 253 K; for anthracites with VG = 5%, the correla-
tion time is 3.1 × 10–5 at 173 K.

Adsorption in coals of low and medium rates of metamorphism according 
to the classification of de Boer is localized. Adsorption of water in anthracites 
is closer to non-localized. At low temperatures, NMR reveals a sharp divi-
sion of water and methane content in different phase states in fossil coals. 
However, one difficulty is that under natural conditions water and methane 
in coal both contribute to the narrow line of a spectrum. The intensity of the 
narrow line bears information about the general quantity of sorbed water 
and methane molecules. As long as the mechanisms of water and methane 
sorption by coal are different, the two fluids will react differently when the 
temperature drops (Figure 3.12).
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For sorbed water the phase change occurs at 243 to 173 K, depending on 
coal rank. However, the phase transition temperature of methane adsorbed 
by anthracite for example, is lower than 103 K. Thus, in a water–methane 
mixture adsorbed on coals, the phase transition for sorbed water will occur 
much earlier than for methane. This phenomenon allows division of water 
and methane adsorbed by coal.

Sorbed water (from a water–methane mixture) transforms into a crys-
tal-like state at the same temperature as the water in the damped sample. 
Sorbed methane remains in the mobile state (at T = 110  K). The potential 
barrier that slows molecule motion is U0 = 6.6 kCal/mole for water adsorbed 
on anthracite.

3.3.2  Adsorption by Impulse NMR

A successful implementation of impulse NMR in studies of adsorbed water 
is based on the fact that the correlation time of molecular processes in inter-
phase boundary water is, as a rule, greater than correlation time for volu-
metric water (τC ≅ 3 × 10–12 sec) and falls within the interval of maximum 
response of NMR impulses (10–11 to 10–6  sec). The experimental data on 
spin–lattice T1 and spin–spin T2 relaxation times demonstrate the dynamic 
properties of interphase water and methods to determine correlation times. 
The NMR relaxation method also shows potential for coal porosity studies 
because T1 and T2 depend on the sizes, volumes, and areas of pore surfaces 
and the extents of their filling [48].

Studying pore structures of coals is difficult because the pore diameter 
sizes vary greatly from micropores to macropores [49]. Most studies focused 
on hydrogen and results are difficult to interpret in relation to T1 and T2 values 
for coal cores [48,50,51]. Therefore, silica gels were used as model sorbents.

The time of spin–spin relaxation T2 of water adsorbed in silica gels with 
pore sizes of 0.9, 0.25, 1.4, and 6.5 nm in volatile, lean, and anthracite coals 
was studied [52–54]. The T2 value of water protons was measured at T = 298 K 
at 20 MHz frequency. The double pulse method (90 to 180 degrees τ ) was 
used. The minimum delay τ was 100 ∙ 10–3 sec; when changing the relaxation 
time (less than 160 × 10-3 sec), τ decreased to 60 × 10-3 sec. To measure T2 while 
the magnetic field was slowly changed, 1H NMR spectra were given for dif-
ferent delay values τ between 90 and 180 impulse degrees. The dependence 
of line magnitude NMR on delay τ corresponds to exponential law:

	 A = A0exp(–2τ/T2)	 (3.14)

from which time T2 was defined. A model of calculation of the monolayer 
thickness h of sorbed water has been suggested [53]. The sorbed water is 
divided into a surface layer (monolayer) that closely interacts with the sur-
face of the solid body and the volumetric part [55–59]. The results suggest a 
short-term interaction between the pore surfaces and the molecules of the 
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monolayer liquid and also between the monolayer and the volumetric part in 
the sample. Thus the speed of the spin–spin relaxation was given as

	

1 1 1

2T T Ts s
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b

= +
−ν

ν
ν ν
ν

, 	 (3.15)

where Ts and Tb are the times of the crossed relaxation (index 2 was omitted 
for convenience) for the surface and volumetric parts of the liquid, thus v is 
the liquid volume in the pore and vs is the liquid volume in the surface layer 
of the pore. It is suggested that Ts<<Tb and layer h should be as thick as the 
distance between the molecules, based on the assumption that the interaction 
between the molecules of the liquid and the cell walls is a nuclear dipole–
dipole interaction whose value is proportional to r-6. The simple reductions 
result in the following:
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As Ts<<Tb:
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s
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ν
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If the liquid contains pores of the same size and they are homogeneously 
filled with liquid, the induced nuclear magnetization will decrease exponen-
tially when the time of crossed relaxation T2 equals:

	
T

V
V
T

s
s2 = 	 (3.18)

where V is liquid volume in the sample and Vs is volume sample in the surface 
layers of all the pores. Equation (3.18) is true only for V≥Vs. If local values of the 
relation Ts/Tb differ because of the heterogeneous distribution of liquid over the 
sample, large differences in pore sizes, or the condition of a fast molecule inter-
action is not fulfilled, the T2 values will be different for different parts of the 
sample. In this case, nuclear magnetization decreases non-exponentially, as it 
is a sum of exponential functions with different T2 values. In this case, Equation 
(3.18) shows an average value T2. If we gradually reduce the moisture content in 
the sample to volume V = VS (VS = volume of first monolayer) and assume that 
VS = hS (S = total area of pore surface in sample), Equation (3.18) becomes:
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It has been suggested that the area of the monolayer identically equals the 
total area of the pore surface, i.e., during the process of drying no dry pores 
appear.

According to the Equations (3.18) and (3.19) the time of relaxation is pro-
portional to the volume of water in the sample. In order to check the theoreti-
cal functions we showed the experimental function of the relaxation time T2 
depending on the relative content of water in the sample, i.e., on the value 
V/V0, where V is current volume of water, V0 is volume of water when the 
pores are fully filled, thus V0 is pore volume.

In Figure  3.13 [52], function T2 depends on the relative content of water 
in silica gels with 0.9 nm pore radius. The experimental data are approxi-
mated with two straight lines. A straight line serves a theoretical function 
for large volumes (3.18) because it passes through the origin of coordinates. 
The change of T2 noted with a small quantity of liquid in a sample arises 
from the reduction of the number of water molecules in the first monolayer; 
in this case the interaction between the molecules of water changes, and the 
correlation time changes [48].

The experimental data from a little watering of the sample were option-
ally approximated with a solid line. The joint matches the border of the rela-
tive monolayer. All the approximations were made to achieve the smallest 
mean root square error. As shown in Figure 3.13, there is agreement between 
experimental data and theoretical function (3.18).

Based on figure data and the theoretical function (3.18), we determined the 
time of cross (spin–spin) relaxation for the most completely filled monolayer 
(T2 = 200 × 10–6 sec) and the volume of water VS that matches the complete fill-
ing in of the surface monolayer: VS = 0.31 V0 or VS = 6.6 × 10–5 m3/kg, which is 
that of the layer thickness h = 0.103 nm.
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The dependence of the time of the spin-spin relaxation T2 on the rela-
tive water content of a silica gel with a pore radius of 1.4 nm is shown in 
Figure  3.14. This dependence is similar to the previous one. The above 
description of the dependence T2 for silica gel with 0.9 nm pores is also appli-
cable. One can observe a good agreement of experimental data with theo-
retical function (3.18), although in the zone of water content that matches the 
border between the first and second monolayers, the experimental points 
are below the theoretical line. From the experimental data, and Equation 
(3.18), we see that VS = 0.11V0, i.e., VS = 4.2 × 10–5 m3/kg, and h = 0.084 nm. 
From the function, we can calculate the spin–spin relaxation for the filled 
monolayer at T2 = 170 × 10–6 sec

The thickness of the first monolayer of water is approximately three times 
smaller than the sizes of the water molecules. Such a big difference cannot 
be explained by ignoring the roughness of the pore surface when h is deter-
mined. To confirm the difference, we used nuclear magnetic relaxation to cal-
culate h = 0.3 nm for the water adsorbed in the pore glass with a pore radius 
of 1.75 nm while the time of spin–spin relaxation for the first monolayer was 
T2 = 1.1 × 10–3 sec [48]. The underestimated h values can be explained by the 
fact that the water molecules in the surface layer are adsorbed around the 
hydroxyl groups and not spread over the whole geometric surface [60,61]. 
Small values of TS caused by a closer connection of water molecules with the 
surface hydroxyls of silica gels do not contradict such s hypothesis [56].

We recalculated the volume of monolayer per surface unit, keeping in 
mind that every water molecule is connected with one OH group [60]. For 
each square nanometer of surface, we found 3.5 and 2.8 hydroxyl groups for 
silica gels with pore radii of 0.9 nm and 1.4 nm, respectively.

This method was used to research wet samples of volatile (VG = 39.0%), lean 
(VG= 9.0%), and anthracite (VG = 5.0%) coal ranks. The volatile coals (VG = 39.0%), 
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whose water content can be as much as 13% exhibited the best sorption abil-
ity. The relaxation time T2 of water protons of known water content was deter-
mined according to the stagnation of nuclear magnetism with that water 
content using an adjustable curve consisting of the sum of two exponents:

	 A a T b Tc= − + −exp( / ) exp( / ),2 22 2τ τ 	 (3.20)

where T2c is relaxation time for coal protons, A is constant; b and T2 are vari-
ables; and τ is the delay time between 90 and 180 degree impulses. Value b 
linearly depends on water content. The adjustment was made to ensure the 
smallest mean root square error.

The dependence of relaxation time T2 on the water content for volatile coals 
with natural water content of 13.6% (Figure 3.15) is also non-linear and can be 
approximated with two straight lines. The change of the slope of the straight 
lines when W = 7.5% shows that at a lower concentration there is water in the 
sample in the form of a monolayer. The time of spin–spin relaxation for the 
completely filled monolayer of water is T2 = 120 × 10–6 sec and the adsorb-
ing container of the monolayer is λ = 2.31 mole/kg. The time of relaxation 
measured for a completely dried sample was T2c = 20 × 10–6 sec. These data 
are the same as those found using a sorption isotherm for volatile coals [62].

For anthracite with VG = 9.0%, the spin–spin relaxation T2 for each percent-
age of water content was determined using an adjustable curve. Instead of 
constant T2c (25 × 10–6 sec for the sample), we used a variable constant T*2c 

because the experimental curve of the stagnation of nuclear magnetism could 
not be decomposed accurately to two exponents for all water content when 
T2c=const. Table 3.2 shows the T*2c and T2 results based on water content.

The effect of non-conservation of constant T2c in the first exponent of 
Equation (3.20) that describes the damping of nuclear magnetism from 
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coal protons can be explained. Coal contains both open and closed pores. 
In anthracites, the volume of closed pores is the same or greater than the 
volume of open pores [62–64]. The open pores are connected with the outer 
surface and this allows different liquids and gases to penetrate quite quickly 
into coal substance and leave it just as quickly. The closed porosity of the fos-
sil fuels is not connected by transport channels with the outer surface. The 
evacuation of the water molecules is carried out only by means of solid-state 
diffusion—a process of considerable duration.

If we assume that some sorbed water is in closed pores, in NMR there must 
be influence of water protons in the closed pores due to the lack of fast mol-
ecule exchange between that water and the water in open pores. Closed pore 
sizes differ considerably—from holes containing a few molecules to large 
cavities in which water in volumetric condition may cover pore surfaces 
with several layers. Thus, the relaxation times of water protons in different 
pores will differ considerably and range from a time close to T2c to the time 
approaching T2 for water protons in open pores. The closed pores that were 
totally filled lose moisture during drying, although it happens with a slight 
delay in time compared to the loss of water in the open pores. Under this 
condition, the amplitudes of signals from water in the closed pores decrease 
and the relaxation time of the signals decreases accordingly. Time T*2c in 
the first exponent of Equation (3.20) by which the non-exponential function 
is approximated (sum of exponents from coal protons and water protons in 
closed pores) will reduce and approach T2c.

The fully filled monolayer for lean coal (VG = 9.0%) corresponds to moisture 
content of 2.2% (with high moisture content T2 linearly depends on moisture 
content). The size of monolayer is λ = 0.55 mole/kg. The relaxation time T2 for 
the fully filled monolayer is T2 = 180 × 10–6 sec. The dependence of spin–spin 
relaxation time T2 on the moisture content is shown in Figure 3.16.

The data for anthracite (VG = 5.0%) were determined with a continuous 
method. Using the received values of line width we determined T2 relying 
on the Lorentz form of the NMR line. The dependence has a typical format 
(Figure 3.17) [53]: linear dependence with high moisture content and excur-
sion from linear dependence W = 0.9%, which corresponds to the full filling 
of the monolayer. Time T2 for the fully filled monolayer is 80 × 10–6 s, the size 
of the monolayer is λ = 0.28 mole/kg.

The results received while researching silica gels made it possible to deter-
mine the sizes of nominal monolayers in fossil coals. NMR spectrographic 
studies were performed to study the structures of fossil coals and the 

TABLE 3.2

Dependence of Spin–Spin Relaxation Times for Protons of Water and Coal

W (%) 5.80 5.74 4.60 4.35 4.07 2.94 2.65 2.05
T2, 10–6 482 447 384 360 325 203 233 190
T*

2c, 10–6 36.0 35.5 34.0 31.5 30.0 28.5 27.5 27.5
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processes of methane and water desorption from the host rocks [65–66]. To 
measure T2, we used the double-pulse (90 to 180 degrees τ) spin-echo method 
of Carr and Purcell [67]. The time of relaxation T2 was determined as the geo-
metrically average quantity between surface and volumetric speeds [52]. The 
formula for the speed of cross relaxation is

	

1
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1 1

2T
S
V T

S
V Tb s

= − +( )
λ λ

	 (3.21)

where Tb and Ts are the times of relaxation for the volumetric and surface 
parts of the liquid, respectively; S and V represent the local area of surface 
and the content of the liquid in the pore; and λ is the length or dimension of 
interaction of the adsorbate molecules with the surface that is responsible for 
the increase of relaxation speed.
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Dependence of spin–spin relaxation time on moisture content in lean coal. (From Alexeev A.D., 
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Proportion ρ = λ/Ts (surface relaxivity) characterizes the intensity of the 
interactions of the molecules of the liquid with the surface of the sorbent and 
penetration of the surface. In fact, ρ → ∞ corresponds to an ideally penetrat-
ing surface and a higher value of ρ means a higher penetrating ability of 
sorbent [68]. When pore diameters differ, one can calculate an average value 
of the relaxation time according to the relaxation curve [69]:
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In Equation (3.22), to determine the number of pores, nj/N is relative share 
of pores of surface area Sj and volume Vj. As molecules are sorbed in the 
atmosphere saturated with the vapors of the liquid over the whole pore sur-
face, we can consider S a constant. When changing the moisture content of 
a sample by continuous drying at high temperature, we can determine ρS 
according to the measured T2. Note that ρ does not depend on pore size.

In fact, if we implement the regime of moisture content in one layer, using 
Equation (3.21), we can consider surface S a constant value. Thus, the change 
of liquid volume V in the pores during desorption will be connected with T2 
linear dependence [70]:
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where m0 is the mass of the dry sample of sorbent and ρw is the density 
of sorbate. The formula in brackets is the tangent of dependence angle T2 
= T2(w) and allows calculation of yielding of the pore surface S and ρ. We 
used the density of saturated vapors of water ρw = 3 × 10–2 kg/m3 at 303 K. 
To approximate short time relaxation [68] with spin-echo spectroscopy of 
porous media:

	 ρ >> D t0 / , 	 (3.24)

where D0 is the coefficient of self-diffusion of water in the volume and t is 
measuring time. The magnetization curve of the medium response to the 
impulse change of the interaction in small pore volumes can be approxi-
mated with the proportion:
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If

	 ρ << D t0 / , 	 (3.26)
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the time dependence of the magnetization curve is
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We know the shared pore distribution, surface area of sorbents, and ρ from 
examinations by NMR, sorbate, and small angle x-ray and neutron scattering 
methods [68,71,72]. The ρ values of the researched sorbents were <100 µm/sec, 
which corresponds to the approximation in Equation (3.26). With the simul-
taneous determination of spin–spin T2 and spin–lattice T1 relaxation times, 
it may be possible to calculate the diffusion mobility of water in pores and 
on the surface areas of pores S/Vp along with ρ [69] from the experimental 
data on relaxation in gradient magnetic fields of water protons. We assume 
that the duration of transverse (spin–spin) relaxation T2 for water protons is 
connected with pore space and the gradient of magnetic field G0 yielding a 
spin-echo [73] in accordance with
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≈ +ρ γ τ , 	 (3.28)

where γ is the gyromagnetic relation for a proton, D is a coefficient of self-
diffusion, and τ is the distance between an impulse and an echo signal. 
When the induction of the magnetic field B = 0.4 T and the constant gradient 
G0 = 0.14 T/m, the second term is considerably less than the first and may be 
disregarded. We then have
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It is also necessary to consider that the relaxation of a full signal of NMR 
depends also on the sorbate molecules connected with the surface and on 
the molecules filling the pore volumes. That is why T2 is connected to the 
volume Tb and the surface Ts periodically transverse relaxation by Equation 
(3.21) or (3.30):

	

1 1 1

2T T Ts b

= + . 	 (3.30)

As the duration of liquid relaxation while volume filling of pores is consider-
ably longer than spin relaxation duration near the surface (Tb >> Ts), Ts ≈ T2 

will be correct.
The additional information about structural non-uniformities may be 

obtained using the theory of fractals [74]. The analysis of two-dimensional 
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descriptions of porous material structures with atomic force [75] and scan-
ning microscopy [76] shows fractal dimensionality df of the surface hierar-
chical structure expressed in the interval 1 < df < 2. Using two-dimensional 
descriptions of the surfaces of mono-fractal domain linear scales of hier-
archical structure, the fractal dimensionality of a porous space surface D 
can be determined. Assume the scaling distribution of pores according to 
sizes f(r) ~ r–B where f is probability density, B = D – 1, and equation D = 
df + 1 [72] in the domain of mono-fractals of linear scales of hierarchical 
structure is fulfilled.

If the lower limit ℓ and upper limit ξ of the fractality domain are known, 
the minimum scale Lcg where spins relax in pore spaces is connected with 
the duration of relaxation [74] by

	 T L Dshort cg2
2

0, ,= / 	 (3.31)

where

	
Lcg D= −� �( ) ,/( )Λ/ 1 1 	 (3.32)

where Λ = D0/ρ and D0 is a coefficient of water self-diffusion. Some of the 
magnetization that follows the law of fast relaxation will be determined from 
f cg

D= −( )L /ξ 2 . Using Equations (3.31) and (3.32) to determine the least mea-
sured value T2 while saturation of the sorbent changes, we can determine the 
thickness of layer λ that which corresponds to the traditional approximation 
of a monolayer sorption. The thickness of a monolayer can be found using 
the inflexion point on curves T2(w) (Figure 3.18).
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FIGURE 3.18
Dependence of duration of spin–spin relaxation of water protons in porous space of coal on 
humidity. Squares = anthracite. Circles = volatile coal.
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Using descriptions of deposit coal structures, the characteristic scales of 
fractality and fractal dimensionality of surface hierarchical structures were 
determined via atomic force microscopy [75]. For the samples of volatile coal 
and anthracite under consideration, the ranges of linear sizes of 14 to 195 
nm and 28 to 389 nm, respectively, may be regarded as mono-fractal where 
fractal dimensionality df ≅ const. The characteristic sizes Lcg ≈ 439 and 650 
nm for volatile coal and anthracite samples correspond to the T2,short = 88 µsec 
and 213 µsec. Using Equation (3.29), ρ = 2.6 × 10–3 m/sec and 7.3 × 10–4 m/sec. 
These results are consistent with Equation (3.21) and allow approximation 
(3.22) of curve magnetization M(t). From (3.21), we calculate the upper limit 
of time interval tc:

	
t

D
c <

⎛
⎝⎜

⎞
⎠⎟

0
2ρ

	 (3.33)

where the approximation of fast relaxation is carried out. For anthracite, tc = 3.75 
× 10–3 sec; for volatile coal, tc = 3.05 × 10–4 sec. From the coefficient when t1/2 in 
Equation (3.25) is the known value of the coefficient of water self-diffusion D0, 
we can obtain the relation of pore surface to the volume of liquid filling the 
pores (S/V). This relation coincides with the relation (S/V)p for the pores if sor-
bate saturation is present in all the pores. The data for (S/V) are obtained by the 
method of the least squares while taking a logarithm of dependence (3.25).

We know from graph T2(w) (3.23) that Sρ values are 0.587  m3/sec and 
2.27 m3/sec for volatile coal and anthracite, respectively. The obtained values 
of (S/V) allow us to calculate the specific surfaces of pores when the maxi-
mum dampness of the samples S/V = 2.2 × 104 m2/m3 for volatile coal and 3.8 
× 104 m2/m3 for anthracite.

Using these data, the specific surface values for maximum dampness are 
obtained: 221m2/g and 69m2/g for volatile coal and anthracite, respectively. 
Good consonance with these values is obtained for volatile coal when the 
specific surfaces from the dependence graph T2(w) = 185 m2/g are calculated. 
For anthracite, S/m0 = 1.54 × 103 m2/g and S/V = 4.9 × 105 m2/m3 were obtained. 
The latter perfectly accords with the results of measuring [77] Australian 
coal. The surfaces of open pores can be measured by other methods; closed 
porosity can be measured by non-invasive methods like NMR.

Measuring lateral relaxation duration of proton T1 spins needed to cal-
culate diffusion coefficient was carried out by progressive saturation [73] 
simultaneously with measurement of spin–spin relaxation duration T2. For 
calibration of connections of the coefficient of diffusion D with relaxation 
duration T1, the duration of water relaxation in free space T1,w = 1.8 sec and 
the coefficient of water self-diffusion coincided well with the studies of other 
authors [78]. We kept in mind that spin relaxation of water protons occurs 
because of intramolecular interaction. The duration of relaxation τC is con-
nected with the coefficient Dr by:
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where η is viscosity, a is molecular radius, and k is Boltzmann’s constant. For 
a diatomic molecule [79]:
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where µ0 is a magnetic constant, γ is gyromagnetic relation for a proton, ћ is 
Planck’s constant divided into 2π, and r is the distance between the nearest 
protons in a molecule. To calculate coefficient of diffusion D:

	
D

M
Tr =

⎛
⎝⎜

⎞
⎠⎟
⋅

9
5 2

1 	 (3.37)

Substituting M2 from (3.34) we obtain the relationship between the diffu-
sion coefficient of water and the longitudinal relaxation time T1: Dr = 0.25 
× 10–8 × T1.

The values of a self-diffusion coefficient for anthracite exceed the values 
for volatile coal (Figure 3.19). Extrapolation for big values of pore radius gives 
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FIGURE 3.19
Coefficients of water self-diffusion in anthracite (▲) and volatile coal (●) depending on pore 
radius.
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the cross point of straight lines that corresponds to the volume coefficient of 
water self-diffusion D0.

Water can form conglomerates in pores by means of hydrogen bridges. 
The average number of molecules in pores is less than in volumetric liquid. 
Analyzing this mechanism yields the surface water layers λ for volatile coal 
(220 nm) and for anthracite (155 nm) that considerably exceed the sizes of 
water molecules (0.18 nm). This means that forming of a surface layer during 
absorption on a coal pore surface is determined by a cluster-type mechanism, 
that is, when water molecules form conglomerates with binding energy that 
exceeds the binding energy of H2O with active centers of coal pore surfaces 
[80], the volume filling in the pores by concentrated vapor of adsorbate is 
realized.

In addition to analyzing minimum scales of porous space structures Lc, 
NMR measurements of spin-echo allowed the calculation of maximum scale 
Lint [74]. In a diffusion-controlled regime, relaxation duration T2 is connected 
with the inner scales of pores Lint by:

	
T L Dlong2

2 2
02, int /( ).≈ π 	 (3.38)

For the measured maximum values, we obtain 5.1 µm and 9.6 µm for vola-
tile coal (665 µsec) and anthracite (2.31). The latest values characterize the 
maximum pore sizes filled by water. It is interesting that we can find the 
radii of pores R = 3 ρT2 assuming their spherical form. For volatile coal we 
have R = 5.1 µm, for anthracite R = 7.2 µm; these correspond well with the 
values obtained from fractality measurements. According to the spin-echo 
results, volatile coal has more ability to absorb water than anthracite. This 
is indicated also by the greater dampness found in saturated coal samples 
(17.4% for volatile coal and 9.4% for anthracite). The values obtained for speed 
of surface relaxation ρ for coal considerably exceed the values for porous 
glass but can be compared with the results for limestone. The surface layers 
of molecules of sorbed water considerably exceed the thickness of the mono-
layer and correspond to the model of the cluster-type mechanism of water 
layer formation in porous coal spaces.

3.3.3  Water in Rocks

The binding power of adsorbed water in rock pore surfaces is determined by 
the same method used for coal. Water molecule binding power may be seen in 
the width of NMR spectrum lines, the potential barrier that hampers molecule 
rotation, and the time of correlation indicating degree of molecule mobility. 
Adsorption centers change liquid structures in layers adjoining solid surfaces 
based on volume phase. At the same time, H bindings are deformed and the 
deformation spreads a significant distance from the substrate. Structurally 
transformed layers exhibit oscillations of density that depend on constants of 
molecular forces and also on damping liquid capabilities.
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Active centers on the surface force water to the first layers that dramatically 
differ from volume water structures. This thin layer of liquid is a boundary 
phase 8 molecular sizes thick. Between the boundary phase and free liq-
uid lies a transition zone with characteristics similar to those of volumetric 
water. This zone (fused layer) serves as a bridge between sorbate-associated 
water and volumetric water; water viscosity is higher here than in volume 
water [81]. The fused layer has a disorganized structure due to breaking of 
intra-molecular hydrogen bonds. The boundary and transition layer spread 
is 7 to 10 nm and determined by solid substrate impact. For sorbate liquid it 
is characteristic of phase transition to solid condition.

The NMR spectra of naturally damp argillite and limestone (outburst and 
non-outburst) were studied. The samples of argillite were chosen from the 
Kalinina Mine (Artemugol) one year after an outcrop resulting from explor-
atory mining. Argillite is a gray, fine-grained, disorganized material con-
taining clayey basalt cement. The lime samples (outburst and non-outburst) 
were from Petrovskaya-Glubokaya (Donetskugol), and Krasnoarmeiskaya 
Kapitalnaya (Krasnoarmeiskugol). The limestone had middle graininess, 
clayey quartz cement, and disorganized structures.

Comparing the values of line widths and second moments with the known 
values for the specific types of water, we determined the character of water 
binding in mine deposit structures. For the molecules of chemically associ-
ated water, the second moment changed in a range of 1 to 8 Oe2. Crystallized 
water revealed line widths of 10 to 12 Oe2 and the second moment values 
were 21 to 36 Oe2. For adsorbed and capillary water (physically associated), 
considerable molecule mobility led to line constriction of 0.1 to 0.3 Oe. More 
constricted lines (<0.1 Oe) are peculiar to free water.

The investigations showed chemically and physically associated water in dif-
ferent percent ratios in argillite. The percent ratio of chemically associated water 
drops immediately after the face is uncovered and was unchanged after 1 to 1.5 
months. A decrease of chemically associated water in crystal lattices of some 
minerals containing H+ and OH– groups proves the crystal lattice transforma-
tion and partial destruction of these minerals. Transformation begins as soon 
as the face is uncovered. We suggest that the reason for crystal lattice transfor-
mation is to release tension influencing mine rocks under natural conditions.

Conversely, the percent ratio of physically associated water increases. This is 
explained by the capabilities of minerals in argillite to adsorb water molecules 
on their surfaces through electrostatic gravitation. Adsorbed water relates 
to the mobility phase. For that reason, it concentrates on the surface when it 
makes contact with newly exposed mine deposits in damp mine atmospheres, 
and then penetrates through the cracks until saturation. The results (Table 3.3) 
indicate that argillite saturation by physically associated water occurs evenly. 
Total saturation of the mineral layer (width of 10 to 12 cm) was achieved within 
5 months. The contents of adsorbed water increased in 0.6% per month. During 
this time, the strength of the argillite decreased 30%, and this decrease must 
be considered when calculating mine working stability.
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For argillite, the most active centers of adsorption are surface hydroxyl 
groups of kaolinite and mica. At minimal filling, water molecules form 
hydrogen bonds with surface OH– groups and with each other. After consid-
erable filling with water, coordination binding may appear.

Recording of NMR spectra at different temperatures revealed the avail-
ability of physically and chemically associated moisture in outburst and non-
outburst sandstones. Sandstones lack OH– groups; adsorption is realized 
through coordination binding determined by the availability of silicon atoms 
that are coordination-unsaturated on the surfaces of mineral particles. They 
are capable of forming donor–acceptor associations between free α-orbits and 
unshared pairs of oxygen electrons of water molecules. Increasing tempera-
ture up to 240°C leads to considerable constriction of the line determined by 
increasing moisture molecule mobility connected with weakening or break-
ing of molecule links with adsorbing centers of argillite surfaces.

Sandstone, argillite, clay, and marl were used to study narrow line changes. 
The minerals were ground to fractions of 0.2 to 0.5 mm (diameters controlled 
with sieves). All the samples of natural dampness were heated to 160°C for 6 
h. Heating was carried out until the water evaporated completely, controlled 
according to NMR spectra and dry samples were saturated with water vapor. 
Table 3.4 presents the results.

We can determine the types of links in a water–mineral system by the 
width of the ΔH line because ΔH increases are caused by molecule mobility. 
Studies of zeolite show that narrowing of spectra lines of water adsorbed on 
zeolite arises from the appearance of new layers of sorption. After forming 
the first adsorbing layers, a layer of loosely bound water appears, as shown 
on the NMR spectra of moistened minerals. At a small percent ratio of water 
(<2%), the spectra consist only of two components: one wide and one nar-
row (Figure 3.20). Sorbent water near the surface yields the wide line. The 
faintly associated component yields the narrow line. The widths of both 
lines decrease as water concentration in the mineral increases. This proves 
multi-layered adsorption. The faintly associated water then becomes free.

Figure  3.21 graphs the dependence of NMR line width on dampness at 
indoor temperature. The dependence of ΔH on moisture W is non-linear. When 

TABLE 3.3

Dependence of Water Content (%) on Time of 
Saturation in Argillite

Month
Chemically 

Associated Water
Physically 

Associated Water

0 4.8 2.4
1 4.2 3.0
4 4.1 5.3
5 4.1 5.4
6 4.1 5.4
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filling of pore spaces of mining minerals is small, the widest line and conse-
quently the most powerful binding between water molecules and substrate 
is observed in clay; the smallest line was produced by marl. The dependence 
of ΔH on dampness in clay and argillite is similar in character which can be 
explained by the highly metamorphic nature of argillite where reconstruc-
tion occurred. As dampness increases, line width stabilizes. This occurs in 
clay when dampness is 5.7% because porous volume is high (up to 30%). In 
argillite (porous volume of 2%), this kind of stabilization is observed when 
dampness is 3.7%. After marl was exposed to dampness for 6 h, water content 
did not exceed 3% and did not stabilize. Porous volume is smaller in marl than 
in argillite and thus its dampness is lower. When dampness is increased via 
simple moistening, mobility of H2O molecules rises and the temperature of a 
phase transit to a solid condition is 0°C, which proves the volumetric base.

A study of adsorbed water in minerals at low temperatures was conducted 
(Figure 3.22). The line width of NMR spectra based on water adsorbed by 
clay and argillite is shown. It is obvious that adsorbed water transforms into 
a solid condition at considerably lower temperatures than free water. In argil-
lite, the transition starts at –73°C; in clay, the transition is smoother and starts 
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FIGURE 3.20
NMR spectra of water protons in clay minerals obtained under the assumption of their spheri-
cal form from the equation R = 3ρT2. (a) Dampness 0.75%. (b) Dampness 2%.

TABLE 3.4

Dependence of NMR Line Width on Mineral Dampness

Argillite Clay Limestone Marl

W % ΔH, Oe W % ΔH, Oe W % ΔH, Oe W % ΔH, Oe

– 1.15 – 1.9 – 1.5 – –
1.9 – 1.6 – 1.7 – 2 1

0.28 – 0.4 0.19 – –
2.3 1.1 2.2 1.37 2.2 1 2.3 0.88
2.9 0.96 2.8 0.98 2.8 0.74 2.9 0.72
3.7 0.84 3.3 0.96 4.4 0.91 3 0.6
5 0.84 5.7 0.9 5.5 0.9 – –
– – 6 0.9 – – – –
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Temperature dependence of line width of NMR spectra on water in clay (1) and in argillite (2).
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at –57°C. The potential barrier that hampers molecule rotation determined 
by Equation (3.13) for water in argillite is 31.08 kJ/mole and for water in clay 
is 33.6 kJ/mole (T = temperature in Kelvin). At this temperature, noticeable 
narrowing of the NMR spectrum line starts.

The time of correlation τc characterizing the degree of water molecule mobil-
ity on the surfaces of sorbents was calculated by connecting the line width of 
NMR spectra at given temperatures using Equation (3.12). On the surfaces of 
sorbents at the initial section of the temperature dependence curve ΔH (from 
indoor temperature through the moment when abrupt deceleration of H2O 
molecules starts), the time of correlation increases from 1.9 · 10–5 to 2.8 · 10–5 
sec in argillite and from 3.4 · 10–5 to 5.4 · 10–5 sec in clay. At –70°C, the time of 
correlation of water molecules in clay is 11.1 · 10–5 sec and in argillite is 6.6 · 
10–5 sec. Thus, water molecules in argillite have more mobility than in clay at 
this temperature. This also proves that the energy of adsorbing centers of clay 
is powerful. In addition, greater defection of intra-molecular liquid bindings 
determines the temperature of a phase transit to a solid condition.

3.3.4  Methane in Coal

Applying wide line NMR methods produced wide-ranging information 
about methane conduct in coal [82–87], the ability of deposit coal to create a 
metastable condition with methane in the form of a solid solution [88], and 
the phase state of methane in fossil coal.

NMR spectra of coal–methane samples [82] look like the spectra of damp-
saturated coal. However, a comparison of narrow line intensities of NMR 
spectra of coal–methane and coal–water systems showed that the values of 
occluded methane intensities (I1M) are considerably larger than the values 
of adsorbed water intensities (I1B) having the same percent ratio of occluded 
substances because occluded methane mobility is larger than occluded water 
mobility (Figure 3.23).

To achieve better accuracy in calculating dependence (Figure 3.23) corre-
lations to wide line intensity I2 instead of intensities I1M and I1B are used. 
The intensity of a wide component of NMR spectra I2 is used as a datum 
mark because its value remains constant within one grade of coal [82,85]. The 
standard dependence of the occlusion of methane and water can reveal the 
sorbate in a coal under investigation. The fluids in coals have different struc-
tural forms. The concentration of fluids and localization conditions vary. 
Thus, contributions of different groups of hydrogen atoms vary among coals 
and the variation of change of line forms. The narrow component of a coal 
saturated with fluid reflects the extent and conditions of fluid localization 
and thus determine the phase states of fluids in coal.

A proton magnetic resonance (PMR) spectrum of coal saturated with fluid 
has two main well-solved components (Figure  3.2a) of different widths. 
Hydrogen atoms fixed in coal organic mass contribute to the wide compo-
nent (∆H2 ≈ 6 Oe). Hydrogen atoms of fluid absorbed by coal form the narrow 
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component of the spectrum. As a rule they have high mobility. Some are 
almost in free condition in large pores and cracks; most are occluded on 
pores and crack surfaces. Hydrogen also fills in pores much smaller than 
the length of free passage of a methane or water molecule that restricts 
their mobility. The narrow width component of the spectrum ranges from 
∆H1 = 0.1 to 0.5 Oe, sufficient for reliable recording.

In studies of sorbent processes in coal, the narrow component of the PMR 
spectrum, its parameters, and transformation in desorption are of interest 
[83,85,87]. While investigating desorption processes [83,84], two phases of 
methane of different mobilities were discovered [88]. Dried and degassed 
coal samples were cut into cylinders with diameters of 8 mm and lengths of 
20 mm to obtain the best radiofrequency contour from NMR spectroscopy 
(radiofrequency contour is enclosed in a container of beryl bronze placed 
into a magnet gap of the spectrometer). Methane was pumped into the con-
tainer at a pressure of 10.0 MPa. The sample in the methane atmosphere 
was kept for 10 days until it was completely saturated. Methane desorption 
was studied from the moment of pressure release. Initially, free methane 
located inside macropores and crack exits. Within hours, methane occluded 
in pores leaves. Desorption of a solid coal–methane solution lasts tens of 
hours (Chapter 2).

Figure 3.24 shows a narrow spectrum line of coal saturated by methane 
as well as its resolution into components. Based on research on narrow line 
components of transformations during methane desorption, we can draw 
conclusions about methane quantities at different phases and its redistribu-
tion between phases. A method to differentiate methane quantity and its 
phase state in coal via NMR is based on reconstruction of the function that 
determines the kinetics of gas emission [89]. Some methane in coal is practi-
cally in a free state. The diffusion of this methane ends just after carbon sam-
ple reactivation. These molecules are contained in pores of large diameter 
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Dependence of intensity relation I1/I2 of NMR spectra lines on percent ratio of methane (1) and 
water (2) in anthracite.
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and in surface-connected cleavages. This part of methane forms the narrow-
est line with ΔH4 ~0.1 to 0.2 Oe (Figure 3.24).

Another part of methane, penetrated with saturated carbon substance and 
localized in the closed porosity, molecular pores, and intercrystalline spaces 
as a solid solution, shows considerably less mobility than in the gas phase 
while exceeding the mobility of the chemically bound organic compounds in 
carbon. This produces a well resolvable component in the spectrum (∆H3 ~0.6 
to 1.03 Oe). At sufficient amplitude, these components are reliably divided 
for subsequent mathematical processing. Because the free and sorbed meth-
ane is localized and constant in the volumes of pores and cleavages, at each 
moment a certain quantity of methane leaves by filtration and is replaced as 
a result of solid-state diffusion. Therefore, it is possible to analyze the num-
ber of nuclei of hydrogen defining the area of a narrow line component with 
∆H4, a constant [4]. Subtraction from the total area of a narrow line of the area 
components with ∆H4 (Figure 3.24 inset) yields the area of the line formed by 
nuclei of hydrogen in a firm carbon–methane solution (∆H3) and the ampli-
tude I3 and width of line ∆H3 for methane in a firm solution. The dependence 
on time for coking coal (VG = 31.0%) is shown in Figure 3.25 [87].

Eventually the general intensity I3 of a line decreases; thus its width ∆H3 
varies slightly. It follows that even after tens of hours from the start of decon-
tamination, the methane remains in a kind of firm solution. The dependence 
of amplitude of signal I3 on time is based on established ideas about the 
course of desorption of methane from coal.
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FIGURE 3.24
NMR spectrum of carbon–methane system. Inset shows resolution of narrow line of general 
NMR spectrum into components.
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We can estimate the content of a fluid and the parities of its various forms 
(phases) for coal from a given layer. It is possible to consider parameters of 
a wide line invariable (constant) and the area under a wide component of a 
spectrum (Sw) based only on the quantity of the sample [19]. We can use Sw 
from a spectrum of the dry decontaminated sample as a normalizing factor. 
For one sample of the series, it is necessary to define masses in the dried 
condition (md) and take corresponding spectra in the presence of a fluid (mfl), 
then use the spectra to define the line areas.

The mass of a fluid in the sample ∆m = (mfl – md); ∆m = K · md · (Sn/Sw), where 
Sn is the area under a narrow component of a spectrum and Sw is the area 
under a wide component. The factor for all samples (1H NMR spectra of coals 
from the given layer) is K = (∆m /md) · (Sw/Sn). After calculating the factor, we 
can estimate quantity of a fluid in any sample of the series by the results of 
processing of spectra, that is, ∆mi = K · md · (Sni/Swi). Fluid in the investigated 
samples in more than one state (phase) constitutes the narrow part of the 
spectrum and consists of two well resolved components. It is possible to esti-
mate the amount of fluid in each state. Assume that Sn = S1n + S2n is the area of 
a narrow line of a spectrum and ∆mi1 = K · md (S1di/Swi), ∆m i2 = K · md · (S2ni/Swi) 
where ∆mi1 is mass of fluid in state 1 and ∆mi2 is mass of fluid in state 2.

Studies of filtration and methane diffusion coefficients in coal were 
made on a stationary spectrometer of wide lines and by spin-echo impulse. 
NMR relaxation is the return of magnetization to the initial state after a 
Boltzmann distribution of population-oriented magnetic moments bro-
ken by the impact of a short pulse of electromagnetic radiation of Larmor 
frequency. Two main types characterize NMR relaxation processes: the 
dispersion of the scattered energy (T1 – relaxation) and the loss of phase 
coherence in a group of spins, caused by local changes in the Larmor fre-
quency (T2 – relaxation).
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T1 spin–lattice (longitudinal) relaxation depends on the energy exchange 
between spin system and its environment characterized by the relaxation of 
the spin system to a thermal equilibrium state, at a certain temperature and 
magnetic field after excitation of Zeeman energy levels by radiofrequency 
pulse. The T2 spin–spin (transverse) relaxation does not require energy tran-
sition; it depends on local (or intermolecular) changes in the magnetic field 
expressed in the change of Larmor frequencies of individual spins. The 
greater dispersion of Larmor frequency, the faster the decrease of phase 
coherence of spins precessing in a magnetic field.

The diffusion coefficient estimate was obtained from measuring T2 during 
registration of the spin-echo signal from the nuclei of hydrogen, comprising 
the gas in the pore volume with micrometer and nanometer scale dimensions. 
The mobility of methane is determined by the interactions of molecules with 
pore surfaces. Closed porosity, like the diameters of gas molecules, signifi-
cantly alters the relaxation times and filtration coefficients of self-diffusion 
of methane. A pulse spectrometer registers the integral signals of hydrogen 
nuclei in the coal and methane molecules in pore systems with complex size 
distributions. The dependence of the spin-echo signal on time is
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The first component of T2c is identified by the signal from the spins of hydro-
gen atoms in the structure of coal. The exponential factor of the second term 
with a characteristic relaxation time T2T corresponds to the gas molecules 
sorbed on pore surfaces. The coefficient with cofactor D describes diffusion 
in the pore volume. The first component in a spin-echo signal allows us to 
calculate the change in methane concentration in the sample relative to the 
number of hydrogen atoms of carbon compounds in relative units. Indeed, 
it makes it possible to determine the value of A (t) = b (t/ a(t) at any time t of 
record of the magnetization relaxation signal after exposure of the radiofre-
quency pulse on the magnetic moments of 1H nuclei.

In our measurements of T2 by the two-pulse (90 to 180 degrees τ) spin-echo, 
the method proposed by Carr and Purcell was used [67]. The spin-echo spec-
trometer at the Institute for Physics of Mining Processes has a constant mag-
netic field gradient G0 = 0.143 T/m, resonant frequency f = γH = 20 MHz, and 
initial value of the delay between pulses T0 = 70 msec. Dried samples of cok-
ing, volatile, and anthracite coals of the Donets Basin (size fractions of 2 to 2.5 
mm) were saturated with methane under the pressure of 9 MPa for a month. 
Relaxation curves were recorded for a few days to trace the desorption of 
methane from the samples. Losses of mass in the samples and volumes of 
methane released from samples in closed containers at indoor temperature 
were registered. Anthracite measurements were made on an autodyne NMR 
spectrometer of wide lines according to the previously described procedure.
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Since the line width ∆H on a stationary NMR spectrometer and the T2 
spin–spin relaxation on a spin-echo spectrometer are connected by relation 
1/T2 = γ∆H, γ – 1/T2 = γ∆H (γ = gyromagnetic ratio for the proton), we could 
compare the results. The maximum difference was 0.3%. Measurements of 
the mobility of methane molecules in pores of methane-saturated volatile 
coal samples were made. Parameter T2c in the exponential dependence was 
determined at the final stage of desorption of methane and in further pro-
cessing as 3.4 ∙ 10–5  sec. A satisfactory approximation of the relaxation of 
the spin-echo signal was obtained by assuming that the exponential cofac-
tor containing T2 is not in Equation (3.39). Figure 3.26 shows changes over 
time of the ratio of b to amplitude A in the NMR signals for the protons of 
coal substance [the ratio of amplitudes A = b/a in Equation (3.39)]. Changes 
over time of the ratio indicate changes in the number of resonating hydrogen 
atoms in a molecule of methane. It was possible to approximate the number 
by power (scaling) dependence of the form:

	 A a t a= ⋅ −
0

1 	 (3.40)

where A1 = 1.186 with correlation coefficient equal to 0.98 (Figure 3.26).
During methane release from pore spaces, the effective sizes of pores that 

contain most of the gas change. In the first phase of methane desorption, the 
filtration coefficient D = 2.94 ∙ 10–6 m2/sec. For the longest time interval (nine 
measurements), D was (1.90 ∙ 0.41) ∙ 10–6 m2/sec. In the restricted geometry of 
a pore space, transfer of molecules occurs in the regime of Knudsen diffu-
sion if the pore size is less than the length of free path of the molecule. The 
formula for methane is
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FIGURE 3.26
Changes over time of radio of amplitude b to amplitude a in NMR signals for protons.
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where d is pore diameter. From Equation (3.41) we can determine the charac-
teristic pore size at each stage of desorption of gas from a sample. The average 
speed of methane molecules in the circuit set of a spin-echo at 40°C is 643 m/
sec, which yields diffusion coefficient pore diameters d = 13.7 and 8.9 nm. Note 
that the volatile coal has a high porosity ≈10% of the volume. This is mainly 
open porosity. The largest pores are clearly visible on the surface of an image 
from a scanning electron microscope (Figure 3.27) at the Institute for Physics 
and Engineering of the National Academy of Sciences of Ukraine in Donetsk.

At the final stage of desorption (Chapter 2), the basic processes are the out-
put of methane from the blocks in the open porosity by solid-state diffusion 
and mass transfer to the transport channels via filtration. By analyzing the 
rate reduction of methane over time by amplitude of a spin-echo signal, we 
measured the effective solid-state diffusion coefficient Deff for the first time. 
For anthracite at 313 K Deff = 3.8 ∙ 10–11m2/sec.

Activation energy E is one of the most important parameters for character-
izing the coal–methane state to determine the rate of the thermally activated 
process at a given temperature. Since its value depends on temperature, E 
can be determined by measuring the diffusion rates at different tempera-
tures. The low temperature method for determining activation energy by 
recording the temperature dependence of NMR spectra of gas-saturated coal 
samples allows us to calculate the activation energy of molecular motion (a 
potential barrier for diffusion) [45] by Equation (3.13).

To calculate activation energy, it is necessary to know the diffusion coef-
ficients at various temperatures. Deff can be defined in two ways: (1) from 
the tangent of an angle of slope of the curve of decrease of the NMR signal 
amplitude over time and (2) the desorption characteristics of methane from 
coals of different fractions. For reliability, we measured the diffusion coef-
ficients by both methods. Anthracite was selected for analysis because it has 

10 kV X10,000 1 µm 0294 09 41 SEI

FIGURE 3.27
Image of surface of volatile coal with characteristic pore sizes.
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the most developed system of closed pores; thus desorption lasts for sev-
eral days, sometimes weeks. Figure 3.28 shows changes over time and signal 
amplitude on a stationary spectrometer at 293 K.

The experiments were repeated on a fraction with particle sizes an order 
less than 0.25 to 0.5 mm (particle size of the previous group was 2.0 to 2.5 
mm). Gas-saturated samples of all fractions were examined sequentially by 
NMR spectrometry. We recorded the narrow and wide lines of PMR spectra 
to determine the number of resonating nuclei of hydrogen protons in the 
structure of coal and methane. Since the proton content of a coal substance 
is constant, the results of the measurements were determined by the initial 
relative concentrations of the hydrogen protons of methane in the sample of 
each fraction by the formula:

	
W
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w
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Δ 	 (3.42)

where ∆Sn, ∆Sw are areas of the narrow and wide lines of the NMR spectrum, 
respectively. After baseline determination of methane content in coal samples 
from the two fractions, the samples were kept for 6 h, after which we determined 
the residual amount of methane W(t) by Equation (3.31). The diffusion coeffi-
cient was defined as the average number of protons of methane in three samples 
for each fraction. The diffusion coefficient of methane was calculated by
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where R1 and R2 are sizes of coal fractions (m); t is desorption time (sec); and 
Q1 and Q2 are the relative changes in methane quantity during the desorp-
tion corresponding to each fraction:
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Calculations by two methods yielded Deff = 1.75 · 10–11 m2/sec in close agree-
ment. Since we obtained diffusion coefficients obtained at different tempera-
tures for a single anthracite sample, we can determine activation energy:
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where R is a universal gas constant. Based on T1 = 293 K (stationary NMR) 
and T2 = 313 K (spin-echo), E = 29.55 kJ/mol. For comparison, we note that the 
activation energy of the structural adjustment chains of anthracite coal sub-
stance at the change of the energy potential of the molecular structure is 250 
kJ /mole. With NMR, we were able to determine the coefficient of Knudsen 
diffusion in the transport channels and solid-state diffusion coefficient in 
the organic matter. Application of x-ray analysis with NMR (on the same 
coals) showed changes in the structure of methane-saturated coal compared 
with dried coal [87]: increased ordering of the carbon structures of methane-
saturated coal and modified x-ray parameters. Gradually, with desorption of 
methane, the x-ray parameters returned to the originals. This confirms that 
methane is introduced into a coal structure and changes it and these changes 
are reversible.

3.4  Phase State of Binding in Rocks

Binding samples of coals and rocks to analyze their behavior at true triaxial 
compression unit (TTCU) loading is used to prevent sudden outbursts of 
coal and gas and improve the sustainability of mine workings.

3.4.1  Polymer Compositions in Coals

Physical and chemical measures can prevent sudden outbursts of coal and 
natural gas during the development of workings, in stopes on cragged out-
burst-dangerous coal seams characterized by low strength and large dif-
ferences in strengths of individual coal patches in a seam, and in zones of 
geological faults, and surrounding areas. Impact is measured after the injec-
tion of a polymer solution into a coal seam that transforms into a solid state 
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over time under the influence of a curing agent that alters the mechanical 
and filtration properties of the massif [90].

The injection of liquid polymer causes a piston displacement of free meth-
ane and partial desorption of solution on the surface of the coal. After satu-
ration of the treated area, the reservoir solution hardens, exhibits low gas 
permeability, and overrides micropore and filtration volumes. On contact, a 
coal–solid polymer adhesive bond forms and holds the polymer in the occu-
pied volume.

Intentionally changing the natural properties of coals in an array by physi-
cal and chemical methods can minimize hazardous conditions:

•	 Gas dynamics: increasing the plasticity and coal particle bonds and 
reducing the rate of filtration and diffusion of gas

•	 Gas emission: blocking methane in the porous spaces of coal
•	 Dust and dust emissions: use the higher plasticity and adhesion of 

polymers for control.

For physical and mechanical effects on coal strata, a 24% aqueous solution 
of urea formaldehyde (carbamide) resin (KM-2) was used along with a hard-
ener of 20% NH4Cl. One condition for qualitative saturation with KM-2 is the 
correct choice of the transition time of the solution from liquid to solid. This 
time depends on the amount of hardener, pore volume filling speed, and 
quality of the KM-2.

Monitoring the status and dynamics of the permeability of the KM-2 poly-
mer in the seam was carried out by NMR because the technique reveals full 
information about the phase state of the polymer. The studies were conducted 
at different concentrations of hardener and under various thermodynamic 
conditions. The NMR spectrum of liquid urea formaldehyde resin solution 
is a narrow line of width ∆H1 = 0.22 Oe (Figure 3.29).

During curing (polymerization), line broadening ∆H1 to 0.4  Oe and the 
emergence of a broad line (∆H3 = 12.1 Oe) with small intensity were observed. 
Figure 3.30 shows the NMR spectra of solid polymer (a) and of coal–solid 
polymer systems (b). The spectrum of the polymer consists of two compo-
nents with a line width ∆H1 = 0.4 Oe and ∆H3 = 12.1 Oe. The spectrum of coal 
represented by one line was ∆H2 = 5.5 Oe.

Polymerization times may differ based on the amount of curing agent added 
to the aqueous KM-2. In NMR spectra, the start (after increasing the width 
of the narrow ΔH1 line) and the end of polymerization (ΔH1 reaching 0.4 Oe 
and appearance of a wide line) can be determined. During polymerization, 
resin KM-2 is a solid and its low strength is easy to destroy. It is therefore 
important to know when polymerization is finished. NMR spectra precisely 
define the beginning and end of polymerization. Figure 3.31 shows the depen-
dence of polymerization time on the amount of hardener. This serves as a 
basis to determine the amount of curing agent required for any specific time 
of polymerization.
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When analyzing the temperature dependence of the line width of NMR 
spectra of liquid and solid polymers, specific patterns appear (Figures 3.32 
and 3.33). For a solid polymer (at T = 24°C) ∆H1 = 0.4 Oe and ∆H3 = 12.1 Oe 
(Figure 3.32). At 180 to 190°C, the polymer is destroyed. As the temperature 
decreases, the narrow component of the spectrum broadens to ∆H1 = 5 Oe 
and disappears after T = –100°C. The broad component ∆H3 reaches 15 Oe.

Changes to the liquid polymer are somewhat different from changes to 
the solid. At T = 24°C, the spectrum consists of only one narrow component 
at ∆H1 = 0.22 Oe. At –10°C, a wide component ∆H2 = 13 Oe broadens with 
decreasing temperature to 16 Oe. The narrow component of the spectrum, 
up to 5 Oe, disappears after -90°C. Higher values of ∆H1 at low temperatures 
in liquid solution are connected with the peculiarities of the crystallization 
of the adsorbed and free water.

The second moments [∆H]2 of liquid and solid polymers differ only at indoor 
temperatures: [∆Hl]2 = 1 Oe2 and [∆Hsol]2 = 13.5 Oe2. As temperature decreases, 
the difference between the second moments of liquid and solid polymers 
becomes less noticeable. Experiments were carried out to define the influence 
of pressure on penetrating power in coal pore spaces. Figure 3.34 shows the 
dependence of the penetrating power of polymer on pressure. The filling of 
pore spaces of coal samples of 5 cm3 with polymer was controlled by NMR.

The differences in forms of NMR spectra and their temperature depen-
dence may be used to determine the amounts and phase conditions of a 

ΔH1 = 0.223

H, Oe

FIGURE 3.29
NMR spectrum of resin of 24% aqueous solution of urea–formaldehyde.
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polymer solution input into a coal seam. According to the intensity of the 
subintegral area of the narrow component of NMR spectra, the quantitative 
distribution of injected solution to the volume of a layer is defined.

The termination of hardening is controlled by the occurrence in a spec-
trum of a wide component ∆H2 = 12.1 Oe at the width of a narrow component 
of spectrum ∆H1 = 0.4  Oe. At a low concentration of polymer in a unit of 
coal volume, the termination of hardening is controlled by the increase of 
the value of the second moment of the NMR spectrum of the coal–polymer 
system.

To prove the efficiency of NMR for controlling quantity and phase condi-
tion of polymer in a seam, a water solution of 24% urea formaldehyde resin 
with chloride and ammonium hardener was injected into a coking coal mas-
sif at the Kalinina Mine (Artemugol) hardening was expected within 11 
days. The processing of the seam by the polymer and the control of its phase 
condition by NMR allowed undisturbed operation of the face needed for 
additional actions to control gas dynamic phenomena.

ΔH1 = 0.43

ΔH3 = 12.13

H, Oe

(a)
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FIGURE 3.30
NMR spectra. 1. Solid polymer. 2. Coal.
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Dependence of gelation time t (polymerization) for 24% aqueous solution of urea formalde-
hyde resin with 20% ammonium chloride. Circle = start of polymerization. Triangle = end of 
polymerization. n = number of hardener parts per 10 parts of resin solution.
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3.4.2  Binding in Rocks

The number of the complex mechanized methods for clearing faces in coal 
mining continues to grow. However, the coal extraction from faces has 
decreased slightly due to the transition to greater depths and complications 
arising from mining and geological conditions. As rock pressure increases, 
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FIGURE 3.33
Dependence of the second moment of NMR [∆H]2 spectra on temperature t in liquid (1) and 
solid (2) urea formaldehyde resin.
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Influence of pressure P on speed of penetration of liquid polymer in fossil coal.
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the strong top covers of coal seams lose stability. Coal extraction is accom-
panied by roof collapse. The coal inrush leads to down time of equipment, 
increased labor, decline of productivity of work and quality of coal, deterio-
ration of conditions, and compromised safety.

In difficult mining and geological conditions, the cost of implementing 
and maintaining preparatory mine workings rises sharply and labor pro-
ductivity decreases. Labor input represents 50% of the general expenses of 
sinking workings. The support and maintenance of preparatory and perma-
nent mine workings create “bottle necks” during the tasks of sinking shafts 
and tunneling. About 15 to 20% of underground workers are involved in 
maintaining and repairing mine workings. One important way to increase 
the stability of top covers of coal seams and mine workings is hardening 
of rocks, usually via chemical or combined physical and chemical methods 
such as injections of chemicals and cementation.

Outside Ukraine, bonding solutions such as polyurethane, magnesia, and 
anhydrides (Germany), AM-9 (U.S., Canada, Great Britain), and sumisoil 
(Japan) are widely used. In domestic practice, magnesia solutions and solu-
tions based on carbamide resins are mainly used. To harden unstable rocks, 
phenol formaldehyde, magnesia compositions, and resin TSD-9 polyure-
thane are used.

To develop effective methods for harden mining rocks, it was necessary to 
develop criteria to estimate the phase conditions of bonding solutions and 
their efficiencies. It is important to know the properties of bonding solutions 
and rocks to which they will fasten to harden effectively.

Magnesia components belong to a class of inorganic glues and cements. 
They are based on interactions of magnesium oxide with solutions of chlo-
ride or sulfate magnesium. Magnesia cement represents the connection of 
MgCl2 · 7MgO · 14H2O. The components of magnesia solution are nontoxic 
and incombustible and are obtainable at low cost. Crack widths, humidity, 
and dust contents of processed surfaces do not influence bonding capaci-
ties of these solutions. Their high mobility and plasticity allows them to be 
pumped over several hundreds of meters. The hardening process begins 
in 1 h; the strength of uniaxial compression σcomp = 10  MPA is reached 
within 3 h.

The main disadvantage of the magnesia solution is fragility. To improve 
their plastic and adhesive properties, polymers and softeners may be added. 
Examples are polyvinyl acetate (PVA) emulsion and butadiene–styrene latex. 
These materials exerted a positive influence on the rheological properties of 
magnesia solutions and reduce the time of stiffening and thickening. Five 
solution mixtures were analyzed:

Solution I	 MgCl2 25 ml, PMK-83 40 g
Solution II	 MgCl2 25 ml, PMK-83 40 g (PVA 7 ml)
Solution III	 MgCl2 25 ml, PMK-83 40 g (latex 10 ml)
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Solution IV	 Solution II plus rocks (aleurolite with sandstone)
Solution V	 Solution III plus rocks (aleurolite with sandstone)

PMK-83 is caustic magnesite powder (80% MgO, 20% CAO, SiO2, FEO3, SO3 
…). All prepared solutions were analyzed on NMR equipment daily for two 
weeks.

Figure 3.35 illustrates the NMR spectrum of a solid magnesia solution. The 
spectrum consists of two lines: a wide line with width ∆H2 and a narrow line 
with width ∆H1. The hardened composition reveals two groups of hydrogen 
atoms. A wide line (∆H2) is formed by the atoms rigidly connected with the 
crystal composition of the substance; a narrow line (∆H1) is formed by mobile 
atoms. The wide line appeared on the second day after solution preparation 
and its width changed little during hardening. Only the narrow line wid-
ened. Therefore only the narrow line registered changes. Table 3.5 presents 
the data that lead to the following conclusions.

Solutions I and III behave approximately equally. Before the eighth day, a 
gradual increase of ∆H1 appeared and the spectrum is represented by one line. 
On the eighth day, the spectrum split into two lines representing two groups 
of atoms with different mobilities. On the 11th day, the NMR spectrum again 
consisted of one line that increased for a time. The definitive widths of ∆H1 
for solutions I and III were 0.73 and 0.66 Oe, respectively (Table 3.5), indicat-
ing that linking of atoms was stronger in solution I than in III.

Solution II behaved a little differently. The spectrum revealed a second line 
on the eighth day, but it disappeared the next day. It is obvious that harden-
ing in solution II occurred faster and ended earlier (on the 10th day). Based 
on final values of ∆H1 for all solutions, protons in solutions I and II were most 
rigidly fixed and the least rigid protons were in solution III, proving that 
solution III is more plastic.

ΔH1 = 0.73 Oe

ΔH2 = 12.1 Oe

H, Oe

FIGURE 3.35
NMR spectrum of solid magnesia solution. ∆H2 = width of line of rigidly connected hydrogen 
atoms. ∆H1 = width of line of mobile atoms.
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Hardening in mixtures of magnesia solutions with rocks is somewhat dif-
ferent. The double line appeared on the first day for solution IV and on the 
second day for solution V. On the sixth and seventh days, the spectra of mag-
nesia compositions with rocks consisted of one line that continued widening 
for several days. On the 11th day, the line width stabilized. ∆H1 was 0.74 Oe 
for solution IV and 0.79 Oe for solution V. The linking of protons with a lat-
tice is stronger for solution V.

Simultaneously with controlling the phase conditions of magnesia solu-
tions under unequal compression (Chapter 1), durability testing was car-
ried out. Figure 3.36 illustrates the dependence of line width and ultimate 
strength under uniaxial compression on the time of solution hardening, 
sample strength, and spectrum line width for 10 days. Further increases of 

TABLE 3.5

Dependence of NMR ∆H (Oe) Line Width and Spectra of Magnesia 
Solution on Time

Day Solution I Solution II Solution III Solution IV Solution V

1 0.26 0.25 0.27 0.36; 0.59 0.25
2 0.39 0.29 0.42 0.36; 0.58 0.38; 0.69
3 0.54 0.31 0.45 0.43; 0.6 0.4; 0.68
4 0.57 0.35 0.49 0.5; 0.66 0.41; 0.7
5 0.62 0.36 0.5 0.36; 0.78 0.6
8 0.58; 0.82 0.51; 0.71 0.51; 0.73 0.69 0.7
9 0.56; 0.71 0.64 0.51; 0.72 0.69 0.72
10 0.54; 0.78 0.72 0.51; 0.71 0.74 0.79
11 0.71 0.72 0.65 0.74 0.79
12 0.73 0.72 0.66 0.75 0.79
13 0.73 — 0.66 — —
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FIGURE 3.36
Dependences of ultimate strength σ and ∆H width lines of NMR spectra of magnesia solution 
on hardening time t.
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strength and line width were not observed. Thus, the stabilization of line 
width confirms the maximum strength of magnesia solution.

Because solution III revealed the best durability characteristics, we focused 
further studies on it. The influence of temperature (5, 10, and 24°C) on mag-
nesia composition hardening, humidity (72 and 98%) of the surroundings, 
and humidity of the rocks (0.6, 1.5, and 2%) was studied. At room tempera-
ture, hardening of solution III occurred faster and terminated earlier. The 
maximum size of spectrum line width was 0.78 Oe. At 10°C, the stabilization 
of spectrum line width occurred on the 12th day and was 0.66 Oe; at 5°C, 
the maximum value ∆H was reached on the 15th day and was 0.5 Oe. With 
a decrease of temperature, the mobility of protons increases and the plastic 
properties of solution improve but the strength decreases a little. At constant 
temperature and different humidity of hardened rocks, we observed that 
the higher the rock humidity, the smaller the widths of lines. Thus the plas-
tic properties are better but the time of stabilization ∆H increases. At a sur-
rounding humidity of 98%, hardening occurs more slowly for all solutions 
and at different temperatures (Table 3.6). Thus the plastic properties of the 
researched systems improved.

This research provided criteria for controlling phase conditions of mag-
nesia solutions in seams. Over time, the strength increases in samples in 
a hardened magnesia solution. For pure magnesia solutions and magnesia 
solutions containing PVA, the division of NMR spectra into two components 
in five days indicates a decrease of the elasticity module.

Of these three compositions, the most plastic is the magnesia solution 
with latex addition. The width of a spectra line is the smallest, confirming 
the lower rigidity of bonds. Since pure magnesia solution is most brittle at 
the greatest strength, it is recommended for use with additions of polyvi-
nyl acetate and latex. The seams hardened by these solutions can be worked 

TABLE 3.6

Dependence of Line Width ∆H (Oe) of Magnesia Solutions on Time t and 
Surrounding Humidity Wsur

Day

∆H (Oe)

Solution I Solution II Solution III Solution IV Solution V

1 0.2/0.16 0.2/0.14 0.19/0.15 0.17/0.15 0.16/0.13
2 0.32/0.21 0.21/0.16 0.26/0.19 0.25/0.2 0.21/0.18
3 0.36/0.25 0.27/0.21 0.33/0.21 0.31/0.25 0.25/0.21
4 0.4/0.27 0.35/0.24 0.4/0.23 0.32/0.30 0.36/0.27
5 0.42/0.29 0.37/0.26 0.45/0.26 0.42/0.32 0.4/0.30
6 0.44/0.3 0.4/0.27 0.47/0.29 0.45/0.36 0.42/0.31
10 0.47/0.3 0.45/0.3 0.55/0.32 0.53/0.42 0.47/0.36
15 0.56/0.31 0.5/0.32 0.55/0.34 0.58/0.45 0.5/0.36
20 0.6/0.31 0.55/0.33 0.55/0.34 0.6/0.45 0.55/0.36

Note:	 Numerator = 72% humidity. Denominator = 98% humidity.
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in 10 days when they completely reach a solid condition, as confirmed by 
NMR spectra.

The phase conditions of urea–formaldehyde (UF) resins were studied. 
These resins are applied along with magnesia solutions to harden rocks. UFs 
contain a wide range of low cost raw materials and are economical, flame-
proof, and explosion-proof. Another benefit is the water solubility of uncured 
UF resins that allows easy preparation of solutions from mine water and 
simple equipment washing after testing.

Carbamide solution consists of (1) UF resin, (2) PVA, and (3) molysite FeCl3 
(hardener). The proportion of components is 5 to 0.75 to 1. Careful mixing 
of the components yields a homogeneous yellowish, low viscosity liquid. 
Thickening time depends on the quality of mixing and usually occurs within 
10 to 20 minutes—long enough to allow injection of the solution.

UF resin in carbamide contains the R-NH2 amino group and R-CH (formal
dehyde). The condensation of resins occurs during the reaction of poly-
condensation under the influence of acid solutions. The subdivided and 
cross-linked chains of carbamide resin are formed:

	 NH → CO → N → CH2 → NH → CO → N → CH2 → CH2OH	 (3.45)

Chain monomers (elementary molecules) are linked by strong chemical 
bonds 0.1 to 0.15 nm long but between the chains there are far weaker inter-
molecular bonds 0.3 to 0.4 nm long. Due to its chain structure, a polymeric 
molecule is capable of flexible deformation. A long, repeatedly bent molecule 
is capable of straightening by means of chain flexibility without cleavage.

Let us consider the process of resin hardening. To a prepared mixture of 
resin UF and PVA, the FECl3 hardener is added and carefully mixed for 5 
min. The liquid resin initially is easily soluble in water. After condensation 
starts, the resin becomes a solid consisting of a friable elastic gelatinous 
material that thickens over time. The phase condition of resin is controlled 
according to NMR spectra (Table 3.7).

As the UF resin hardens, the durability of the solution and increases and 
its plastic properties decrease. To establish the correlation of phase condition 
of a UF resin and its strength and deformation properties, a parallel study 
by NMR method focused on the effects of the strength properties of resin 
on the true triaxial compression unit (TTCU, see Chapter 4, Section 4.2). To 
learn about the behaviors of rocks and hardening resins, UF was subjected 
to unequal compression levels σ1>σ2>σ3 corresponding to real conditions in 
a massif. The tests were conducted at minimum compression stress σ3 = 0.5, 
10, and 20 MPA, modeling the gradual sinking into a roof.

The changes of phase condition of the resin UF were noted On the first and 
second days after the moment of resin hardening, the lines simply consisted 
of a single resonant line with intensity I1 (Figure 3.37); width was minimum, 
indicating the high mobility of molecules. This is explained by cross-linking 
of small linear molecules of the uncured resin into long linear chains at the 
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start of hardening. The studies of TTCU demonstrated that cured resin is 
characterized by high plasticity (deformation up to 15%) and low, but grad-
ually increasing strength. On the third day, a second, wider line of small 
intensity I2 appeared (Figure 3.38). This indicates that the formation of cross-
linking between linear chains begins in the resin and the resin represents a 
two-phase system in which each phase has a different mobility. The strength 
reaches its peak at this time and the resin is plastic enough (deformation to 
8%). The relation of intensities I2/I1 at this moment is 0.3. By the beginning of 
the fourth day, a fast increase of intensity produces a wide line ∆H2 due to the 
formation of a considerable number of cross-section linkings. The quantity 
of molecules in the mobile phase sharply decreases. The strength of the com-
pound returns to its level before maximum but deformations decrease up to 
2%, that is, embrittlement takes place.

H, Oe
∆H

FIGURE 3.37
NMR spectrum of carbamide solution at t = 2 days.

TABLE 3.7

Form and Width Changes of UF NMR Spectra Lines over Time

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

∆H1, Oe 0.09 0.15 0.2 0.29 0.3 0.34 0.34
∆H2, Oe – – 0.75 0.52 0.55 0.57 0.57

Day 8 Day 9 Day 10 Day 11 Day 13 Day 20

∆H1, Oe 0.37 0.43 0.44 0.46 0.49 0.67
∆H2, Oe 0.6 0.6 – – – – 
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Another issue is the change of phase of a UF resin at the point of contact 
with rock. The phase condition of carbamide is greatly influenced by the 
rock and its surroundings. Sandstone rock was crushed into 1- to 2-mm par-
ticles and added to a liquid solution of UF resin and hardener. The hardened 
mixture was divided into 20 samples, half of which were placed into a desic-
cator with humidity W = 100%; the remainder were left in the open air (W 
= 60%). Each sample was analyzed twice in a NMR spectrometer. Samples 
from the surface (“a”) and from the middle (“b”) were taken. An hour after 
the beginning of hardening, a very complex and identical spectrum consist-
ing of three components (∆H1 = 0.17 Oe, ∆H2 = 0.28 Oe, ∆H3 = 0.5 Oe) was 
produced for each part of the sample. The third component is the result of 
carbamide adsorption on the rock surface. The carbamide adsorption on the 
rock surface led to faster loss of atom mobility (Table 3.8). The humidity in 
the middle of the sample slows adsorption, as shown in the table.

Let us consider the change of the spectrum form and line width for W = 
60%. In case “a” (samples from rock surface), the polymerization process was 
similar to the process with the pure resin. Two days later, the intensity of a 
wide line (∆H3 = 0.79 Oe) in comparison with the intensity of a narrow line 
(∆H2 = 0.24 Oe) was insignificant. This proves most molecules were still very 
mobile. The reduction of molecule quantity and increase of mobility (∆H2 
= 0.29 Oe) started three days later for “a” samples as we can see from their 
spectrum. The width of line ∆H2 = 0.29 Oe increased in comparison with 
indications for the second day ∆H2 = 0.24 Oe. This means that the group 
of molecules that yield lines with width ∆H2 undergo a gradual transition 

H, Oe

∆H2

∆H1

FIGURE 3.38
NMR spectrum of carbamide solution at t = 3 days. The I2/I1 ratio at this moment is 0.8 
(Figure 3.39).
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FIGURE 3.39
Dependences of ultimate compression strength σ (1), relative deformation ε (2), and relation of 
intensity of NMR spectra lines I2/I1 (3) of rock–resin UF system on hardening time t.

TABLE 3.8

Line Form and Width Changes (Oe) of NMR Spectra of 
Urea–Formaldehyde Resin Caused by Time and Humidity

Day
Place of 

Sampling

Humidity 60% Humidity 100%

∆H1 ∆H2 ∆H3 ∆H1 ∆H2 ∆H3

0.05 a, b 0.17 0.28 0.5 0.17 0.28 0.5
1 a – 0.22 0.52 0.17 0.22 0.39
1 b 0.17 0.27 0.54 – – –
2 a – 0.24 0.79 – – –
2 b 0.18 0.27 0.54 0.18 0.26 0.63
3 a – 0.29 0.53 – – –
3 b 0.15 0.26 0.53 0.22 0.32 0.54
6 a – 0.32 0.54 – – –
6 b 0.16 0.32 0.54 0.2 0.3 0.54
7 a – 0.32 0.53 0.19 0.3 0.54
7 b – 0.32 0.54 – – –
8 a, b – 0.33 0.62 0.15 0.29 0.53
9 a, b – 0.34 0.63 0.13 0.28 0.53

Note:	 a = surface of sample. b = middle of sample
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to a more bound state. Seven days later, the intensities of the two lines for 
samples from the surface are almost identical.

The hardening process for “b” samples was different. The complex three-
component line with widths ∆H1, ∆H2, and ∆H3 remained for six days. On the 
seventh day, polymerization leveled. A two-phase system existed both in the 
middle and on the surface of the resin. Although the NMR spectra for “a” 
and “b” also consisted of two lines (∆H1, ∆H3), their intensity was not equal. 
For “b” the intensity of lines with ∆H2 is considerably higher than the inten-
sity for the same line for “a” samples. This means that the cross-linking of 
linear chains on the surface is almost finished. In the middle, the substance 
is mobile, i.e., only partial linking of chains occurred. After the seventh day 
the forms and widths of lines of all parts of the samples were identical.

Such non-uniform polymerization for “a” and “b” occurs because the top 
layers of the substance slow water separation from the middle during cross-
linking of polymeric chains. The narrow line with width ∆H1 proves that 
during polymerization, an accumulation of water for several days in the sub-
stances in the adsorbed condition slowed the further cross-linking of poly-
meric chains.

The spectra received from processing samples from a damp atmosphere 
show that water from polymerization that remains in the samples consid-
erably slows the process of chain cross-linking, and molecules in resin are 
longer in the mobile state (Table 3.8).

Polymerization in the middle and on the surface of samples takes place 
equally. During hardening, the intensity of the resonant line with width ∆H1 
decreases and ∆H1 increases (from 0.15 to 0.22). However, after eight days, 
the width of ∆H1 again decreases (Table 3.8) because in a polymer in a damp 
environment, water desorption and adsorption take place simultaneously. 
Also the intensity of the ∆H2 line decreases, but much more slowly, than in 
the case of hardening of mixture at 60% humidity. Thus, polymer hardening 
depends mainly on humidity.

Optimum conditions for working out the layers processed by the resin 
appear on the second day when the relation of intensity I2/I1 varies from 
0.3 to 0.8. With the increase of rock and surrounding humidity, resin 
hardening slows (the resin is plastic but not sufficiently strong). The opti-
mum periods may be determined based on changes of the intensity rela-
tion I2/I1.

3.5  Conclusions

NMR methods are used widely to study the structures and characteristics of 
fossil coals and rock massifs. Modern highly sensitive spectrometers allow 
precise qualitative and quantitative analyses of coal and pore structures, 
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methane and water sorption, phase conditions of methane in coal during 
coal extractions from seams, and redistribution of methane between phases 
during desorption. NMR is also useful for analyzing the diffusion and filtra-
tion processes within coal pore spaces. NMR can be successfully combined 
with other techniques based on temperature and baric concepts and yields 
precise information about the changes of coal material states and fluid intru-
sion arising from the influences of external factors.

In practice, NMR is used to control humidity of coal seams, determine 
outburst dangers, and also assess the effectiveness of special solutions and 
water injected into coal seams to prevent outbursts. Progress in instrument 
engineering led to the availability of portable NMR equipment now used to 
analyze coal and rock characteristics directly at production sites, in laborato-
ries, and even in mine workings. Portable equipment reduces analysis time, 
increases the accuracy and adequacy of results, and helps mine operators 
make correct conclusions about coal conditions in seam and the efficiency of 
anti-outburst measures. The importance of NMR for coal and rock research 
will continue to increase.
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4
Behaviors of Rocks and Coals in Volumetric 
Fields of Compressive Stresses

In recent years, solving problems connected with analysis of the limit states of 
rocks has seen an essential change based on the use of physical and mechan-
ical characteristics of rocks. The earliest indicator of limits was temporary 
resistance to uniaxial compression or tension. We now have the ability to 
simulate physical and mechanical characteristics in conditions close to the 
real ones. Conditions of loading are usually described by estimating the val-
ues of three main stresses.

Direct research of the mechanical processes that occur in massifs, i.e., 
under natural conditions, presents considerable technical difficulties. The 
most practical way to determine the characteristics that adequately reflect 
massif state is physical modeling with triaxial compression units.

4.1  Experimental Technique

Karman [1] was the first researcher who subjected solid objects (marble, 
sandstone) to high stress under three different positive stresses and deter-
mined the values of the stresses over the entire process of deformation. He 
conducted the experiment with a special unit in which he could subject a 
cylindrical sample to hydrostatic pressure with a simultaneous applica-
tion of additional axial stress σ1. Both stresses could be measured. The 
hydrostatic stress was kept constant while the axial stress was changed. 
In Böker’s experiments, the axial stress was kept constant while the side 
(hydrostatic) pressure was increased gradually until plastic deformation 
began [2].

Bridgeman later studied solid objects under volumetric stress conditions 
according to Karman’s scheme σ1 ≠ σ2 = σ3. He considerably increased the 
maximum pressure and found first and second order transitions in some 
materials [3].

At present, Karman’s loading scheme is used widely to examine rocks in 
volumetric stress conditions both in the Ukraine and abroad. Differences 
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in methods relate only to the way of changing the side pressure. The basic 
results of the research to date can be summarized as follows.

	 1.	The strength and plasticity of rocks and minerals grow with increas-
ing hydrostatic (side) pressure.

	 2.	Plastic deformation of rocks is accompanied by an irreversible 
change of their volume (dilatancy) that causes a qualitative change 
of their structures. During a hydrostatic pressure increase, a specific 
maximum volume change based on rock features occurs. On the 
whole, the increase of the side pressure leads to a change (suppres-
sion) of compaction dilatancy.

	 3.	With an increase of side pressure, the coefficient of diametrical 
deformation and thrust grows. The data showing changes of elastic-
ity, deformation, and shear are controversial.

4.1.1  Literature Review

The results obtained during deformation of the rocks in accordance with 
Karman’s scheme are significant for explaining the mechanical processes 
taking place in a massif. In certain situations, for example, assessing 
conditions in the bottom hole of a mine working where the stress is truly 
triaxial, it is necessary to utilize a modelling scheme with three different 
main stresses.

Experimental studies involving models are necessarily narrower because 
of the considerable technical difficulties encountered in constructing units 
that produce true triaxial compression. Most triaxial compression units used 
for testing rocks have certain weak points: (1) small sample sizes that compli-
cate the problem of scale effect; (2) the lack of a closed chamber for samples, 
leading to edge effects and high friction losses; and (3) main stresses are 
calculated and not measured by some units.

At the Institute for Mining Telemechanics of the National Academy of 
Sciences of Ukraine, a device [4] was constructed to test the strengths of rock 
samples under true triaxial compression. A set value of lateral thrust was 
maintained automatically and the elements were based on the principle of dry 
friction. The force elements of the device were devised to provide the maxi-
mum pressure on a sample up to 30 MPa. One advantage of this device is its 
rigidity. Acoustic and ultrasonic emissions were used with the device to study 
the processes that occur inside samples.

To determine the parameters of hydrodynamic influence on coal seams 
[5], a series of experiments on destruction of porous objects were conducted 
under different process parameters using a special unit that can produce pres-
sures up to 40 MPa. At the end of the twentieth century in the United States, 
laboratory research focused on the transport qualities of the rocks under 
conditions of triaxial stress to achieve better predictions of the efficiency 
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of hydrocarbon reservoirs. Experimental units for volumetric loading were 
designed and constructed. The following activities are of special interest.

Sayers et al. [6] described a unit of triaxial loading to test cubic samples of 
rocks with 50 mm ribs. The device can apply compressive stress up to 120 MPa 
along each main direction. It was first used to measure the velocities of lon-
gitudinal (P) and polarized diametrical (S) waves and mechanical qualities 
of dry samples. Smart [7] later described an alternative triaxial chamber for 
testing cylinder samples. Several flexible pipes installed between the cham-
ber walls and the sample casing were used to apply various minimum and 
medium stresses in radial directions. The differentiated radial pressure 
around a sample was provided by supplying liquid at different pressures to 
the pipes. Vertical pressure is applied along the axis to the prepared plane-
parallel ends of a sample. However, the geometry limited the minimum and 
main mean stresses (usually the maximum difference of pressures must not 
exceed 15 MPa).

At the Imperial College (London), a unit of triaxial loading [8] was 
designed for cubic rock samples with 51-mm ribs. All three main loading 
components operated independently from each other at any value from 
zero to 115 MPa in two horizontal directions and up to 750 MPa in a vertical 
direction. The unit was successfully applied to create a network of breaks 
and microcracks oriented perpendicularly to minimum main stress and 
determine the permeability and velocity of ultrasonic P and polarized S 
vibrations, and mechanical qualities such as strength and deformability. 
The unit was later modified to handle injections of one- and two-phase 
pore liquids under the increased pressures into cubic samples with 40-mm 
ribs. The modified system was equipped with a device to control the liq-
uid supply. It could develop deviatory components exceeding 200 MPa 
and intraporous pressures up to 145 MPa. At present, the system can mea-
sure various petrophysical characteristics such as permeability, velocities 
of acoustic waves, and electric conductivity in different directions under 
mono-phase and multi-phase intraporous filling. The coordination of 
compliances and high plane-parallelism of ends and supports provides 
homogeneity in distributing ultimate stresses with minimal end and edge 
effects [9]. The designation of main stresses along the sample axes are max-
imal (σ1) directed along an axis z, medium (σ2) directed along axis y, and 
minimal (σ3) directed along axis x. The construction of the experimental 
unit [10] includes certain key elements.

•	 A special loading frame in which a vertical hydrocylinder produces 
maximal pressure (z-direction) and has a support ring of aluminum 
alloy with four horizontal hydrocylinders was designed to pro-
duce two orthogonal components of stress in the horizontal plane. 
The values of all three main components are under the control of a 
hydraulic servosystem with feedback capabilities. The sample defor-
mations are measured by linear displacement transducers located 
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in pairs on each main axis while outer stresses are conducted to the 
sample through the original plastic–ceramic composite supporting 
plates reflecting the geometry of a 40-mm cube.

•	 A gas accumulator (container) with a pressure control to create and 
maintain pressure of the intraporous medium. A sample is isolated 
from the atmosphere via a rubber casing placed in advance and 
held by the loading plates. The casing makes it possible to produce 
increased pressure in pores.

•	 Blocks for measuring capillary pressure and electric parameters 
including two gas and oil devices for precise measurements of 
changes in pore volume and liquid movement.

•	 A gas and liquid hydrodynamic system to measure rock permeabil-
ity in the direction of axis z. The system consists of a flow meter and 
two pressure sensors with a numerical panel showing incoming and 
outgoing liquid pressures. Incoming liquid pressure is created and 
maintained by the gas accumulator.

•	 A recorder that continuously registers applied loads, intraporous 
pressures, and displacements.

Measurements of permeability and electric resistance were carried out in 
three main directions. With this purpose a cubic sample was turned with a 
corresponding side: its facets were marked beforehand with indices x, y or z. 
Each time the sample was loaded, the air was pumped out and the stresses 
were gradually brought to a set level. For these experiments a 5% solution of 
NaC1 was used as flowing liquid and the intraporous pressure was kept at 
the low level: at around 0.69 MPa.

After calculation of permeability and registration of electric resistance 
in the given direction, the stresses were slowly decreased. The sample was 
unloaded, turned, and loaded again. As the sample was turned, the stresses 
were redirected and gradually brought to a certain level. After achieving 
equilibrium and calculation of transport qualities in the second direction, all 
the procedures were repeated for the third direction.

For every selected deep and surface sample of sandstone from deposits in 
St. Bees and Springwell, a series of experiments was conducted. Each sam-
ple was subjected to tests at high and low stresses and under triaxial and 
equivalent hydrostatic stress conditions. To study low stresses, the samples 
were tested with an equivalent hydrostatic stress of 6.9 MPa. In triaxial stress 
conditions, ratios of maximum, medium, and minimum stresses were 1.0, 
0.8, 0.6 and absolute values were 8.6, 6.9, and 5.2 MPa, respectively. For high 
loads, the hydrostatic pressure was maintained at 34.5 MPa while the ratio 
of components in triaxial loading was the same, corresponding to absolute 
values of 43.1, 34.5, and 25.9 MPa.

A 5% solution of NaC1 was used as a flowing liquid during all measure-
ments of permeability and electric resistance. The anisotropy coefficients 
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of permeability and electric resistance were calculated under high and low 
stresses while all data on electric resistance were adjusted to account for the 
temperature at the moment of measuring. In all cases, the hydrostatic and 
triaxial stress conditions were compared.

In addition to cubic samples, cylindrical core samples were measured in a 
Hassler chamber [10]. The samples were cut from cores in both horizontal and 
vertical directions and tested for permeability and specific resistance in two 
directions, x and z. Changes of pore volume were estimated by the amount 
of saline solution forced out under stress. The saline amount and the elec-
tric resistance were recorded constantly during the process of subjecting the 
samples to set levels of stresses. At the beginning of each experiment, a sam-
ple was subjected to a small all-round pressure of about 3 MPa. Then hydrau-
lic lines were connected and the sample was pumped with saline solution to 
remove the air from the system. Stress was increased gradually in steps of 
~0.69 MPa up to 6.9 MPa, then in steps of 6.9 MPa up to 34.5 MPa. At every 
step, volume and electric resistance were recorded. Such experiments were 
conducted under both hydrostatic and triaxial stress conditions.

All these systems present advantages and have proven useful in solving 
the problems discussed. To study rock behaviors and changes of their char-
acteristics under all kinds of loadings (generalized according to the Lode-
Nadai parameters of compression, tension, and shear), the preferred system 
is the TTCU (true triaxial compression unit) [11] designed at the Institute of 
Physics of Mining Processes of the National Academy of Sciences of Ukraine. 
The TTCU allows uniform stresses to be exerted on samples and predicts 
ultimate conditions.

A TTCU working chamber that holds a sample of natural material (rock) 
of prismatic form with a 60-mm rib creates stresses in three mutually per-
pendicular directions that are independent of each other and analogous to 
stress conditions in a massif. TTCU can model most uniaxial, compression, 
and tension stresses. By setting a Lode-Nadai parameter of the type of stress, 
one can create a stress state from generalized compression to generalized 
tension, thus modeling and determining the qualities of any part of a massif 
(from virgin rock to pre-working face). The results obtained with TTCU may 
be calibrated with results from other systems.

This ability is very important both for the estimation of data obtained from 
units modeling different stress states and to determine the types of rocks and 
stress states where the ultimate characteristics can be calculated by using the 
constants of materials subjected to uniaxial loading and integrating them 
into the corresponding cadasters.

The results of studies of rocks under conditions of true triaxial compres-
sion obtained by different researchers on different equipment often vary. For 
example, some authors believed that the change of the level of the interme-
diate main stress did not essentially affect the volumetric strength of rocks. 
However, TTCU experiments [12] showed that the intermediate main stress 
σ2 significantly influenced the volumetric strength of the rocks under small 
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levels of minimum main stress σ3 and 0.5 / 13 2< <σ σ , i.e., for modeling of 
a pre-working face of a coal seam. Within the interval of 0. 5 /3 21 < <σ σ 0 5.  
and an increase of σ3, the effect of σ2 on the volumetric strength of rocks 
decreases. At certain sufficiently high levels of spherical tensors, the main 
intermediate stress σ2 does not significantly influence rock resistance to 
destruction (see Section 4.4).

The results of the studies of Lode-Nadai parameter µσ under different stress 
conditions were unexpected and interesting. The generally accepted idea that 
its value remains the same based on strength and deformation parameters 
was not confirmed with studies of rocks. In other words, µσ ≠ µε, and the con-
nection between them is more complex and different for various types of rocks 
[13]. TTCU studies first revealed that during the destruction of sandstone 
in a volumetric field of compressive stresses in the slip plane, considerable 
structural reconstruction via the formation of plastic and fibrous structures 
up to the quartz polymorphism occurs [14]. Thus, to assess the behavior of 
rocks under natural conditions and to obtain data showing their physical and 
mechanical qualities, one studies rocks under true triaxial stresses, coordi-
nates results with other studies, and determines new directions of research.

4.1.2  True Triaxial Compression Unit

The main component of the TTCU is the working tool (Figure 4.1 is an axono-
metric view). Figure 4.2 shows a cut in plane xOz. Supports (5, 11, and 16) are 

1 2 3 4

16

15

14

13

12 11 10

5

6

7

8

z

x

9

y

FIGURE 4.1
Axonometric view of TTCU working tool.
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mounted securely in a frame (1) and provide movement for the working load 
plates (4, 10, and 15) along the guide ways. The loading element consists of 
hydraulic cylinders located on three mutually perpendicular axes that link 
works fastened with soles (2, 7, and 14). The soles transmit stress from the 
loaded unit to the pressure plates (3, 6, and 12) and further onto the sample 
(8). They also serve as guide ways for the working pressure plates. The work-
ing load plates (4, 10, and 15) and the working pressure plates (3, 6, and 12) 
are equipped with springs (9).

As the rods of the hydraulic cylinders travel along three mutually perpen-
dicular axes toward the sample (8), the working pressure plates (3, 6, and 12) 
stack up with each other and with the working load plates (4, 10, and 15). For 
example, pressure plate (12) along axis x glides on a pressure plate (6) and 
a load plate (10). Simultaneously, pressure plate (12) touches pressure plate 
(3) and load plate (15) moves them toward the guide ways of sole (2) with 
respect to support (16). The springs (9) shrink and by releasing force provide 
a constant contact of pressure plate (12) with pressure plate (3) and load plate 
(15). A similar process takes place during the movement of two other rods 
of the hydraulic cylinders (along axes y and z) and connects them with pres-
sure plates (3 and 6) at the closed chamber (13) that contains the sample. The 
pressure on the sample is created by pressure plates (3, 6, and 12) on one side 
and by load plates (4, 10, and 15) on the other so that the whole plane of these 
plates is in contact with corresponding facets of the sample.

The loading unit consists of hydraulic cylinders and frames located along 
three mutually perpendicular axes. Each cylinder has a high pressure pump. 
To reduce the time of approach of rods to the sample and return to the initial 
position (idle running), the scheme includes a low pressure pump with high 

1

2

3

4

8

14

13

12

11

10

5

z

x

9

FIGURE 4.2
Cross-section of TTCU working tool in xOz plane.
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productivity. The maximum working pressure produced by each hydraulic 
cylinder reaches 25 MPa. The hydraulic cylinder rod diameter is 250 mm 
and maximum effort on the rod is 78 · 104 N. To decrease friction in the mov-
able elements, the sliding friction in support-receiving or loading plates 
was replaced by rolling friction between two contacting surfaces. Figure 4.3 
shows the design of the support-loading plate: (1) is a rolling support and (2) 
is a removable head with a pressure sensor.

According to calculations, the friction coefficient due to such substitution 
decreases 50 times. The change from rolling friction to sliding friction in 
the loading plates during sample deformation can accommodate any ratio 
among the three stresses without preliminary consideration for friction 
losses. In addition, the performance of the unit on the whole rises (wear of 
the pistons in hydraulic cylinders and gaskets decreases); as a result, the 
strength and deformation characteristics of samples can be determined with 
greater precision.

When loading and receiving elements are detached, one can use the high 
pressure chamber to analyze physical and mechanical features of solid 
objects, rocks in particular, under volumetric compression and filling with 
gas (methane, carbon dioxide) and model any geodynamic phenomena and 
design ways to prevent them. To conduct experiments on samples filled with 
gas, a special device [15] was constructed (Figure 4.4 and Figure 4.5). It con-
sists of a high pressure chamber (1) that contains a cylinder case (2) with a 
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FIGURE 4.3
Design of friction assembly support.
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removable cover (3). A nipple (4) supplies and removes medium from the 
chamber (1).

The mechanism for loading the sample (5) in the case (2) consists of three 
couples placed in mutually perpendicular planes of the support plates (6, 7, 
and 8) and corresponding pressure plates (9, 10, and 11) mounted in a stack. 
Springs (12) are used to tighten each pair of plates to each other. A loading 
device with rods (13) that pass through holes (14) in the case (2) and cover 
(3) and interact with pressure plates (9, 10, and 11) has a valve (15) with 
spring (16) placed in the support plate (7) of the chamber (17) connected 
with the internal volume in (1). When the spring is compressed, the valve 
(15) is held in the support plate (7) by a device (18) with a handle (19) from 
the outer side of plate (7) through the flexible link (20) with a screw (21) that 
serves to consolidate a hole (22) in the case (2) that connects the chamber (1) 
with the atmosphere. On the external surface of the case (2) are planes (23) 
made parallel to the corresponding support plates (6, 7, and 8) that limit the 
chamber (1) to transmitting (and not receiving) links in the chain of action 
of force loads.

The sample (5) is placed on the support plates (6, 7, and 8). The cover (3) is 
placed on the case (2) to pressurize the internal volume of the high pressure 
chamber (1). The pressure plates (9, 10, and 11) and the rods (13) are in the initial 
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FIGURE 4.4
Device for volumetric loading of samples filled with gas.
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position (not in contact with sample). Methane gas under pressure is supplied 
to the chamber (1) through the nipple (4) and the sample (5) is saturated with 
methane. The loading devices are put into action to move the pressure plates 
with the help of the rods. Pressure plate (10) slides onto pressure plate (11) and 
support plate (6). Simultaneously pressure plate (10) comes in contact with pres-
sure plate (9) and support plate (8), moving them in the direction of effort from 
rod (13). The behavior of two other pressure plates (9 and 11) during their move-
ment is the same. Meanwhile compression of springs (12) provides permanent 
contact between the pressure plates (9, 10, and 11) and support plates (6, 7, and 
8). All facets of the sample (5) are pressed by the pressure plates and the support 
plates. The sample (5) is loaded up to certain value and the loading devices are 
stopped. Between the support plates and the pressure plates, a conditionally 
airtight volume is formed where the sample compressed to a certain pressure 
and filled with methane is located. The tightening screw (21) is loosened and 
methane is removed from the chamber (1) through the outlet (22). Pressure in 
the chamber almost instantly become equal to atmospheric pressure.

The pressure in the sample (5) saturated with methane in the conditionally 
airtight volume decreases much more slowly. Using the tightening screw (21) 
connected to the handle (19) by a flexible link, the handle attached to the roller 
(18) is turned in such a way that the shaped cut in the roller is in front of the 
valve (15) end. The spring (15) helps the valve (15) move along the shaped cut 
of the roller, thus opening the chamber (17). An instant movement of the valve 

1

15

23

812

17
16

11

13
14

20

22

21

P2

 A – A 

P3

23

FIGURE 4.5
Cross-section A–A of unit for volumetric loading.
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(15) joins the chamber (17) with the internal volume of (1) where the pressure is 
equal to atmospheric pressure. Under the influence of methane in the sample 
(5) and the stresses formed in the sample during deformation, some of the 
sample is thrown into the open chamber (17). The maximum gas pressure in 
the high pressure chamber is 10 MPa.

The simplest physical model that conserved the physical nature and geomet-
rical properties of elementary volumes of coal separated inside a seam served as 
the basis for research on TTCU. The model reproduced all basic characteristics, 
regularities, and effects connected with natural conditions. The main factor that 
defines the physical and mechanical qualities of coal in the model is the scale 
effect [12,16–18]. Minimal sizes (6.0 × 6.0 × 6.0 cm) [19] of cubic samples were 
taken from the newly exposed surface of a coal face. The time of coal exposure 
taking into account the interval between removal from the seam and prepara-
tion averaged 24 h. The samples were cut on a quartz-cutting tool using detach-
able diamond wheels with 200 mm outer diameter. The wheels were brought to 
the preformed blocks by hydraulic dampers. On the cubic samples, lack of par-
allelism did not exceed 0.05 mm, deviation of squareness of ends to the generat-
ing line was no more than 0.05 mm, and end protuberance was 0.003 mm. The 
precise cubic form ensured reliability of results with a minimum number of 
samples. To reduce the dispersion of test data, samples were chosen with devia-
tion of volumetric weights within ±5%. The ribs were measured with Vernier 
calipers (point value 0.05 mm). The loading programs were set to study the 
influence of unloading speed on the damageability of the coal structure based 
on filtration parameters , the set radii of the damaged particles, and the influ-
ence of the damage mechanism on the kinetics of methane escape from coal.

Loading of the samples started with placing a sample into the working 
chamber. The sample was evenly loaded along three axes up to the set level 
and monitored with a manometer. Establishing the limit state was done by 
increasing value σ1 to a level at which it was noticeable, i.e., exhibited in the 
sample on the lateral pressure plates (along the axes O–X and O–Y) as stretch-
ing strains. The stresses along line σ2 appeared spontaneously or were kept at 
a set level. Value σ3 corresponded to coal strength for uniaxial compression. As 
soon as ultimate value of σ1 was reached, σ3 was reduced to 0. After each 2.5 to 
3.0 MPa of loading or unloading, the manometer indications were fixed. The 
shift of the sample facets was marked to within 0.01 mm. The sample fracture 
was calculated as the decrease of the highest stress and appearance of stretch-
ing strain along the line O–Y. To analyze the resulting data and determine 
physical and mechanical qualities of coal and degree of damageability, the 
following parameters were estimated [20–22].

Modulus of volume deformation:
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where σmean and εmean are mean stresses and deformations along three axes.
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i are initial and current sizes of the sample under deformation 

in direction of σi (I = 1, 2, 3).
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4.2  Strength Properties of Rocks Treated by Different Binders

One effective way to achieve preliminary (preventive) strengthening of a 
massif of fissured rocks is a physical–chemical method based on the forced 
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injection of cold hardening polymeric resins that fill the fissures and form 
separate rock blocks into a monolith. A massif bound in this way becomes 
steady, thus ensuring reliable mine lining and stability of mine workings. The 
efficiency of strengthening solutions depends on geological, physical, and 
chemical factors of a mine. The most important factors influencing the pro-
cess of strengthening a possibly unsteady mine roof are opening of fissures, 
moisture of the rocks, and temperature of the surroundings. This section 
presents the results of studies of the strength and deformation properties of 
rocks injected with magnesia and carbamide solutions and the effects of fis-
sure opening widths, rock moisture, and temperature of the surroundings.

4.2.1  Experimental Methods and Estimates of Strengthening

The chemical and mineralogical compositions of rocks and interactions 
with hardening agents greatly influence the effectiveness of strengthening. 
Experiments were conducted on argillites of the same lithologies. We chose 
the most effective strengthening compositions: magnesia with latex and car-
bamide–formaldehyde resin with oxalic acid.

To study the strength and deformation properties of bound rocks, prismatic 
samples with ribs of 55 to 60 mm were cut from pieces of argillite with a 
stone-cutting tool. Each sample was cut into two pieces and glue layers of 
1, 2, 3, 4, and 5 mm were applied. After gluing, a sample was placed into a 
desiccator where the humidity of the surroundings was 72 or 98%. On the 
basis of NMR studies of the strengthening of phase states (see Section 3.4.2), 
hardening factors and factors for maintaining optimal strength and deforma-
tion properties were defined. The samples bound with the magnesia solution 
were conditioned for 10 to 13 days; the conditioning period was 3 to 7 days for 
samples bound with the carbamide solution.

To estimate the influence of rock moisture, samples of argillites with natu-
ral humidity less than 0.6% were artificially moistened and the amount of 
humidity was determined by NMR. Samples with moisture between 0.6 and 
2% were obtained. The samples were glued and placed into desiccators. Every 
24 hours, the phase state of the strengthener was defined by NMR spectra.

The samples intended to be used to study the impact of the surroundings 
temperature on rock moisture were also placed into desiccators and then for a 
required time kept in refrigerators at –10, 0, 5, and 10°C and at room temperature 
(24°C). Temperatures were checked with a thermocouple and potentiometer. 
The prepared samples of strengthened rocks were deformed to destruction on 
the true triaxial compression unit (TTCU). Two loading schemes (σ1 > σ2 > σ3) 
ensured the minimum levels of deformation energy: (1) σ3 = 5 MPa, µσ = –0.8 
and (2) σ3 = 5 MPa, µσ = 0.8 where σ3 is the minimum compressive stress and 
μ σ σ σ σσ = − − −2( / 12 3 1 3) ( )  is the Lode-Nadai stressed state.

The main stresses σ1, σ2, σ3 and deformations ε1, ε2, ε3 were recorded. Two 
cases of orientation (parallel and perpendicular) of the plane of sample 
gluing in terms of the working direction of the prevailing compressive stress 
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were researched as well. The experimental results served as a basis for cal-
culating the most typical mechanical constants characterizing strength and 
deformation properties of bound rocks under true triaxial compression: 
volumetric strength of the sample σ1*, module of volumetric compression 
K /mean mean= σ ε , where σmean and εmean are the mean stress and deformation, 
and volumetric deformation Δ =V/V 3 meanε .

An estimate of the orientation of the gluing planes of strengthened samples 
showed that under perpendicular orientation of the gluing plane in terms of 
the direction of the prevailing compressive stress σ1, the destruction mainly 
occurred on the rock. Under parallel orientation σ1, the destruction occurred 
both on the rock and at the point of contact of rock and strengthening solu-
tion. In the case of µσ = –0.8, the samples were destroyed mainly along the 
gluing. In further studies of the strengthened samples, only one plane of glu-
ing relative to the direction of stress σ1—the parallel one—(the direction of 
stress σ3 is perpendicular to the gluing plane) was studied; only one loading 
scheme was realized: σ3 = 5 MPa, µσ = –0.8.

NMR spectra are complex; they consist of two lines of different intensities. 
Figure 4.6 shows the change of intensity ratio I2/I1 of two lines depending 
on time. The increase of the intensity ratio I2/I1 suggests a decrease of plastic 
properties of the system. The figure shows that with the decrease of tempera-
ture from 24 to 5°C, a sharp increase of intensity ratio I2/I1, the decrease of 
plasticity occurred on the third, fifth, and seventh days. Thus, the tempera-
ture decrease increases the time for preserving the plastic properties in the 
carbamide resin. The increase of moisture in the strengthened rock is  fol-
lowed by the leveling of the line intensities in NMR spectra and depends on 
moisture amount.
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FIGURE 4.6
Dependence of intensity ratio I2/I1 of NMR spectra lines of carbamide–rock system on harden-
ing time t and surrounding temperature T°C.
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This research made it possible to find a way to calculate factors for strength-
ening roofs in mine workings [23], including the selection and study of the 
rock samples with a strengthening solution based on a carbamide–formalde-
hyde resin. To increase the precision of determining the time necessary for 
optimal strengthening, rock samples with the strengthening solution were 
crushed and subjected to NMR examination. The intensities of the narrow 
and wide lines of the spectra were defined and the degree of strengthening 
based on the ratio I2/I1 where I1 is the intensity of the narrow line and I2 is the 
intensity of the wide line of the spectra.

4.2.2  Width of Fissure Openings

The widths of fissure openings in strengthened rocks is an important fac-
tor in strengthening rocks in coal seam roofs. Laboratory studies of the 
thickness of the glue layer on the strength and deformation properties of 
the bound argillite samples allowed us to estimate the influence of the 
widths of fissure openings. Figure 4.7 shows the dependence of volumetric 
strength of samples strengthened with magnesia (curve 1) and carbamide 
(curve 2) solutions on the thickness of gluing (1 to 5 mm). Each point on 
the graph corresponds to tests of seven or eight samples with a spread not 
exceeding 6%.
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FIGURE 4.7
Dependence of volumetric strength σ1* of strengthened argillite samples on thickness of applied 
layer d. (1) Magnesia solution (t = 10 days). (2) Carbamide solution (t = 3 days). Conditions: σ3 = 5 
MPa, μσ = –0.8, Wn = 0.6%, T = 24°C.
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For magnesia solution, the strength of the strengthened samples changed 
little despite the tendency of strength to decrease with increases of gluing 
thickness. As the gluing thickness increased, the strengths of the samples 
bound with carbamide solution reduced considerably from 86 to 45 MPa 
(48%). The deformation properties of the samples bound with the magnesia 
or carbamide solutions did not depend on the thickness of the glued layer. 
Thus, one can suppose that for roof rocks with large fissuring, strengthening 
with magnesia solutions is the most effective measure. Because the bound 
samples showed the highest strength properties with 1 mm glue layers, sam-
ples with this glue thickness were tested further.

4.2.3  Moisture of Rocks under Strengthening

With an increase of argillite moisture from 0.6 to 1.8%, the strength of sam-
ples bound with magnesia solutions (Figure 4.8, curve 1) reduced from 65 to 
39 MPa (40%). The influence of moisture in rocks bound with a carbamide 
solution is not considerable. When it changes from 0.6 to 2%, the sample 
volumetric strength reduces from 82 to 69 Mpa (only 16%). The volumetric 
compression K of samples bound with a magnesia solution undergoing an 
increase of humidity from 0.6 to 1.8% reduced from 4.3 × 103 to 3.75 × 103 MPa 
(Figure  4.9, curve 1, 13%). The volumetric deformation �V V/  (Figure  4.10, 
curve 1) increased from 36 × 10-3 to 45 × 10–3 (25%). The deformation proper-
ties of the samples bound with carbamide solution depend more on mois-
ture. Thus with an increase of rock moisture from 0.6 to 2.0%, the volumetric 
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FIGURE 4.8
Dependence of volumetric strength σ1* of strengthened argillite samples on moisture of rock 
under strengthening Wn. (1) Magnesia solution (t = 13 days). (2) Carbamide solution (t = 5 days). 
Conditions: σ3 = 5 MPa, μσ = –0.8, T = 24°C, and d = 1 mm.
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compression of the fastened samples (Figure 4.9, curve 2) reduced from 3 × 103 
to 1.4 × 103 MPa (almost half) while the volumetric deformation (Figure 4.10, 
curve 2) simultaneously increased from 24 × 10–3 to 65 × 10–3 (2.7 times).

Based on research, it is possible to conclude that the moisture in bound rocks 
influences more considerably the strength properties of samples bound with 
magnesia solution and the deformation properties of samples bound with car-
bamide solution. Thus, one can suppose that based on the increased moisture 
in bound samples, the strengthening by carbamide solution is more effective.
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FIGURE 4.9
Dependence of volumetric compression module K of argillite samples on moisture of bound 
rock Wn. (1) Magnesia solution (t = 13 days). (2) Carbamide solution (t = 5 days). Conditions: 
σ3 = 5 MPa, μσ = –0.8, T = 24°C, and d = 1 mm.
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FIGURE 4.10
Dependence of volumetric deformation of argillite samples on moisture of bound rock. (1) 
Magnesia solution (t = 13 days). (2) Carbamide solution (t = 5 days). Conditions: σ1 = 5 MPa, 
μσ = –0.8, T = 24°C, and d = 1 mm.
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4.2.4  Temperature of Surroundings

With the reduction of the surrounding temperature from 24 to –10°C, the vol-
umetric strength of the samples bound with magnesia solution varied little 
(Figure 4.11, curve 1). With carbamide solution, the volumetric strength of 
the samples decreased from 82 to 50 MPa (Figure 4.12, curve 2, 39%). With the 
reduction of temperature, the deformation properties of the samples bound 
with magnesia or carbamide solutions, plasticity increased. For example, 
with a change of the surrounding temperature from 24 to –10°C, the volumet-
ric compression K of the samples glued with magnesia solution decreased 
from 4.4 × 103 to 2.6 × 103 MPa (Figure 4.12, curve 1, 1.7 times). The volumetric 
deformation �V V/  increased from 31 × 10–3 to 46 × 10–3 (Figure 4.13, curve 
1, 48%). With a decrease of temperature, the volumetric compression K of 
samples bound with carbamide solution decreased from 3 × 103 to 1.6 × 103 
MPa (Figure 4.12, curve 2, 1.87 times less) while the volumetric deformation 
increased from 21 × 10–3 to 45 × 10–3 (Figure 4.13, curve 2, more than double). 
With an increase of the surrounding moisture from 72 to 98%, the influence 
of temperature on the deformation properties of bound samples grows con-
siderably, especially in samples strengthened with carbamide solution. Thus, 
a reduction of the surrounding temperature decreases the plastic properties 
of samples strengthened with magnesia and carbamide solutions and con-
siderably influences the strength properties of samples strengthened with 
carbamide. Under conditions of lower temperatures of surroundings (for 
example, permafrost conditions), strengthening with magnesia solution is 
the more effective method.
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FIGURE 4.11
Dependence of volumetric strength σ1

* of strengthened argillite samples on temperature of sur-
roundings. (1) Magnesia solution (t = 13 days). (2) Carbamide solution (t = 5 days). Conditions: 
σ3 = 5 MPa, μσ = –0.8, T = 24°C, and d = 1 mm.



Behaviors of Rocks and Coals in Volumetric Fields of Compressive Stresses	 233

4.2.5  Conclusions

Techniques for determining the degree of strengthening minimally steady 
roofs in mine workings made it possible to define the time when bound rocks 
exhibit optimal properties. The time between hardening and achieving opti-
mal properties is 3 to 7 days for the carbamide solution and 10 to 13 days for 
the magnesia solution.
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FIGURE 4.12
Dependence of volumetric compression of strengthened samples of argillite on tempera-
ture of surroundings. (1) Magnesia solution (t = 13 days). (2) Carbamide solution (t = 5 days). 
Conditions: σ3 = 5 MPa, μσ = –0.8, Wn = 0.6%, and d = 1 mm.
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FIGURE 4.13
Dependence of volumetric deformation of strengthened samples of argillite on tempera-
ture of surroundings. (1) Magnesia solution (t = 13 days). (2) Carbamide solution (t = 5 days). 
Conditions: σ3 = 5 MPa, μσ = –0.8, Wn = 0.6%, and d = 1 mm.
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The increase of moisture of rocks by strengthening and decreasing the 
temperature of the surroundings decelerates the strengthening processes of 
the solutions studied.

Increasing the thickness of the applied glue layer (changing the width of 
fissure opening) did not cause considerable variation of the strength and 
deformation properties of the rock samples strengthened with magnesia 
solution. In the samples strengthened with carbamide solution, the decrease 
of sample strength was evident.

The increase of sample moisture under strengthening led to a considerable 
decrease in the strength of the rock samples strengthened with magnesia 
solution and an insignificant decrease in the strength of the samples glued 
with carbamide. With the increase of the rock moisture, the plastic proper-
ties of the samples improved with both carbamide and magnesia solutions.

The decrease of the temperature of the surroundings led to a decrease 
in strength of the rock samples strengthened with carbamide solution and 
did not influence the strength of the samples glued with magnesia. It also 
improved the plastic properties of the samples strengthened with both 
solutions.

4.3 � Influence of Loading Method and Loading 
History on Volumetric Strength

4.3.1  Loading Method

From the view of outburst danger, it is useful to study the behaviors of rocks 
destroyed under stress conditions by modeling the pre-coal face zone (σ3 is 
small). It is important to estimate the influence of the approach to such stress 
condition on the strength and energy capacity of the rock destruction. The 
difference in the nature of the rock destruction from loading and unloading 
is the main interest. To estimate the difference, we considered (1) a gradual 
increase of the main stress σ1 under fixed σ2 and σ3 to destruction and (2) 
gradual unloading of a preliminarily loaded sample along the axis of the 
least main stress σ3 to destruction.

The destruction of sandstone under minimal compressive stress σ3 = 0 and 
5 MPa was analyzed. Results indicated that the energy capacity of destruc-
tion and its nature depend largely on the approach to the stress condition 
even though sandstone strength does not depend on the method of loading. 
Figure 4.14 and Figure 4.15 show dependences of σi – εi and σmean – εmean on 
destruction via loading and unloading. The mean stresses and stress devia-
tors are almost equal in both cases. Figure 4.14 shows dependence σi – εi in the 
direction of minimum compressive (effective stretching) stress. In both cases, 
the effective stretching stresses are equal but the stretching deformations in 
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the direction of minimum compressive stress σ3 during unloading are much 
less than at loading.

During loading and unloading, the deformation characteristics differ con-
siderably. The compression during unloading is 1.1 to 1.2 times more than 
during loading (0.66 × 104 MPa and 0.8 × 104 MPa for σ3 = 0; 0.6 × 104 MPa and 
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Dependence of σi – εi on direction of minimum compressive stress during loading (1) and 
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Dependence of σmean – εmean on destruction of sandstone. 1 and 2. At loading σ3 = 0 and 5 MPa, 
respectively. 1′ and 2′. At unloading.
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0.48 × 104 MPa for σ3 = 5 MPa). The shear module during unloading is more as 
well (0.29 × 104 MPa and 0.19 × 104 MPa for σ3 = 0; 0.16 × 104 and 0.15 × 104 MPa 
for σ3 = 5 MPa). During unloading, the Poisson ratio decreases (0.31 and 0.37 
for σ3 = 0; 0.38 and 0.39 for σ3 = 5 MPa). These data indicate that as σ3 increases, 
the differences of the rigidity module and Poisson ratio are smoothed.

The typical difference of destruction during loading and unloading is 
the unequal deformation state formed before destruction. At loading, the 
deformation state does not correspond to the stress condition (deforma-
tion advances it) and it appears that με = 0, i.e., real displacement is noticed. 
Meanwhile the planes of destruction are directed at an angle of about 45 
degrees to the biggest compressive stress. During unloading, the deforma-
tion state corresponds well to stress condition μσ = με and is very close to 
generalized compression. As shown above, fissures of diametrical and out-
of-plane shifts are formed. The planes of destruction are directed at various 
angles to the maximum compressive stress; some are almost parallel to the 
unloading plane.

The energy capacity of destruction (see Section 4.6.2) by way of unloading 
is lower only when σ3 = 0, but even when σ3 = 5 Mpa, the density of deforma-
tion power during unloading is higher than during loading (6.6 and 6.14 MJ/
m3) and coming off the free surface is not explicitly manifested. However, 
the quantities of dilatancy (Figure 4.16) and newly formed surface (Table 4.1) 
during unloading in this case are higher.

The principal increase of surface during unloading is provided by large 
fractions. The degree of grinding at unloading is higher than at loading 
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Dependence of volumetric deformation θ on deformation deviator εi. 1 and 2. At loading σ3 = 0 
and 5 MPa, respectively. 1′ and 2′. At unloading.
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(0.55 × 105 and 0.34 × 105 m–1, respectively), that is, the increase of energy 
capacity at unloading is caused by an increase of grinding. The increase of 
grinding can be explained by the redistribution of stresses in a sample with 
the reduction of the least compressive stress σ3. By reducing σ3, we reduce the 
yield strength, leading to the crushing yield as the decrease of stresses is not 
significant. Breaks and redistribution of stresses take place, and new breaks 
appear in totally different directions [24]. At unloading, fissures appear in 
one primary direction.

Thus, the main difference in sample behavior during unloading and load-
ing lies in the amount of accumulated power and the deformation state in 
the sample. At unloading, due to the spread of fissures in diametrical and 
longitudinal shear, material grinding increases considerably.

4.3.2  Loading History

Rocks in mining areas are already under natural stress from evolution of 
massifs during geological times. This stress is based on the interaction of 
independent gravitational and tectonic force fields. Mining changes the 
natural stresses by deforming and destroying rocks. Zones of increased and 
decreased stress conditions (in comparison with natural conditions) form 
around working areas. Hence, the rocks under natural stress conditions are 
further subjected to the influences on the force fields resulting from mining, 
that is, the unloading stress works on the so-called background of natural 
stresses. During strength testing, samples are subject to the influence of the 
destruction stresses starting from an initially unloaded state. The acceptability 

TABLE 4.1

Sizes of Newly Formed Surfaces

Fraction (mm)
Surface at 

Unloading (cm2)
Surface at 

Loading (cm2)

10 940 200
7 41 17
5.5 18 10
4.5 15 6
3.5 13 8
3.25 3 3
3 2 2
2.5 6 4
2 10 7
1 40 18
0.5 31 15
0.25 127 49
0.2 18 10
<0.2 599 264
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of the results of such tests for solving particular mining and technical tasks 
appears questionable.

The issue is important as it directly influences the field value of stresses and 
sizes of destroyed rock zones around mine workings. As noted by Kartashov 
et al. [25], a researcher who does not know the history of sample loading may 
assume he or she is dealing with totally different rocks. In other studies [26], 
the authors referred to results obtained by I.V. Rodin during optical model-
ing of stress-deformed conditions around rectangular workings and works 
of Karman and Böker who point out that the real characteristics of a massif 
under the compressive load can be determined only when previously loaded 
samples are tested.

Studies to determine the ultimate strengths of rocks depending on their 
loading history was carried out on the TTCU system [11]. Cubic sandstone 
samples (55 × 55 × 55 mm) were prepared by a stone-cutting tool, then divided 
into two groups of five samples each. The experiments to find the ultimate 
strengths of samples in the first group were carried out under true triaxial 
compression (σ1 ≠ σ2 ≠ σ3) from the initial unloaded state to the moment of 
destruction. A diagram of stress deformation was registered along each axis 
until the moment of sample destruction. The samples from the second series 
were compressed (loaded) up to σ1 = σ1 = σ3 = σm, which was considered 
equal to the spherical tensor σ σ σ σm 1 2 3 /= + +( )∗ ∗ ∗( ) 3  obtained during tests of 
samples from the first series at the moment of destruction. After simulta-
neous loading along the axes σ2 and σ3 (intermediate and minimum stress, 
respectively), unloading of the samples was carried out until their values in 
the first series of experiments (σ2 → σ*

2 and σ3 → σ*
3) were reached. Along 

axis σ1 (the greatest compression stress), the stress was applied until the 
moment of destruction. During the test of the second series. the diagram of 
stress deformation was registered at compression of the samples, at further 
unloading, and loading until the moment of destruction.

Table 4.2, Figure 4.17, and Figure 4.18 present the testing results. The figures 
show the dependencies of the stress deviator (σ1 − σm) and deformation 

TABLE 4.2

Results of Tests of Rock Samples

Test Type

Preliminary 
Compression 
σ1 – σm (MPa)

Ultimate 
Destruction 
Stress (MPa) Ultimate Relative Deformation

σ1 σ2 σ2 εm ε1 ε2 ε3 εm

Without 
preliminary 
compression

– 201.0 8.9 6.2 76.85 0.090 0.004 –0.087 0.0023

After 
preliminary 
compression

84.5 215.6 19.5 6.1 79.6 0.0865 0.014 –0.051 0.0165
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deviator (ε1 − εm) for samples of the first and second series. The results sug-
gest that the history of loading exerted an insignificant influence on the 
value of destroying stresses. In the studies, a slight increase of maximum 
stresses (7 to 10%) was registered for sandstone samples, preliminarily those 
compressed at the set values of intermediate and minimum stresses.

Simultaneously the decrease of dilatancy effect of the same samples com-
pared with the earlier loaded ones was noted. Relative volumetric defor-
mation for the samples of the first series at the moment of destruction was 
Θp = ÷0 003 0 01. . ; after unloading Θp = − ÷ −0 015 0 032. . , and for the samples 
of the second series these values were Θp = ÷0 003 0 01. .  and Θp = ÷0 003 0 01. . , 
respectively (compression deformations were considered positive). Intensive 
fissure formation preceding the moment of sample destruction started at 
the level of mean stress for the samples of the first series (70 MPa) and for the 
samples of the second series this value was 84 MPa.

However, under compression, the level of spherical tensor influences the 
material destruction. Destruction starts, as a rule, at a relatively high main 
stress difference that causes the change of the sample form. The maximum 
tangential and octahedral stresses that take into account this difference were 
at the moment of destruction for the samples of the first and second series 
τ1

max = 97.4 MPa and σ1
oc = 89.0 MPa; τ2

max = 104.0 MPa and σ2
oc = 95.7 MPa, 
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respectively. During loading of samples from the initial no-load state, the 
necessary difference between the main stresses is achieved gradually and at 
lower values of maximum compression, as the level of lateral thrust prevents 
to a lesser degree the change of the sample form. After pre-compression of 
the sample to a sufficiently high stress level, although at the increase of the 
maximum (vertical) stress the unloading of its lateral face took place, the 
level of lateral pressure was high enough to prevent the change of form that 
occurred in the first case. That is why the ultimate deformation of the sample 
decreases and destruction can be more rapid [13].

In addition, as noted above, at this level of sample compression the ulti-
mate destructive stresses differed insignificantly from these values in exper-
iments on samples without pre-loading. The conclusion is that no significant 
change of strength takes place and the results of the tests on the samples 
without pre-compression are acceptable for technical mining calculations. 
Their slight increase can be attributed to strength margin.

4.3.3  Conclusions

A diagram of stress deformation helps estimate energy capacity and the 
characteristics of destruction, retained strength, and bearing capacity of 
rock—valuable information for solving several mining problems.

During rock destruction in a true triaxial field of compressing stresses, 
the decreases of module maximum and dilatancy maxima coincide. Brittle 
failure with dynamic effect and significant tension drop is visible during the 
spreading of fissures of in-plane and out-of-plane shear and are accompa-
nied by the most scrubbing and grinding of the material. The spreading of 
fissures of normal fracture in rocks leads to minimum scrubbing and grind-
ing of the material, the least tension drop, and the least value of decrease.

The main difference in rock sample behavior during unloading and sur-
charging lies in energy accumulation in the form of deformation state in 
a sample. During unloading, the rate of material grinding increases sig-
nificantly due to formation of in-plane and out-of-plane shear fissures. The 
ultimate destruction stress of pre-compressed samples of rocks and sam-
ples without pre-compression barely differs. The results of tests on rock 
samples without pre-compression are acceptable for technical mining cal-
culations; the influence of sample loading history can be disregarded.

4.4  Coal Destruction

This section analyzes the conditions and peculiarities of coal destruction 
connected with the formation of outburst-dangerous zones and sudden coal 
and gas outbursts.
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4.4.1  Mechanism of Coal Destruction

The main condition for formation of coal and gas outburst is the unloading 
of part of a gas-saturated coal massif from rock stress. The unloading applies 
tension stress along the line of minimum stress to produce orthogonal maxi-
mum stress. The optimal condition contributing to the development of the 
unloading wave is the ratio of main stresses in the coal massif that form gen-
eralized tension (σ1 = σ2, σ3 = 0). Otherwise additional tension stresses will 
create conditions σ1 > σ2, σ3 ≠ 0 and form a geo-mechanical state of general-
ized shear.

The parameters of the change of mechanical state of the physical coal seam 
system in a pre-face zone are three main stresses σ1, σ2, σ3 (σ1 is the maximum 
compression stress, active along the normal line direction toward the seam, 
σ2 is the intermediate main stress active along the face line, and σ3 is the 
minimum compression stress active along the normal line toward the seam 
plane) and three main deformations ε1, ε2, ε3, active along the same direc-
tions. They are complemented by elastic constants (K, E, and G), Lode-Nadai 
parameters µσ and µε, characterizing the stressed and deformed states, and 
energetic parameters (Av represents the work of volume change forces and 
Af represents the work of form-changing forces) [27].

On the basis of experimental data and theoretical research [28,29] on 
loading and deformation of a coal seam in the pre-face zone, three typical 
sections of different volumetric loading and different mechanical conditions 
exist (Figure 4.19).

The first section of volumetric loading of a seam in the depth of a massif 
outside the zone of a mine working influence is characterized by the ratio 
connecting the three main stresses (σ1 = p1 > 0, σ2 = σ3 = λp1). p1 is the value of 
the maximum compression stress on a seam in the zone of a “virgin” massif 
and λ is the coefficient of the lateral pressure. The hypothesis of the geostatic 
compressed state realized in the zone of the “virgin” massif is used. Based 
on the relations between the main stresses, the Lode-Nadai parameter is –1, 
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FIGURE 4.19
Distribution of stresses in zone of limit.
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which suggests the type of volumetric stressed condition of the generalized 
compression for this loading zone.

The second section of the volumetric loading of a coal seam in the depth 
of the massif where partial destruction starts and the compression stresses 
σ1, σ2 and σ3 are at their maximum is characterized by the maximum com-
pression stress σ1 value KP1, where K is a stress concentrator; the minimum 
compression stress σ3 changes within λP1 and KλP1, and intermediate main 
stress σ2 will reach half the sum of σ1 and σ3. The value µσ differs signifi-
cantly from 1 and approaches 0. This confirms that in the second section of 
coal seam loading, the type of stress is close to generalized shear.

It is natural that geo-mechanical processes take place in the first and second 
sections of loading and also occur continually in each element of the coal seam 
between them. This part of a coal seam can be called the zone of mine work-
ing influence at active loading. Loading and deformation in a seam take place 
in such a way that the system load constantly increases (components of com-
pression stress condition increase) and the type of volumetric stress condition 
changes from generalized compression (μσ = –1) to generalized shear (μσ = 0). If 
we consider the geostatic stress condition active in the “virgin” massif in the 
whole zone of the mine working influence at active loading, the coal seam will 
be loaded by volumetric stress of the generalized shear. Analysis of work load-
ing from generalized compression to generalized shear presents a common 
case (from the position of change of type of volumetric stress condition).

The third section of volumetric loading of the coal seam is part of the face 
where minimum compression stress tends to 0 and the relation between two 
other main stresses depends on the conditions of coal seam destruction in 
the section between the second and third loading zones. For coal seams, the 
maximum compression stress σ1 on a seam edge in some cases can decrease 
to the level of the intermediate main stress σ2, confirming the presence of 
generalized tension.

The zone of the coal seam between the second and the third loading sec-
tions is called the zone of the limit state. The mechanical state and strength 
of the seam in this zone are determined by the conditions of the transi-
tion of pre-face zone of the massif from generalized shear to generalized 
tension. Thus, depending on the set task—examining the mechanism of 
deformation and destruction of coal and simultaneous actions of mechani-
cal stresses and gases—the defining factors are

•	 The mechanisms of stress component change in the zone of change 
of mechanic stresses (support pressure)

•	 The conditions of formation of coal limit state in this zone
•	 The character of coal deformation and destruction at various ratios 

of stress components under volumetric compression
•	 The influence of methane in a porous volume of coal on its mechanic 

characteristics and mechanism of destruction
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In this connection, programs of triaxial loading were built by two schemes:

•	 The analysis of behavior and mechanism of destruction of coal in 
the massif, remote from the working face, that is, at various values of 
the set lateral thrust (minimum main stress σ3 = σcomp , where σcomp 
is coal strength on uniaxial compression) with subsequent decrease 
σ3 = 0

•	 The study of the mechanism of coal deformation in the pre-face part 
of a working where due to the face advance and destruction of the 
seam edge zone the lateral thrust (σ3) decreases to zero.

The first program was carried out in the following way. The values of stress 
σ3 were set from 1 to 20 MPa with intervals of 2.5 MPa, and from 10 to 20 MPa 
with intervals of 5 MPa. In the beginning, the compression of a sample was 
conducted along three axes simultaneously (spherical tensor of stresses 
and deformations) until the level of the set least stress σ3 was achieved, i.e., 
according to σ1 = σ2 = σ3. Then pressure σ1 was raised continually along axis 
O–Z, and the value σ3 was kept on the same (set) level. The value of the inter-
mediate main stress σ2 (along the axis O–Y) was formed spontaneously by 
sample deformation. The formation of the limit state was registered as the 
termination of pressure increase along axis O–Z (σ1).

Coal from the outburst-dangerous seam h′6 Smolyaninovsky at level 1312 m 
of the Skochinskogo Mine was taken. Starikov provided a detailed descrip-
tion of the experiments [30]. Definitions of methane-saturation level of coal 
samples, elastic and deformation properties and destruction mechanism 
were carried out. Figure 4.20 and Figure 4.21 graph the results of tests of gas-
saturated (Qg = 12 to 14 cm3/g) and degassed samples (Qg = 0.1 to 0.3 cm3/g), 
respectively, in coordinates σ1 = f(ε1). All graphs showing various values of 
least main stresses σ3 are characterized by a common nonlinear dependence 
between stresses and deformations—an increase of coal strength with a rise 
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FIGURE 4.20
Dependence σ1 = f (ε1) for gas-saturated coal at various values of minimum compression stress 
σ3. MPa: 1 = 5.0; 2 = 10; and 3 = 20.0.
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of lateral pressure. All graphs have three typical sectors showing various 
intensities of stress increases and deformation character.

In the first sector deformation module, shear module, and Poisson ratio are 
stable, indicating elastic deformation of coal samples. The second (nonlinear) 
sector is characterized by a more intense increase of compression deforma-
tion along O–Z axis, a decrease of shear module by 25 to 30%, and an increase 
of deformation module and Poisson ratio by 15 to 20%. Along the O–X axis, 
tensile deformation is registered, indicating the beginning of destruction 
and loosening of the sample. In the third sector, the destruction of a sam-
ple is registered—an increase of volumetric deformation of 1.5 to 2 times, a 
decrease of shear module of 2.5 to 3 times, and a Poisson ratio close to 0.5.

The influence of gas saturation on deformation, physical and mechanical 
properties (volumetric deformation, shear, Poisson coefficient), and stress 
deformed state of a sample can be explained by analysis of the results at 
σ3 = 5.0, 10.0, and 20.0 MPa. Table 4.3 presents data of measured and calculated 
properties, reflecting coal state in the area of pre-destruction (upper line) and 
in the area of destruction (lower line).

Based on the results, ultimate coal strength depends insignificantly on 
the degree of gas saturation and cannot work as a criterion for estimating 
methane influence on the properties of coal. The destruction of gas-saturated 
coals under conditions of volumetric loading (transition to σ1 = f (ε1)) begins 
at stresses 11 to 23 MPa less than degassed ones.

The most important moment of deformation in the area of pre-destruction 
is the approximate equality of energy of formation indicating the destruction 
rate of the structure and the volume change energy. During coal change into 
the limit state, the shear and elasticity modules of both gas-saturated, and 
degassed samples decrease 2.5 to 3.2 times, and the shear module (G) and vol-
ume compression (K) levels of gas-saturated samples are 8 to 24 % higher than 
levels in degassed samples. This effect is amplified by the growth of σ3. At the 
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Dependence σ1 = f (ε1) for degassed coal at various values of minimum compression stress σ3. 
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same time, the elasticity of gas-saturated samples is 45 to 60% lower. The most 
essential changes occur with the form energy of samples that increases 5 to 
10 times in comparison with the volume energy.

In addition, the energy of form change in gas-saturated samples is 25 to 
51% higher than in degassed ones. The essential growth of formation energy 
in gas-saturated coal samples relates to the high damage rate of closed pores 
and methane transition into the system of fissures. Table 4.4 presents stress 
and deformation data for gas-saturated and degassed coals in the limit state.

Regardless of the degree of gas saturation of coal in the limit state, the kind 
of stress condition (μσ) does not correspond to the kind of deformation con-
dition. Generalized stretching is minimal in samples with low levels of gas 
saturation (below 6 m3/t) at decrease of σ3 to 0; the destruction mechanism 

TABLE 4.3

Measured and Calculated Properties of Deformed Coals

σ3, 
(MPa)

Methane 
Presence

Km × 102 

(MPa)
Gm × 102 

(MPa) νm

σ1m 

(MPa)
σ2 m 

(MPa)
Em × 102 

(MPa)
Av,m 

(J/m3)
Af.m

(J/m3)

5.0 GS 6.5 7.4 0.42 54.3 6.4 11.8 3.6 4.7
13.7 2.5 0.49 98.2 14.1 2.7 5.1 56.0

D 10.0 8.3 0.44 69.8 5.8 11.5 3.6 3.5
13.0 2.3 0.48 103.8 10.5 3.9 4.5 37.0

10.0 GS 7.5 7.9 0.41 59.7 12.2 11.2 6.0 4.9
19.3 2.7 0.49 133.7 29.6 3.2 8.7 90.0

D 9.1 8.9 0.43 83.4 10.9 11.2 6.0 7.7
16.7 2.5 0.49 136.2 28.6 4.7 6.9 67.3

20.0 GS 10.3 8.8 0.44 110.4 29.1 12.3 11.9 11.1
24.1 4.1 0.49 162.1 40.5 4.1 13.0 74.0

D 11.3 9.8 0.44 121.4 23.1 12.6 18.4 10.5
21.4 3.3 0.49 175.0 36.4 6.6 11.2 58.9

Note:	 Numerator presents data before destruction. Denominator indicates data during destruc-
tion. GS = gas-saturated. D = degassed.

TABLE 4.4

Determination of Ultimate Deformations and Calculations of Stress 
and Deformation

σ3 (MPa) Methane ε1 × 10–2 ε2 × 10–2 ε3 × 10–2 µσ µε

5.0 GS 13.4 –0.96 –9.7 –0.8 –02
D 14.3 –1.20 –9.9 –0.87 –0.1

10.0 GS 15.1 0 –121 –0.7 0.11
D 16.4 –1.60 –113 –0.7 0

20.0 GS 12.1 –0.58 –8.4 –0.7 0.17
D 15.2 –0.60 –12.0 –0.75 0

Note:	 GS = gas-saturated. D = degassed.
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results from shear deformation (Figure 4.22). It is important to note the influ-
ence of the adsorbed moisture on the mechanism of deformation under 
condition of unloading σ3. The critical content of physically bound mois-
ture [31–33] of coal in the limit state changes to generalized stretching but at 
that σ1, the σ2 and shear module are 2.5 to 3 times less than in gas-saturated 
samples and destruction occurs only by means of the shear. These studies of 
the influence of methane on mechanisms of coal deformation in limit state 
due to unloading of minimum compressive stress are general (not based on 
particular depths). They are useful for analyzing outburst-dangerous zones 
near geological failures.

The second program simulated conditions in a pre-face zone of coal seam 
with minimum coefficient of stress concentration. A cubic sample placed in 
a working chamber was loaded at regular intervals to a level corresponding 
to the depth of the seam attitude: σ1 = σ2 = σ3 = γH (H = 800 to 3000 m). The 
largest main stress was raised to σ σ λ1 3= / ; λ is the factor of the lateral thrust 
of coal in the elastic loading area (λ ν= −ν/( )1  where ν is the Poisson ratio; 
σ2 forms spontaneously. After the simulation, σ3 was reduced to 0 at a rate of 
0.1 to 0.5 MPa/sec with the registration of pressures and displacements along 
the three axes. Figure 4.23 shows results in the form of dependences σ1 = f(ε1). 
The maximum spread of experimental points did not exceed 6%.

Curve 1 corresponds to the simulated depth H = 800 m and consists of 
three sections. The stress and deformation conditions of coal at these depths 
remain under generalized compression even when σ3 decreases to zero. Minor 
alterations are noticed at a depth of 1200 m. At pressures corresponding to 
a depth of 3000 m in zones of raised rock pressure, the dependence σ1 = f(ε1) 
includes three sectors with various intensities of pressure growth and defor-
mations at the expense of an increase in coefficient of stress concentration.

We analyzed the influence of unloading by means of a decrease of σ3 to 0 on 
deformation properties on coal samples selected from beds h6

’ Smoljaninovsky 

(a) (b) (c)

σ2 σ2 σ2

σ3

σ1 σ1 σ1
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FIGURE 4.22
Mechanisms of coal sample destruction at σ1 ≠ σ2 ≠ σ3, σ3 → 0. (a) Shear destruction: Qr = 3.5 – 
5.4 m3/t, µσ = 0, µε = 0. (b) Destruction by shear and separation: Qr = 14 – 17 m3/t, µσ = 0.45, µε = 0. 
(c) Separation destruction: Qr = 22 m3/t, µσ = 0.6, µε = 0.12.
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and h10 Proskovievsky of the A.A. Skochinskogo and Glubokaya Mines. The 
only difference from the previous experiment was the degree of gas satura-
tion. Coal with maximum methane capacity (Q = 21 to 28 m3/t) was saturated 
under a pressure of 10.0 MPa for more than 60 to 80 days. The results [30] 
show that at a decrease of σ3 to 0, σ1 decreases to σ2, and the shear module 
decreases 5.5 times on average due to considerable stretching deformation. 
In general. as a result of unloading, the stress and deformation states change 
and generalized stretching both on pressure and on deformations is formed. 
Figure 4.22 shows results. The first section shows elastic deformation of coal 
samples with a stable increase of elastic coefficient for both gas-saturated 
and degassed samples. The second section is located parallel to the defor-
mation axis (σ1 is almost constant); essential changes in properties are not 
registered. The third section on the descending part of the curve σ1 = f(ε1) 
shows a decrease in the elastic characteristics and the transition from gener-
alized compression to generalized stretching of μσ and a generalized shear 
on με. In the final condition (σ3 = 0), the shear module in gas-saturated coals 
is 10 to 12% more than in degassed ones. The Lode-Nadai parameter for gas-
saturated coal indicates a greater degree of generalized stretching.

It is necessary to mention that during modeling of the face zone based on 
the depth of a coal seam, unloading along the line of minimum stress leads 
to changes of the stress and deformed conditions similar to the conditions 
of modeling σ1 > σ2 > σ3 = σcomp (see Table 4.3). However, the destruction rate 
on change Af/A0 and G is much less. The results of analysis of change of 
sample volume at deformation in the form of dependence σ3 = ( )f V VΔ /  in 
Figure 4.24 give more detailed information.

The graphs show the degree of compression and weakening of gas-saturated 
and degassed coal at various levels of lateral pressure on axis O–X (σ3). Curves 
1 through 6 for gas-saturated and degassed coals at initial uniform compres-
sion of 40, 50, and 75 MPa have four typical segments defining the initial 
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and final conditions of the deformed samples. The first and second segments 
reveal the maximum compressibility depending on σ3. Here maximum val-
ues of volume, shear deformation, and volume change energy are formed. 
The sample is deformed without structural failures, indicating a low level of 
form-changing energy 3.5 to 4 times less than the volume change energy.

The third segment, which is almost parallel to the vertical axis, is formed 
at the decrease of σ3 and a constant value of σ1. It characterizes the structural 
changes in coal at constant volume. The compressive deformations are actively 
formed in the direction σ1 and stretching deformation in the direction of an 
unloaded side along axis O–X while volume deformation decreases by 20 to 
25% and shear by 17 to 35%. The sample in the condition reflected by the ter-
mination of this segment where volume �V V/  starts to decrease shows resid-
ual strength at the minimum value of lateral pressure σ3, with an increase of 
energy of form 6 to 16% greater than the energy of volume change.

The last (fourth) segment is characterized by the decrease of σ3 to 0. At 
the end of the segment, the shear module decreases 5.5 to 8 times, the form 
changing energy increases in gas-saturated samples by an average 8.1 times 
(6.3 times in non-gas-saturated samples), and the energy of volume change 
decreases 4.5 times on average. One basic finding was that in gas-saturated 
samples the relative change of volume was 25 to 30% less than in degassed 
ones. It is explained by the fact that volumetric deformation and shear in 
gas-saturated samples are 14 to 25% higher. The destruction of gas-saturated 
samples occurs at a smaller degree of strengthening in the pre-destruction 
stage and confirms that the destruction of gas-saturated samples by shear is 
less probable than destruction in degassed ones.

The most important conclusion about coal behavior at unloading is that the 
destruction of gas-saturated coal samples at σ1 = σ2 = σ3 = 40, 50, and 75 MPa 
occurs at the moment when the energy of form-changing is 6 to 16% more 
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Influence of unloading σ3 on volumetric deformation . 1–3: Gas-saturated samples. 4–6: Non-
gas-saturated samples (H = 1600 to 3000).
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than the energy of volume change. In gas-saturated samples, a large amount 
of deformation remains even when σ3 decreases to 0 under generalized 
stretching. The degree of destruction (grinding) of gas-saturated samples 
(Figure 4.25) grows with the increase of σ3 and is higher than in degassed 
samples. The radius of destruction rn of particles at σ3 = 40 MPa was 1.58 · 10–2 
m for gas-saturated samples and 1.91 · 10–2 m for degassed ones. At σ3 = 50 
MPa, rn = 1.12 · 10–2 m and 1.56 · 10–2 m; and at σ3 = 75 MPa, rn = 0.69 · 10–2 m 
and 1.07 · 10–2 m for gas-saturated and degassed samples, respectively.

Degassed samples generally contain fissures located at an angle of 45 to 50 
degrees from the operating breaking point σ1 (Figure 4.22a). In gas-saturated 
samples, the fissures are located 65 to 70 degrees from the line of action of the 
breaking point σ1 and are typical of co-destruction by shear and separation 
(Figure 4.22b).

Because gas-saturated samples reveal low probability for the development of 
sliding fissures, their destruction is shown in the area adjoining the unloaded 
side of the sample on axis O–X (axis of stress σ3 influence). This destruction 
is shown as separation of a part of a sample caused by changes of character-
istics and volume. Generally, an increase of gas saturation of a coal massif at 
unloading causes changes of stress and deformation conditions indicated by 
generalized stretching with shear. Since destruction by shear is not the pre-
vailing factor, the probability of destruction of part of a coal massif by separa-
tion increases dramatically (Figure 4.22c). Structural failures and destruction, 
as a rule, intensify methane desorption, raising its pressure on the walls of 
the developing fissures and promoting coal grinding at destruction.

4.4.2  Filtration Properties

Based on levels and proportions of stress values along three main axes, the 
filtration properties of coal can be determined by the presence and behavior 
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Change of reduced radii of destroyed coal particles at unloading of minimum compressing 
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of the fissures that form systems of filtration channels. The analysis of vari-
ous methods for determining coal permeability in natural deposits classified 
them into three groups. The first group includes analytical, graph-analytical, 
and other methods [34] utilizing filtration theory in the context of coal seams. 
The results allow us to estimate the filtration parameters of a simulated sec-
tion of a seam. The methods require the use of complex mathematical tech-
niques. Many systems of equations do not yield accurate analytical solutions 
and must be adjusted by using dependencies that can be determined experi-
mentally. One of the main disadvantages of analytical methods is that the 
solutions describe two-dimensional models of a coal massif and cannot esti-
mate the influence of stress fields on fluid filtration in fissured and porous 
structures of a coal seam.

The second group of methods analyzes rock permeability [35,36]. Using 
cylindrical samples 5 to 15 cm in diameter and 5 to 20 cm in length, the 
quantity of fluid that permeates samples at a specific pressure drop over a 
certain time can be determined. The testing is performed in a working cham-
ber that allows a sample to be subjected to lateral pressure. These methods 
make it possible to estimate the influence of absolute values of tension on 
fluid permeability.

The third group utilizes results of mine testing [37]. The methods are based 
on the restoration of gas pressure after a short-decrease or the dependence 
of the pressure in a well on time of steady filtration. The advantage of these 
methods is that data for the calculations are obtained under mining condi-
tions and thus produce reliable results.

Research of rock permeability also presents considerable difficulties such 
as a lack of reliable equipment, questionable accuracy of results, and other 
factors present in extraction zones. The most reliable method of coal per-
meability research that simulates conditions in a massif under rock pres-
sure is testing samples on a unit that produces triaxial stresses [36]. This 
technique can model any combination of main stresses that damage coal 
structures based on the amount and speed of reduction of intermediate 
stresses.

To research the filtration properties of rock, cubic samples with 6.0 cm 
edges were used. Each sample was covered with glue BF-2 so that 7.0 cm2 of 
each edge was free of glue and then transferred to the working chamber of 
the unit. Air was blown through three movable (pushing) plates via hoses 
and nipples and to recording gages through stationary (receiving) plates. To 
ensure that the pushing and receiving plates allow afflux and reception of 
fluid through samples, holes of 0.1 cm diameter were located in concentric 
circles on the plates. During loading and unloading, compressed air was 
blown through a sample at certain levels of pressure in three mutually per-
pendicular directions and the amount measured. Hermetic sealing between 
the plates and coal sample is achieved by special gaskets of vacuum rubber 
0.1 to 0.3 mm thick. Other materials used included an air bomb, reduction 
gear box RDD-5, wet gas meter GSB-400, stopwatch, standard pressure gage 
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of 0.15 class, aneroid barometer, thermometer, drop meter, V-shaped water 
meter, and sets of two- and three-way stop cocks.

Figure 4.26 depicts the unit for determining the gas permeability of coal. 
The compressed gas from the bomb (1) goes through the reduction gear box 
(2). The tube into the pushing plate that contacts the edge goes through the 
sample (3). Gas at the outlet is measured by a drop-meter (4) or wet gas meter 
(6), depending on air consumption. The gas permeability is determined at a 
pressure of 1.0 MPa. The coefficient of gas permeability [35] is calculated as
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where Q is the rate of air flow through the sample Q = V/τ per second, sm3/s 
(V is the volume of air measured by the wet gas meter, sm3 and τ is the time 
of gas emission, sec); µ is dynamic air viscosity, kg · s/m2; L is the length of 
the sample, cm; Z is the coefficient of the recalculation of the volume rate of 
air flow under experiment conditions:
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where Pb is barometric pressure, MPa; P1, P2 is air pressure before and after 
the sample, respectively, MPa; and F is the area of the cross section of the 
sample, cm2.

The testing was carried out with two or three pressure drops, depending on 
the permeability of the sample. If the calculated value of the gas permeability 
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FIGURE 4.26
Apparatus for studying filtration properties of coal. 1. Air bomb. 2. Reduction gear box. 3. 
Sample. 4. Drop meter. 5. V-shaped water meter. 6. Wet gas meter.
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coefficient was not more than ±5% different, the arithmetic mean value (tar-
get value of gas permeability coefficient) was calculated. Large differences of 
gas permeability coefficient suggested that the sealing was faulty or the gas 
flow did not follow the law of straight-line relation and the experiments were 
repeated at lower pressures (0.3 to 0.4 MPa).

The sample was inserted into the working chamber of the TTCU. As it was 
loaded or unloaded, compressed air was blown in at set pressure intervals 
along three axes of loading and its consumption was recorded. After com-
pleting the test, the permeability coefficient was calculated by the volume of 
the inlet air and the dependence Ki = f(σi) was calculated taking into account 
the value and speed of unloading σ3. Some values of the calculated coeffi-
cient of permeability are given in the following section.

4.4.3  Changes of Fissured and Porous Structures

The results cited above show that the unloading speed of a simulated coal 
seam [38] significantly influences the depth of spreading of unloading wave. 
This is an important factor for coal–gas systems with low values of viscosity 
because this parameter considers changes of elasticity and strength charac-
teristics. It also reveals the intensification of the processes of opening of the 
closed pores, their joining with fissures, and the change of the mechanism of 
methane desorption from diffusion to filtration.

Some research [39–43] focused on the influence of loading speed on rock 
and coal strength and deformation. However, in the context of coal seams, 
the main issue is determining the changes of fissured and porous structures 
of coals based on the unloading speed of one of the transitory components of 
the stress tensor [44]. Knowledge of the changes is important because coal is a 
natural methane collector and the kinetics of methane desorption into stopes 
and development workings will depend on whether loading changes or does 
not change coal structures. For that reason, we attempted to determine the 
influence of the speed of coal massif unloading on changes of fissured and 
porous structures of coal under conditions simulating the state of the face 
zone at the current depth of excavation. The studies were conducted on the 
TTCU and we controlled the degree of destruction relative to the changes of 
filtration properties determined according to Subsection 4.4.2.

Filtration was measured as the sample was subjected to stress at 3 MPa. 
After the limit state was reached (σ1 = 50 to 60 MPa, σ2 = 25 to 30 MPa, σ3 = 10 
to 12 MPa), unloading occurred along the line of the smallest compression 
stress σ3 = 0 at speeds of 1 MPa/sec and 10 MPa/sec and the filtration parame-
ters were determined in three orthogonally related directions. Based on stress 
results, the coefficient dependences of gas permeability on stresses K1 = f(σ1), 
K2 = f(σ2), and K3 = f(σ3) as shown in Figure 4.27 were determined. Analysis 
of the results shows that during the loading of samples according to the pro-
gram simulating the limit state of the face zone, K1K2K3 is reduced to 10–6 to 
10–7 D compared with 1.2 to 1.8 × 10–4 D in the non-destroyed state [44,45].
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The changes of permeability by reducing the minimum compression stress 
σ3 to 0 are of special interest. As shown in Figure 4.28, at an unloading speed 
of 1.0 MPa/sec, anisotropy of gas permeability coefficients occurs. The larg-
est increase is in direction σ2, while K2 at unloading is 10 times the gas per-
meability of the unstressed sample. At the same time, K1 and K3 are at the 
same levels shown by unstressed coal.

These results allow us to consider the formation of planes of destruction 
in the σ3 direction that are at an arctan(ρ/2) angle toward stress σ1. At an 
unloading speed of 10 MPa/sec, K1 = K2 reaches 12 to 14 × 10–4 D and becomes 
one order higher than the gas permeability coefficient of the unstressed coal; 
K3 stays almost the same. This indicates the formation of destruction planes 
parallel to the unloaded side. The formation of the systems of secondary 
fissures that sharply change coal permeability primarily relates to the open-
ing of some closed pores which, for the coal of seam h1

6 Smolyaninovskiy 
was 0.25 m3/m3 on average [46].
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4.5  Limit State

A solid reaches its limit state when a small increase of any stress (mechani-
cal, thermal, electromagnetic, etc.) leads to the loss of stability (destruction). 
Scientists have studied the deformations of solid bodies during volumetric 
loading which leads to limit state and destruction for a long time. A review 
of methods and criteria obtained from studying rocks and coals by the above 
methods can be found in a monograph [12]. We will present a brief review 
of studies we used in analyzing the factors surrounding deformation of gas-
saturated coals and destruction in the volumetric stressed state.

Galileo started studying destruction mechanics and Coulomb, Saint-
Venant, and Mohr developed the concept further. Destruction mechanics 
involves analysis of deformational properties of solid bodies and develop-
ing different hypotheses of strength to create criteria of deformation. These 
early scientists created the underlying principle: destruction of a solid body 
requires ultimate stress, reaching a deformation state, or a combination of 
both factors. Well known theories of large linear deformations and normal 
and tangential stresses [47,48] are not applicable to rocks that exhibit great 
differences of ultimate strength during extension and compression.

Among the classical theories applied to the rocks, those related to 
energy are of interest. Based on the theory of ultimate full-energy defor-
mation [49,50], a dangerous condition of a material can be observed when 
specific potential energy reaches a certain limit. If we consider reach-
ing the viscosity limit by the energy of form change as a critical state of 
a material, the above theory becomes a theory of supreme energy of form 
changing (fourth classical theory of strength). The condition of strength 
( ) ( ) ( ) ( )1 2 1 2

2
2 3

2
3 1

2/ σ σ σ σ σ σ σ− + − + − ≤ T satisfactorily shows the start of 
plastic deformations. That criterion can be expressed as

	
τ σshear y≤

2
3

where τshear is tangential stress on the octahedral plane and σy is the yield 
strength of the material. Coulomb and Navier suggested that the S0 shearing 
strength increases at a value proportional to normal stress in the shear plane:

	 τ μ= −S S0

where µ is a constant. Anderson [51] used this variant to explain geological 
failures.

The most popular concept for rocks was the criterion of viscosity of 
Coulomb and Mohr, which creates on the shear plane a functional depen-
dence between tangential τ and normal σ stresses and estimates ultimate 
strength during ordinary loading and under volumetric stress. Researchers 
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[52] found out that adhesion and the angle of internal friction depend on the 
stresses but the maximum angle of internal friction and adhesion coefficient 
are formed at different levels of axial deformations, i.e., they cannot be used 
for exact determinations of shearing strength. The Coulomb–Mohr theory 
does not consider in the volumetric stress state the influence of the interme-
diate state σ2, whose level is decisive during unloading of coals and rocks. It 
considerably decreases the perspective and narrows the area of use. This dis-
advantage was eliminated in a later work [53]. To estimate the influences of 
all three main stresses, we accepted the condition that a proportion between 
normal σK and tangential τK stresses on the shear plane exists at the moment 
of destruction. These stresses can be presented by well known formulas:

	

σ σ σ σ

τ σ σ σ σ
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K K
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	 (4.2)

where l, m and n are direction cosines of angles formed normally toward the 
shear plane with vector directions σ1, σ2, and σ3, respectively. When m = 0, 
the stress σ2 falls out of the stress condition, in agreement with the theory of 
Mohr. Geometrically the shear plane goes through the direction of the main 
stress σ2. In general at m ≠ 0, stress σ2 is within the strength condition and the 
plane where the shear is realized does not coincide with direction σ2. Let us 
demonstrate this dependence in the form of the initial approximation τK(σK):

	 τ σ ρK KK tg= + 	 (4.3)

where K is coefficient of adhesion and ρ is angle of internal friction of the mate-
rial. The stresses σK and τK in Equation (4.3) are supposed to be dependent on 
σ2, i.e., cosine m in Equation (4.2) is accepted as not equal to zero. Inserting 
Equation (4.2) into (4.3) we receive a quadratic equation in reference to σ1:
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From Equation (4.4) it follows that

	
σ1

21
= ± −( )
a
b b ac 	 (4.5)
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In Equations (4.4) and (4.5), σ1 is considered as any of three (not necessarily 
the largest) stress. As

	 l m n2 2 2 1+ + = 	 (4.6)

for determination of σ1, it is necessary to know the value of two direction 
cosines in addition to K, ρ, σ2, and σ3. The l represents the constant of the 
given material and does not depend on stresses σ2 and σ3:

	
l = +

⎛
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ρ

	 (4.7)

Here σ1 is a greater stress. Equation (4.7) is based on the fact that under uni-
axial and two-axial loading, the shear plane deviates from the direction of 
greater main stress at 45 2° /−( )ρ . The results [54] of examining the destruc-
tion of rocks according to the scheme σ σ σ1 2 3> =  also proves the acceptabil-
ity of Equation (4.7). If we insert (4.6) and (4.7) into (4.4), after transformation 
we will receive:
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where ν = n2. Let us show that

	

1
4

1
1
2

1+( ) ≤ ≤ +( )sin sinρ ν ρ 	 (4.9)

We will insert in accordance with the ν values a non-dimensional index f:

	
f =

σ
σ

3

2

	 (4.10)

assuming that the orientation of the shear plane in the space is determined 
by both the properties of the material according to Equation (4.7) and the 
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proportion of the main stresses. As the area of compression stresses is con-
sidered, we can see from Equation (4.10) that

	 0 1ʺ ʺf 	 (4.11)

The extreme values f correspond to values ν. At f = 1 (σ2 = σ3) one can con-
clude on symmetry grounds that the shear plane declines to equal angles 
with directions σ2 and σ3. As
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we have at f = 1

	
μ ν ρ ν= = +( ) =1

4
1 1sin 	 (4.12)

where μ = m2. When f = 0 (σ3 = 0). the shear plane obviously deviates from 
the medium position (corresponding to σ2 = σ3). Within the limit, this plane 
coincides with σ2 and σ3. However, as we know from the experimental data, 
the destruction does not occur in the plane of σ3 action, but it can coincide 
with σ2. That is why when f = 0:

	
μ ν ρ ν ν= = +( ) = =0

1
2

1 20 1; sin 	 (4.13)

We obtained the necessary change limits of ν given in Equation (4.9). Based 
on Mohr’s theory of strength:
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Let us define the dependence v( f) in the form of

	
ν να= −

⎛
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⎞
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2
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where α is a non-dimensional parameter. Figure 4.29 shows the limits of α 
change. Horizontal lines 1 and 8 correspond to the conditions of Equation 
(4.14), curves 2 and 4 are built according to Equation (4.15) and therefore are 
related to parameter ν. Curves 5 and 7 are related to parameter μ. The case 
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0 < α < 1 corresponds to curves 2 and 7; μ = 1 to curves 3 and 6; and 1 < α < ∞ 
to curves 4 and 5. The figure shows that at α = 0, curves 2 and 7 are merged 
with 1 and 8 and Equation (4.15) coincides with (4.14). Hence we can assume 
that the most probable values of α are ~0 and do not exceed 1 (as the behavior 
of curves v(f) and μ(f) has a sharp distinction at α < 1 or α > 1):

	 0 1≤ <α 	 (4.16)

Inserting Equation (4.15) into (4.8) we obtain:
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Finally stress σ1 is calculated by Equation (4.5); before the root, a plus sign is 
used (as σ1 is a higher stress). The coefficient α can be found, for example, by 
back-recalculation from Equations (4.5) and (4.17) on the known destruction 
stresses. Tentatively assuming α is the same for different rocks and equals 
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FIGURE 4.29
Graph of dependences v( f) and μ(f).



Behaviors of Rocks and Coals in Volumetric Fields of Compressive Stresses	 259

the average upon the interval of Equation (4.16), i.e., taking α = 0.5 from (4.17) 
we obtain:
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When σ2 = σ3 = σ0, i.e. f = 1, Equations (4.17) and (4.18) are simplified:
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If we insert Equation (4.19) into (4.5), we obtain the Coulomb–Mohr formula:
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We can show that at σ2 = σ3 and also at σ1 = σ2, i.e., at the equality of any two 
main stresses. The third is defined by the Coulomb-Mohr formula. Generally, 
where σ2 ≠ σ3, Equations (4.5) and (4.17) should be used. The result can serve 
as a basis for further improvement of the mechanical theory of strength for 
calculating the influence of intermediate stress σ2 on the ultimate strength of 
rocks under true triaxial loading. TTCU studies [12] showed that σ2 does not 
affect the strength of argillite when σ0 = (σ1 + σ2 + σ3)/3 is more than 163 MPa 
or coals at σ0 > 60 MPa. According to Doshchinskii [55], the limit state of the 
material is determined by absolute values of the deformation components 
and is expressed as the mean square value of deformation components ε1, 
ε2, and ε3:

	
ε ε ε εm
squ = ⋅ + +( )1

3 1
2

2
2

3
2

εmsqu is considered linearly dependent on volumetric deformation for brittle 
materials. Studies of triaxial compression show that the materials includ-
ing rocks that exhibit the same ultimate strength have different values of 
deformation.
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These theories describe the limit states of solid bodies in a field of pure 
separation or cut. An attempt to describe material behavior at a cut and sepa-
ration by synthesis of the known theories did not give the expected results. 
These strength theories do not take into account the defects arising from 
local perturbation of stress fields and the resulting fluctuation of mechanical 
properties in the most stressed or most defective areas. The model of con-
tinuous medium is inadequate because the areas of concentration of stress 
fields are not distributed accidentally; this led to the creation of the theory of 
statistical treatment of strength.

A.P. Aleksandrov and S.N. Zhurkov [56] were the first physicists to assume 
the static nature of the strength of solids. The concept was later developed by 
Weibull [57], Kontorova and Frenkel [58], Volkov [59], Bolotin [60], and others. 
The analysis of formulas of these authors shows that the strength of materials 
having large numbers of defects is primarily determined by maximum prin-
cipal stress σ1 and depends very little on other stresses. In reality, under volu-
metric compression, the strength of a material is highly dependent on lateral 
stress σ2 and , σ3. All static theories consider that the strength of a material is 
determined by its local strength. However, in real solids, this condition is not 
met. In real solids, especially in rocks, due to microplastic deformations, local 
stresses are redistributed and do not cause destruction. Therefore, the static 
theories of strength were not developed to describe the limit states of coal 
and rock. Analysis of the literature suggests two basic conclusions:

	 1.	 In areas of a massif exposed to mining or geological disturbances, 
coal exists under true triaxial compression with different ratios of 
stress and deformation.

	 2.	Existing hypotheses and strength criteria do not allow reliable and 
unambiguous determinations of limit states and destruction mecha-
nisms of such defective solids as rocks and gas-saturated coals.

The closest theory to the description of the limit state of rock and coal is a 
modification of the concepts of Coulomb and Mohr described earlier [12]. 
The theory best justified on physical principles (loss of stability of a solid on 
the basis of the fissure spreading) was formulated by Griffiths. He devised a 
basic (energetic) principle of avalanche-like fissure spreading. At the edges of 
fissures, elastic energy required for the formation of new surfaces accumu-
lates and is then released on the edges due to relaxation of stresses and defor-
mations as the fissure opens. Elastic energy accumulated at the mouth of the 
fissure is converted to surface energy. As a small fissure grows, it consumes 
more energy than it produces, and at some critical point the process reverses. 
Griffiths defined fissures growth by the following energy criterion:

	

∂
∂

( ) − ( )[ ] =∗l
U l W l P, 0 	 (4.20)
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where U l( ) is the surface energy of a fissure, W l P( , )∗  is the energy of elas-
tic deformation during the growth of fissure at length 2l at the moment of 
the external load impact on the body, and P P, ∗ is the ultimate value of load 
P. Griffith’s approach was further developed by Irwin and Orowan [61,62]. 
Great contributions to the development of the theory of fissures were made by 
Russian and Ukrainian scientists such as S.A. Khristianovich, G.I. Barenblatt, 
M.J. Leonov, D.D. Ivlev, V.V. Panasyuk, G.P. Cherepanov, V.Z. Parton, E.M. 
Morozov, L.V. Ershov, A.E. Andreikiv, L.T. Berezhnytsky, A.A. Kaminsky, V.P. 
Naumenko, and others.

Practical application of the theory of fissures required solutions to a num-
ber of problems for determining critical loads in uniaxial, plane, and axi-
symmetric three-dimensional stress states. Effective surface energy was 
experimentally measured to use the theory of fissures to calculate rock 
stability (160 J/m2 for sandstone, up to 65 J/m2 for argillite, and up to 14 J/m2 
for coal [13].

However, the theory of fissures is rarely used to calculate the strengths of 
rocks and coals in true triaxial stress fields (σ1 ≠ σ2 ≠ σ3) [53]. A detailed bib-
liography and results of using the fissure theory to describe the limit state of 
rocks can be found in [12].

4.6  Post-Limit State

All rocks and coals after destruction by three dimensional stresses exhibit 
residual strength, i.e., they continue to bear loads that are considerably 
smaller. Mining engineers use this concept to calculate the bearing capaci-
ties of roof supports and coal pillars.

The first step is obtaining complete stress–strain diagrams that show part 
of the curve beyond the maximum load to evaluate the energy and charac-
ter of the material destruction under stress. Without considering post-limit 
deformation, we assume that all the energy of the ultimate deformation 
of the material destroys it and destruction is always brittle. However, in 
many cases of destruction, the load does not relax to zero; in some cases, no 
load-off occurs. Since plastic deformation is destruction without breaking 
bonds, a beyond-the-elastic limit (or compressibility) term should be added 
to the concept of post-limit deformation. Conventional ultimate strength 
should be considered the starting point of dilatancy on the curve of mean 
stress volumetric deformation (Figure 4.30). In this case the bearing capac-
ity of a material beyond ultimate (residual) strength may be either smaller 
(softening material) or greater than ultimate strength (strain-hardening 
material). In creep (increasing deformation under constant pressure), resid-
ual strength is equal to ultimate strength. The coefficient of proportion-
ality between stress and deformation (rigidity) in the post-limit area for 



262	 Physics of Coal and Mining Processes

softening materials is the decrease module; for strain-hardening materials, 
it is the hardening module.

4.6.1  Essence of Problem

In mining, the study of rock behavior beyond the ultimate strength is impor-
tant for solving the problems of stability of a rock massif, coal, rock and 
gas outbursts, mining strikes, and earthquakes. Fissure spreading in rocks 
during destruction can be stable and occur at the expense of elastic energy 
accumulated in the material during its deformation. Spreading may also be 
unstable and require additional energy from the loading device for destruc-
tion. For stable spreading, controlled testing of the behavior of rock beyond 
its ultimate strength can be performed only by special testing units. Even 
with a loading device of infinite rigidity, controlled testing with a conven-
tional unit is impossible (Figure 4.31). For unstable spreading, the criterion 
of a controlled test is the expression Eout. > Eun or d unK  > d 0K , where Eout is 
the post-limit deformation energy of the sample; Eun is the energy accumu-
lated in the unit, E p Kun

2
un/2= ; Kun is stiffness of the unit, K Pun un/ l= Δ ; K0 is 

stiffness of the sample beyond the ultimate strength; Δlun is elongation of the 
unit; and P is applied load.

If the post-limit deformation energy of the sample is less than the energy 
accumulated in the unit, dynamic destruction of the material occurs. In 
many cases, explosive destruction does not reveal the properties of rocks. To 
obtain accurate data about rock properties, the rigidity of testing units may 
be increased in various ways [63,64].
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FIGURE 4.30
Dependence σmean – εmean for samples of coal at σ3 = 1.3 MPa (1); σ3 = 1.8 MPa (2); σ3 = 2.5 MPa (3); 
and σ3 = 5 MPa (4).
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Regarding data obtained by rigid testing units, it should be noted that 
experiments on the post-limit states of rocks were carried out mostly under 
uniaxial compression and synthesis where σ2 = σ3. Under uniaxial compres-
sion, the residual strength of rock is not more than 5% of the maximum 
strength and the module of decrease significantly exceeds the module of elas-
ticity. The absolute increase of volume at the total loss of load-bearing capacity 
is 2 to 15%.

The nature of post-limit deformation usually depends on the levels of 
three-dimensional stresses. With an increase of lateral pressure σ2 = σ3, a 
decrease in the module of decrease and increases of the post-limit deforma-
tion value and residual strength of plastic rocks were noted. For brittle rocks, 
the module of decrease with increasing lateral pressure remains almost 
constant and post-limit deformation does not depend on the level of three-
dimensional stress state. Lateral pressure exerts greater effects with more 
plastic rocks. With an increase of lateral pressure, a significant reduction 
in the effect of dilatancy appears. At a certain value of lateral pressure, the 
maximum effect of dilatancy is observed [63].

 Taking into account the parameters of post-limit deformation, a number 
of fragility coefficients were proposed, most of which have no physical value 
and do not affect the residual strength of rocks [64]. The tendency of a rock 
to dynamic destruction may be based on the differences between energy 
stored in the unit and post-limit deformation energy along with the module 
of decrease. We drew a number of conclusions after analyzing several stud-
ies of post-limit states and evaluating their main conclusions.
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FIGURE 4.31
Stress and deformation under different conditions of destruction.
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Most works classify rocks as brittle or plastic, and the results of analyz-
ing both types differ sharply. Based on the physics of solids, we know that 
the rock brittleness (viscosity) is determined by thermodynamic parameters 
(pressure and temperature). At certain values of pressure and temperature, 
a material makes a transition from viscous to brittle or brittle to plastic. No 
studies on post-limit state yielded data that prove rocks that are brittle under 
uniaxial compression become viscous with an increase of lateral pressure. 
The conclusions that (1) as lateral pressure in plastic rocks increases, the 
parameters of post-limit deformation (residual strength, module of decrease) 
change gradually and (2) stress deformation diagrams for brittle rocks are 
invariant under uniaxial and volumetric compression are somewhat doubt-
ful. Several studies of stress states in rock massifs have shown that even in 
virgin massif, and particularly in pre-face zones of workings, compression 
should be considered true triaxial, i.e., σ1 ≠ σ2 ≠ σ3. No studies of post-limit 
deformation of rocks under true triaxial compression are known.

Evaluation of brittleness and tendency of rocks to dynamic destruction 
without considering residual strength, in our opinion, does not reflect the 
true expenditure of energy for destruction and thus does not reflect the 
essence of the phenomenon. For these reasons, we consider studies of post-
limit state under conditions of true triaxial compression very important.

4.6.2  Post-Limit Deformation under True Triaxial Compression

The true triaxial compression unit (TTCU) allows fast decreases of high 
stress when necessary. The rigidity of the TTCU is 2.6 ·108 N/m to allow 
post-limit branching (especially when lateral stresses make sample rigidity 
smaller than machine rigidity). Under uniaxial compression, only the begin-
ning and ending points (Figure 4.32) of stress decreases are registered. This 
provides no indication of the behavior of a post-limit branch between these 
two points. The figure shows complete stress deformation diagrams for 
sandstones under uniaxial compression. The stones were taken from mines 
named after A.G. Stakhanov (1) and A.A. Skochinsky (2).

Ultimate and residual strengths of both sandstones were almost equal 
(residual strength about 20% of the ultimate). Ultimate deformations did 
not differ much. The biggest difference was in the post-limit deformation 
(deformation of Stakhanova sandstone was 1.7 times greater than that of the 
Skochinskogo sandstone).

Figure 4.33 depicts stress deformation for samples from the Skochinskogo 
mine at different levels of minimal compressive stress σ3 (constant inter
mediate stress σ2 = 10 MPa). These data indicate this scheme of loading 
increase of σ3 leads on one side to coal strengthening and on the other side to 
changes of sample deformation character. At σ3 values of 1.8 and 5 MPa, stress 
decrease and brittle fracture were observed. Ultimate deformation of samples 
was achieved by continuous power feed from a loading unit. The changes of 
σ3 at σ2 = const and σ1 at σ3 = const led to a change in stress state. Because of 
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lack of homogeneity, rock fracturing and plasticity vary considerably under 
deforming and stress conditions (Figure 4.34) and even under equal stress con-
ditions (for example, σ1 > σ2 = σ3). Parameters of post-limit deformation (resid-
ual strength and decay) are subject to considerable fluctuations. Depending on 
lateral stress and type of stress state, a single material can behave as softening 
and hardening and destruction can be brittle as well as viscous.

The difference between ultimate and residual strengths (stress decrease) 
is true for coal and sandstone with lateral stress exceeding 30 MPa. The 
maximal decay connected with the most brittle fracture is observed for 
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FIGURE 4.32
Complete stress deformation diagrams for sandstones from Stakhanova mine (curve 1) and 
Skochinskogo mine (curve 2).
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coal (Figure 4.35) at σ2 = σ3 = 2 MPa (destruction along crystallites), and for 
sandstone (Figure 4.36) at σ2 = σ3 = 0 and 10 MPa (destruction along cement 
and flakes of quartz, respectively). Figure 4.37 shows dependence of resid-
ual strength and decay modules of coal samples on stress state μσ at σ3 = 9 
MPa. The study proves that in the area of generalized compression, where 
the parameter of stress state type μσ varies from –1 to –0.5, the decay module 
may vary considerably while ultimate and residual strengths increase.
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Dependence of deformation condition on stress state for sandstones in TTCU experiments.
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Figure 4.38 shows dependences of ultimate and residual strengths and decay 
modules of coal samples on µε under conditions of true triaxial compression 
(σ1 > σ2 > σ3) at –1 ≤ μσ ≤ –0.5 and σ3 = 9 and 20 MPa. These data prove non-
conformity of strain and stress states and also reveal wide ranges of residual 
strength decay module change. Maximum strength and decay modules were 
observed under a strain state corresponding to generalized shear (με = 0). 
The maximum decay module for sandstones samples (Figure 4.39) with the 
growth of σ3 shifted from generalized tension at σ1 > σ2 > σ3 (μσ = 0.4) to gen-
eralized shear and compression at σ3 equal to 9 and 20 MPa (με = –0.4 and 
–0.9, respectively). Underground tunnel support capacity is determined by 
the residual strength of destroyed rock and the bearing capacity of the lin-
ing. The character (brittleness, viscosity) of coal and enclosing rock destruc-
tion is based on a decay module.

Under mine conditions brittle fracture and sudden loading decrease are 
often accompanied by dynamic phenomena. Because the maximum decay 
module for coal is σ3 ≠ 0 in a generalized shear area, it is necessary to consider 
that the focus of a brittle fracture forms in the depth of a massif. Sandstone 
decreases the capacity for dynamic destruction near working faces and in 
the depths of massifs.
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Dependence of ultimate (1) and residual (2) strengths and decay module (3) on strain state type 
for coal at σ3 = 9 MPa.
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To study post-limit branching of a diagram of stress deformations of brit-
tle and gas-saturated minerals with the TTCU, the unloading method was 
used. After predetermining mine rock strengths under certain stress states 
by experimentation, samples were loaded at lateral pressures a little higher 
than the strength limit and unloading along σ3 continued until the speci-
fied value was reached. The accumulated energy in the machine at sample 
loading scattered before the samples were destroyed so destruction was 
based only on the energy accumulated in the samples.

Figure 4.40 shows stress deformation for non-gas-saturated and methane-
saturated sandstone under 5 MPa pressure for two days. Sandstone strength 
at σ2 = 30 MPa and σ3 = 5 MPa was σ1 = 200 MPa. For that reason, the sam-
ple was loaded at σ2 = σ3 = 30 MPa until σ1 = 200 to 230 MPa, then σ3 was 
unloaded to 5 MPa. After sample destruction, unloading of all three pres-
sures to 0 was realized.

A complete stress deformation diagram may be divided into sections: (1) 
pre-ultimate deformation (OA) in which the space under the curve is the 
energy accumulated by the sample via deformation; (2) unloading (Aa) σ3 
from 30 to 5 MPa (ultimate deformation due to machine energy) in which 
the space under the curve is the machine energy spent for deformation; (3) 
sample unloading (ab) due to the energy accumulated in the sample; and (4) 
unloading of stresses to 0 (bc) in which the space under the curve is remain-
ing elastic energy (Scbf). The blank area (OAabc) is the energy spent on sam-
ple destruction. However some part of this energy (Sodbc) is from steady 
defects (precritical cracks and microdefects); the remainder (SdAab) is spent 
directly on new surface formation (material crushing). This system allows us 
to estimate the dynamics (destruction character) of material under a given 
stress state as the ratio of destruction energy to total deformation energy 
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FIGURE 4.39
Dependence of decay modules of sandstone on strain state type με at σ3 = 0 MPa (1); σ3 = 9 MPa 
(2); and σ3 = 20 MPa (3).
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Kbr
I = S /SOAabc OAabf, as the ratio of crushing energy to total deformation 

energy Kbr
II = S /SdAab OAabf , or as the ratio of crushing energy to destruction 

energy Kbr
III = S /SdAab OAabc. The above coefficients of brittleness (dynamics) 

in contrast to coefficients suggested in [65] have a distinct physical sense. It 
is not difficult to show that
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Then:
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To estimate mine rock destruction, any coefficient of brittleness may be 
used. KI

br is the easiest to use and understand and for that reason we will 
use it.

If post-limit strength σsup = 0, then all deformation energy is spent for 
destruction and Kbr = 1. When ultimate and residual strengths are equal, 
Kbr = 0 (plastic flow). If M and E have the same sign, then Kbr > 1 and destruc-
tion arises from elastic energy accumulated in a sample. In all other cases 
0 < Kbr < l is true.

Dynamic destruction of the material is possible in two situations: ( 1) when 
Kbr > 1 regardless of rigidity of loading unit and sample; (2) when 0 < Kbr < 1, 
material rigidity is greater than the rigidity of a loading unit. The greater the 
brittleness, the more dynamic the destruction.

Applying the results obtained for non-homogeneous rocks [66] to condi-
tions in a rock massif, we suggest that outburst- and impact-dangerous situ-
ations occur regardless of the rigidity of the destructive layer and enclosing 
rocks. An outburst occurs when an applied stress exceeds resistibility to the 
destruction of this layer. For an outburst, the decay module must exceed the 
rigidity of the enclosing rocks. The destructive layer must be non-homoge-
neous and characterized by reductions of crack resistance.

Figure  4.40 data show that the ultimate and residual strengths of gas-
saturated samples are sufficiently lower than those of unsaturated samples. 
The energy accumulated in a gas-saturated sample is smaller and the energy 
spent for destruction is much greater. Thus, a complete diagram of stress 
deformation can estimate energy capacity, destruction character, residual 
strength, and bearing capacity of a deposit. Knowing these properties can 
help solve many mining problems.

Taking into account the results [13] for mine rock dilatancy at destruction 
in a true triaxial field of compressive stresses, we should note that decay 
module maxima and dilatancy maxima coincide. That is why we can state 
that brittle fractures from dynamic effects and considerable stress decreases 
occur when cracks of in-plane and out-of-plane shear spread and lead to 
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fragmentation and crushing. Conversely, when separation fissures spread in 
mine rocks, they produce minimum fragmentation and crushing, the least 
stress decrease, and the least decay.

4.7  Conclusions

We developed a method of strengthening unstable roofs of mine workings 
by determining the optimal hardening times of carbamide and magnesia 
solutions. Optimal strengthening time is 3 to 7 days for carbamide solution 
and 10 to 13 days for magnesia solution. Increases of moisture in strength-
ened rocks and decreasing the surrounding temperature slow the hardening 
of the carbamide and magnesia solutions. Increasing glue layer thickness 
did not affect strength and deformational properties considerably. Results 
for the carbamide solution strengthening showed marked sample rigidity. 
Moisture increases led to decreased rigidity in samples hardened by the 
magnesia solution and a decrease of rigidity in samples bound with the car-
bamide solution. Increases of moisture improved the plastic properties of all 
hardened samples.

A temperature decrease in the surroundings led to a decrease of strength 
of rock samples bound by carbamide solutions; the decrease did not affect 
the strength of the samples bound by magnesia solution and improved the 
plastic properties of samples during hardening with one or both solutions.

A complete stress deformation diagram allows analysis of power capac-
ity, destruction character, residual strength, and bearing capacity of a 
deposit. Such data are important for solving mining problems. During 
mine rock destruction under a true triaxial field of compressive stresses, 
the maxima of decay module and dilatancy coincide. Brittle destruction 
with dynamic effects and considerable stress decreases occur when the 
fissures of in-plane and out-of-plane shear spread; they are accompanied 
by considerable material fragmentation and crushing. The spread of nor-
mal separation fissures in mine rocks leads to minimum material frag-
mentation and crushing, least stress decrease, and the lowest value of the 
decay module.

The principal difference in rock sample behavior during loading and 
unloading is in the accumulated power and the type of strain state. During 
unloading, material crushing increases considerably because of the develop-
ment of in-plane and out-of-plane shear. The ultimate destruction stresses of 
preloaded rock samples differ little from those of samples that were not pre-
loaded. The results of the tests on mine rock samples without pre-compression 
are adequate for technical calculations and we can disregard sample loading 
history.
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5
Genesis of Natural Gases, Methane 
Extraction, and Coal Mining Safety

This chapter focuses on the genesis of methane in fossil coal, accelera-
tion of the process of methane extraction from coal, and development of 
ways to predict and control gas-dynamic phenomena. Some parts of this 
chapter may be of special interest because they describe techniques for 
identifying, forecasting and controlling unexpected outbursts of coal, rock 
and gas developed in our laboratories. This chapter also discusses the first 
instrument for analyzing the amount and pressure of methane in a coal 
seam and its practical use for determining safe loads on mining produc-
tion faces.

5.1  Genesis of Gases in Coal-Bearing Series

The nature of gas genesis in coal-bearing series is not completely known. 
Most researchers think that methane, the main gas in coal fields (60 to 98%), 
results from the biochemical processes of vegetal matter decay and the pro-
cess has not changed for millions of years. Metamorphic coal conversion cre-
ates porous structure housing forces that maintain a natural equilibrium of 
coal and gas [1,2].

The sorption model is a popular tool for analyzing gas genesis in coal 
seams. Based on the model, intensive flows of mantle gases (hydrogen, meth-
ane, and others) were sorbed by pores and cracks of coal-bearing seams dur-
ing mantle degassing. The sorptive capabilities of coals increased at higher 
rates of metamorphism during conversion. Saturation of coal-bearing strata 
by sorption of exogenous gases also occurred in the distant past [3].

Current geological models can be disputed in the light of new scientific 
achievements. We can assert that the genesis of natural gas in coal-bearing 
seams varies by time and geological conditions. Field and laboratory research 
indicates that mine methane has several sources:

	 1.	Methane of metamorphogenic origin forms in coal seams and sur-
rounding rock in situ at different stages of coal deposit formation. It 



278	 Physics of Coal and Mining Processes

is the most predictable and indicates background methane satura-
tion of rock massifs.

	 2.	Methane of deep-seated origin migrates along networks of tectonic 
fissures in sediments into a developed massif and creates zones of 
anomalous saturation. The zones emit methane into mine workings 
and dramatically increase the dangers of outbursts, explosions, and 
methane poisoning. This type of methane falls into two classes: (a) 
methane from deeper coal seams and from oil or gas deposits under 
coal deposits [4,5]; and (b) mantle methane that directly penetrates 
sediment rock with coal seams through ruptures in crystalline base-
ments [5,6].

	 3.	Methane generated by chemical reactions during coal formation. 
This newly formed methane has not been researched extensively. 
Its danger arises from its location in local zones of coal seams (up 
to several meters) and its presence cannot be predicted by current 
techniques.

5.1.1  Methane Isotopic Analysis: Literature Review

Let us examine the generation of deep-seated and newly-formed methane 
in more detail. Space–time localization and migration are usually studied 
by isotopic analysis. The PDB international standard* is used to analyze the 
isotopic compositions of the carbon in coal, methane, and carbon dioxide. 
According to the standard, C13/C12 = 0.0112372. Offset of isotopic composition 
relative to the standard (δ 13C) is determined according to the formula:
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Isotopic research in many countries [6–13] showed that scattered carbon in 
ultrabasic and basic mantle strata has a typical range of values δ 13C from –22 
to –27‰ [6-8]. A significant range of fluctuations of carbon isotopic composi-
tion characterizes hydrocarbon gases. The heaviest are the gases connected 
with magmatic activity (δ 13C = –10 to –30‰) and the lightest are the gases 
of biochemical genesis (δ 13C = –50 to –80‰) [8,9]. Values for gases of oil–gas 
deposits are in the middle (δ 13C = –30 to –50‰) [10]. Methane is considered 
abiogenic at δ 13C ≥ –20‰ [11].
Methane under conditions of magmatic melt has the same isotopic compo-
sition as the initial graphitic carbon (δ 13C = –3.2 to –12.8‰). Further from 
areas of high temperature, due to exchange with CO2, it is enriched by a 

*	 The name of the standard is based on the Peedee formation (PD) in South Carolina and the 
belemnites (B) found there. Belemnites were chosen because of their homogeneous isotopic 
composition.
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light isotope up to the values shown for volcanic gases and thermal springs 
(δ 13 C = –23‰) [12,13].

One study [14] shows the role of CO2 hydrogenation in the formation of 
natural gas of coal seams in the presence of an iron catalyst. Fe2O3 served 
as a catalyst [15]. CO2 hydrogenation (H2/CO2 = 4) reactions [14] were carried 
out at 167, 180, and 192°C at 1 atm pressure. One hour after the beginning 
of the reaction (at 192°C), the authors detected methane along with carbon 
monoxide, ethane, propane, and water. Results indicated that the reaction 
of CO2 hydrogenation [14] generates methane and light hydrocarbon with 
a composition close to natural gas and methane contents more than 90%. 
The authors calculated the speed of methane generation in an experimental 
installation and as a result assumed an additional mechanism of natural 
gas generation in coal seams related to geological epochs [14]. Studies of the 
artificial metamorphism of kerogens [16–18] show that the compositions of 
gases generated during thermolysis gases under dry and moist conditions 
are not similar to natural gas composition. The presence of ferrous minerals 
and clays during artificial metamorphism confirmed their catalytic effect 
[19]. Based on these results, we drew a conclusion about the catalytic effects 
of minerals in gaseous hydrocarbon generation. In addition to open porosi-
ties and fractures, coal contains another reservoir for gas accumulation 
[20–22]. Most gas accumulated in coal seams is concentrated within a solid 
solution and closed porosities. To confirm this concept, natural coking and 
fat coals consisting of far fewer open pores than other ranks can contain up 
to 35 m3/t of gas.

5.1.2  Methane Isotopic Analysis: Experiment and Discussion

We examined volatile, gaseous, fat, coking, lean coking, lean, and anthracite 
coals of the Donets coal basin. Table 5.1 lists their characteristics.

Isotopic analyses of methane (CH4) and carbon dioxide (CO2) were con-
ducted at the Zasyadko and Krasnolimanskaya Mines. From structural and 

TABLE 5.1

Results of Chemical Analysis of Coal Samples

Rank VG% C% H% W% Ash%

Volatile 42.9 81.9 5.6 11.5 2.87
Gaseous 35.6 85.0 5.5 7.4 1.35
Fat 34.1 86.1 5.4 1.0 1.9
Coking 23.7 89.1 5.15 1.0 3.9
Lean baking 21.4 90.0 4.94 1.1 2.79
Lean 11.2 91.8 4.55 1.7 3.5
Anthracite 7.0 95.4 2.2 4.0 1.0

Note:	 VG = volatile per gram of coal substance. W = water 
per gram of coal substance.
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tectonic views, the field of the Zasyadko mine (seams l1 and m3) is compli-
cated by three thrusts: Vetkovsky (H = 15 to 60 m), Panteleymonovsky (H 
= 10 to 20 m), and Grigoryevsky (H = 37 to 55 m). H is the thrust amplitude. 
A gravimetric survey on a 1:200,000 scale carried out by the National Mining 
University of Ukraine determined that the three thrusts by orientation and 
location are close to faults in the crystalline basement.

At the Zasyadko Mine, gas samples were taken from degassing wells 
drilled into the roof of coal seam l1 near small amplitude tectonic faults, 
and from holes drilled along coal seam m3 closer to the Vetkovsky thrust. 
Chemical composition of gases was determined on an LHM-8MD chromato-
graph. Isotopic compositions of the carbon of coal, methane, and carbon 
dioxide were analyzed on an MI-1201V mass spectrometer and the PDB stan-
dard was used.

Analysis of the compositions of gases from two zones of tectonic faults on 
seam l1 revealed increases of heavy hydrocarbon content (up to 8.6%), hydro-
gen (up to 0.14%), and helium (up to 0.12%). In the first zone, an accident emit-
ted total methane exceeding 100,000 m3. The registered methane emission 
rate in the second zone was 137m3/min. Another finding was a change of 
weighting of methane and carbon dioxide: δ 13CCH4 from –31.48 to –29.8‰, δ 

13CCO2 from –24.9 to –17.2‰, while δ 13Ccoal was from –26.8 to –26.5‰.
Both zones of high gas-saturation of coal rock massif were characterized 

by conformance of isotopic compositions of carbon of methane and carbon 
dioxide. Such conformity can result from an increase of coal metamorphism 
or fractionation of carbon isotopes between CH4 and CO2 at temperatures 
above 200ºC. Thus the observed conformity of isotopic compositions of CH4 
and CO2 indicates that the discovered zones formed from gas inflows from 
deep sources. Isotopic compositions of the carbon of coal, methane, and car-
bon dioxide in pairs of samples taken from two corners of the drift bottom 
of seam m3 at different distances from the Vetkovsky thrust are presented in 
Table 5.2.

TABLE 5.2

Isotopic Compositions of Carbon of Coal, Methane, and Carbon Dioxide

Sample

Distance from 
Vetkovsky 
Thrust (m)

δ13C (‰)

CH4 CO2 Coal

1 206 – – –24.73
2 206 –42.50 – –
3 206 –41.65 – –
4 122 –24.36 –18.55 –
5 122 –35.13 –13.74 –
6 30 –30.30 –21.90 –23.63
7 30 –20.40 –21.35 –
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Near to the Vetkovsky thrust, methane carbon became significantly heavier 
from –42.5 to –30.3 and –20.4‰. This suggests the possibility of heavy meth-
ane inflow along the thrust and through its apophyses (minute faults con-
nected with the main thrust) into the developed coal seam. The sample 7 
values δ 13CCH4 > δ 13CCO2 testify to genetically different methane and carbon 
dioxide in a coal seam. On one side, methane balanced with carbonates at 
temperatures above 500°C may present a higher δ 13C. Its inflow along the 
Vetkovsky thrust from the depth may increase the δ 13C of total gas composi-
tion. From the other side, it is possible that methane formed at deeper lay-
ers migrated through the Vetkovsky thrust. In this case, more intensive gas 
emissions in coal faces may be related to foreign gases.

At the Krasnolimanskaya Mine, analysis of the isotopic composition of the 
carbon of methane and carbon dioxide was conducted in the drift bottom of 
seam k5 closer to the apophysis of the Glubokoyarsky fault (H = 3.5 m). The 
H of the Glubokoyarsky fault is 20 to 86 m. A network of small amplitude 
faults complicates coal seam k5 and surrounding rock in the area of the drift 
development. At the development, higher gas emissions were registered. 
The composition of the gas emitted from the rock was analyzed. The results 
showed that methane content changed from 92.0 to 98.5%, ethane from 0.39 
to 0.71%, propane from 0 to 0.36%, and butane from 0 to 0.1%. Helium (0.05 to 
0.19%) and hydrogen (0.0 to 0.002%) content increased in the zones of small 
amplitude faults at Glubokoyarsky, confirming the heterogeneous inflow of 
these gases from the depth.

The values of δ 13C of methane in gas mixture of coal seam k5 of 
Krasnolimanskaya changed between –34.51 and 37.58‰, revealing a slight 
tendency to increase closer to the Glubokoyarsky fault. Carbon dioxide 
δ 13C ranged widely from –8.12 to –20.75‰ and decreased closer to the 
Glubokoyarsky fault. Carbon dioxide enrichment by lighter carbon isotope 
12C occurs via greater coal carbonization. The regularity indicates inflow of 
isotope-light carbon dioxide from deeper coal levels.

The difference (δ 13CCO2 – δ 13CCH4) in the gas mixture from seam k5 changed 
from 16.61 to 28.93‰ and decreased closer to the Glubokoyarsky fault. The 
variations of δ 13CCH4 and δ 13CCO2 along the drift indicate that the gas gener-
ated from coal of a higher level of metamorphism with δ 13CCH4 and δ 13CCO2 
closer in value to those typical for seam k5 rose from the depth through tec-
tonic faults near Glubokoyarsky. Figure 5.1 is a comparison of the δ 13CCH4 
and δ 13CCO2 results for the two mines.

The figure shows specifics of distribution of samples from Zasyadko and 
Krasnolimanskaya. The samples from Zasyadko show a significant range of 
values of both δ 13CCH4 (–42.5 to–-20.4‰) and δ 13CCO2 (–24.88 to –6.5‰). Values 
from Krasnolimanskaya samples covered a wide range (δ 13CCO2 from –20.75 
to –8.12 ‰) and a small range (δ 13CCH4 from –37.58 to –34.51‰). On average, 
methane at Zasyadko revealed a heavier isotope composition of carbon. In 
addition, several samples with δ 13CCH4 ≥ 25‰ contained methane with iso-
tope carbon composition characteristic of volcano gases and thermal springs. 
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Mine carbon dioxide at Krasnolimanskaya was heavier. In the zones of tec-
tonic faults, these differences are more noticeable.

It should be noted that both mines developed seams of the same rank (fat) 
in different geological–industrial areas and in works at different depths. At 
Zasyadko, seam l1 is 1100 m and seam m3 is 1340 m. At Krasnolimanskata, 
seam k5 is 950 m. These conditions most likely determine the differences in 
genesis and migration of deep methane into mine workings. At Zasyadko, 
one can find methane close to mantle genesis migrating along the fractures 
in crystalline foundations and tectonic faults in sedimentary depths from 
higher mantle layers. The predominant methane at Krasnolimanskaya was 
formed in coal of higher coalification grade at a deeper stratum than seam k5 
and migrated into the mine via a network of tectonic faults.

5.1.3  Mossbauer Spectroscopy

Supporting the hypothesis that the key moment in the formation of natural 
gas is the presence of iron catalyst and based on the literature [14–22], we 
examined the dependence of methane content on iron compound presence. 
The laboratory conditions in which the work [14] was carried out were rela-
tively free of contaminants. Under natural conditions, minerals are heteroge-
neous. Their particle sizes, pore water contents, seam thicknesses, and levels 
of contact with active catalysts can vary widely [23–25].

To attempt to minimize the differences, we analyzed coal samples from fat 
to anthracite in methane-bearing, outburst-prone, and outburst-proof seams 
of Yasinovka-Glubokaya, Chaykino, Yuzhnaya, 13-bis, Glubokaya, and 2-2 
bis to determine their iron contents. Sample types were (1) a powder with 
particles smaller than 0.1 mm and (2) plates 3 to 5 mm thick to eliminate 
the effects of possible heterogeneity in sample iron distribution on spectra 
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FIGURE 5.1
Distribution of analyzed gas samples in coordinates δ13CCH4 and δ13CCO2 (±0.5‰).
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and determine texture peculiarities. A Wissel spectrometer produced the 
Mossbauer spectra of the coals. 57Co in a chrome matrix with 50 mCi activity 
served as a radioactive source. Spectra were measured in the mode of uni-
form acceleration. Mathematical treatment of spectra (fitting) was carried out 
by the least squares method with the UNIVEM program.

Most Mossbauer coal spectra consist of two or three components—dou-
blets with different quadrupole splitting and chemical shifts. A doublet 
with small quadrupole splitting and shift is related to pyrite (FeS2), and a 
doublet with a high values of quadrupole splitting and shift indicates fer-
rous iron. The difference in spectra may be seen in the relative intensities 
of these components. Two orientations of the cubic samples were measured: 
when planes of preferred layer structure were perpendicular to the gamma 
quantum beam and when the gamma quantum beam was directed along 
the seam planes.

For the perpendicular orientation, the component from pyrite was almost 
50% larger. Thus, in contrast to ferrous iron, pyrite is located on planes of 
layer structures. We also noted a strong correlation between the combina-
tions of ferrous and ferric iron and methane content as well as outburst 
potential. Figures 5.2 through 5.4 present the results.

The spectra of lean baking coal (Yasinovataya Glubokaya, seam l4), coking 
coal (13-bis, seam l1), and fat coal (Chaykino, seam m3) revealed small intensi-
ties of components connected with ferrous iron. Most iron compounds were 
trivalent pyrite and marcasite that differ from pyrite only in the type of crys-
talline lattice (Figure 5.2). Two components in the spectrum are connected 
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FIGURE 5.2
Mossbauer spectrum of outburst-proof fat coal from Chaykino seam m3.



284	 Physics of Coal and Mining Processes

with two crystallographic positions occupied by iron atoms. These coal seams 
are outburst-proof and contain large amounts of methane (12 to 30 m3/t).

The spectrum of outburst-prone lean-baking coal from Yuzhnaya, seam 
h10 (Figure 5.3) suggests a high iron content that correlates with the methane-
bearing capacity of this seam. Ferrous iron appeared in two forms: FeCO3 
(8.55% of the whole iron spectrum area), a component resembling FeSO4 · 
7H2O (about 34.55%), and the remainder as pyrite FeS2. This combination of 
iron compounds and their proportions shown on Mossbauer spectra allow 
us to conclude that the samples contain large amounts of methane and that 
the increase of outburst activity of seam h10 is correlated with the intensive 
ferrous iron content shown in its spectrum.

Spectra of lean coal from long wall 14 of Glubokaya (unlike samples from 
other long walls of the mine), anthracite from 2-2 bis, and anthracite from 
Kommunist contained only one component of ferrous iron (Figure 5.4). These 
coals are outburst-prone and methane-bearing.

Table 5.3 shows hyperfine structure parameters of Mossbauer spectra in 
Figures 5.2 through 5.4.

Based on analyses of Mossbauer spectra, we surmise that methane-bearing 
capacities of coals correlate with total iron and the methane-bearing ability 
and outburst potential correlate only with ferrous iron.

Joint analysis of x-ray and Mossbauer data [26] confirmed iron in coals in 
at least three compounds: trivalent (pyrite and marcasite), bivalent as siderite 
(FeCO3), and sulphates containing crystalline hydrates of FeSO4·nH2O type. 
Ferric iron is mainly concentrated in flat precipitates in interlayer spaces; 
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ferrous iron concentrates in clusters that are more or less uniformly distrib-
uted throughout coals. The presence of ferrous iron suggests that methane 
was generated in the distant past and the formation continues by Fischer-
Tropsch (FT) synthesis on iron catalysts [27,28].

5.1.4  Stoichiometry of Reaction

According to FT synthesis, methane forms via the following reactions:

	 CO + 3H2 → CH4 + H2O (∆H0 = –206.4 kJ)	 (5.1)
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FIGURE 5.4
Mossbauer spectrum of outburst-prone anthracite from 2-2 bis, seam h8..

TABLE 5.3

Parameters of Hyperfine Structures of Mossbauer Spectra

Rank
Spectrum 

Component
Chemical Shift 

(mm/sec)

Quadrupole 
Splitting 
(mm/sec)

Relative 
Intensity 

(%)

Fat, outburst-
proof

Fe+3S2 (1) 0.3094 0.6270 91.73
Fe+3S2 (2) 0.2887 0.4986 8.27

Lean baking, 
outburst-prone

Fe+2 (1) 1.1394 2.6194 34.55
Fe+2 (2) 1.2545 1.8249 8.55
Fe+3S2 0.3133 0.6139 56.90

Anthracite, 
outburst-prone

Fe+2 1.2350 1.7858 100.00
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Water formed over the iron catalyst in the presence of CO is converted into 
CO2 + H2:

	 CO + H2O → CO2 + H2 (∆H0 = –39.8 kJ)	 (5.2)

The overall reaction of methane formation is

	 2CO + 2H2 → CH4 + CO2 (∆H0 = –254.1 kJ)	 (5.3)

Stoichiometric methane yield is 178.6 g/m3 of CO + H2. Also methane is 
formed by CO2 hydration at 192°C [10] according to

	 CO2 + 4H2 → CH4 + 2H2O (∆H0 = –164.9 kJ)	 (5.4)

The presence of iron disulfide suggests that a portion of iron atoms that com-
bine with sulfur during methane generation are gradually excluded from 
“young” methane generation or excluded from synthesis earlier during the 
interaction of iron-containing pyroxene and olivine with hydrogen disulfide 
outbursts from the mantle. Thus, the free hydrogen formed ensures reac-
tions of all hydrocarbon formation.

It is useful to explain the principles of FT synthesis kinetics. Synthesis 
speed (along with product yield from unit of catalyst volume per time unit) 
increases with increased pressure and temperature of the gas mixture. 
Because synthesis reactions differ in activation energy, changing the temper-
ature can influence the selectivity of FT synthesis. The rise of temperature 
accelerates methane formation. All the efforts of the developers of artificial 
fuel technologies focused on finding a process optimized for gasoline and oil 
synthesis. Methane synthesis was considered an unwanted side reaction. For 
coal scientists, the formation of “young” methane directly in a coal deposit 
via FT synthesis is an important concept.

Tannenbaum and Kaplan et al. [19] found that the activities of miner-
als during the formation of light hydrocarbons decreases in the presence 
of water although other work [14] made no note of catalyst deactivation as 
methane formation continued. To examine the influence of moisture early 
in the reaction, water equal to the number of micromoles of CO2 was intro-
duced. This water increased the amount of generated methane while the 
catalyst retained its activity over the entire 24-h experimental period. This 
may be explained by the important role of water in a complex FT synthesis 
reaction [14]. We conclude that coal seams contain all the necessary compo-
nents to allow these processes. FT synthesis in a coal massif requires iron 
compounds and a mixture of CO, CO2, and H2 as initial synthesis products. 
The hydrogen and carbon dioxide necessary for these reactions are always 
present in a massif [14].

The gases are emitted during mantle degassing. Hydrogen, carbon mon-
oxide, and carbon dioxide are always present in coal seams. The deeper the 
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production working, the higher the average temperatures in seams (as high 
as 40 to 50°C at 1000 to 1500 m depths). At these temperatures, hydrocarbon 
synthesis reactions via catalysts become possible.

To verify this concept, we heated volatile (almost iron-free) coal in a mix-
ture containing 1% ferrous iron (FeCO3). Heating above 50° C led to a sig-
nificant increase of hydrogen, methane, and CO yield. We concluded that 
very intensive coal hydrogenation and methane generation via FT synthesis 
is possible using catalysts containing ferrous iron compounds. The exother-
mic character of most reactions of FT synthesis may increase temperatures in 
small local areas containing iron atoms As a result, these areas emit gaseous 
methane. Synthesis may be intensified by using promoting agents such as 
Al2O3, CaO, CuO, MgO, and other metallic oxides in clays found in coals, as 
determined by roentgen diffraction experiments [26].

Superfine ferriferous minerals are found in coal strata at concentrations ~1% 
and Fe concentrations up to 2.67% have been noted [29]. The most common 
ferriferous mineral is pyrite FeS2 but iron is also found as oxides and carbon-
ates of siderite FeCO3 [30], rosenite FeSO4 · 4H2O, melanterite FeSO4 · 7H2O 
[31] , and micaceous clays such as illite. The so-called organically bound iron 
is found in coal as porphyrins and protein-like structures [32], iron acetate 
Fe(C2H3O2)2 [31], and iron bound with carboxyl groups [33]. Thus, coals con-
tain sufficient materials capable of reduction to metallic iron at 200°C.

5.1.5  Conclusions

Based on the variations in isotope compositions of methane and carbon 
dioxide disclosed for several areas of the Donets coal basin, we conclude that 
areas of methane and carbon dioxide form by the constant intake of deep 
and mantle gases. These areas are near zones of tectonic faults that allow 
gases from deep sources to flow into the seams. Thus, anomalous areas of 
gas saturation form and lead to outbursts, outbreaks, and explosions. We 
can utilize the differences in isotopic and geochemical characteristics of coal 
seam gases and deep gases to detect zones of long-term methane production 
within coal fields of closed and working mines.

Mossbauer investigation revealed another source of high gas content in 
coal seams. The correlation of the amounts of iron and methane accumu-
lated in coals led us to suggest the model of “young” methane generation. 
According to this model, generation of “young” methane and other hydro-
carbons in coal seams is constant at the expense of non-standard reactions 
of FT synthesis on catalysts from ferrous iron compounds. Generation 
speed increases with the rise of average seam temperature. This condi-
tion leads us to conclude that outbursts in deep (more than 800 m) seams 
are connected to “young” methane. Because iron atoms are intrinsic to 
coal structures, generation of these methane molecules around a catalyst 
explains the generation of large amounts of methane in solid solutions and 
closed porosities.
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5.2  Dependence of Outburst Proneness on Mineral Inclusions

During coal extraction, an outburst-prone zone represents less than 3 to 6% 
of the total seam area. To reduce production costs (decrease outburst preven-
tion measures), it is necessary to increase the accuracy of predicting outburst-
prone areas [34–48]. Coal seams in natural bedding are complex systems that 
are thermodynamically balanced. Coal structures and the fluids and admix-
tures they contain greatly influence seam behavior during mining. Section 
5.1 showed that mineral inclusions containing ferrous iron serve as catalysts 
to generate “young” methane. It is logical that the locations of these inclu-
sions indicate outburst-prone zones [49–52].

5.2.1  Experiments and Discussion

We investigated iron content in coking coal in seam h′6 at the Skochinskogo 
Mine. The seam has a complex structure and is subject to unexpected and 
dangerous coal and gas outbursts (density = 1.44 t/m3, ash Adaf = 19.6%, mois-
ture W = 1.9%, sulfur Sdaf = 1.1%, and volatiles Vdaf =31.0%). Natural gas con-
tent is 20 to 30 m3/t of dry ash-free mass. Coal samples in the form of lumps 
(0.5 to 0.8 kg) were taken every 4 m during well drilling as the drift face 
advanced. Successive sampling during the development of outburst-prone 
seams was necessary to analyze the changes in structure depending on nat-
ural methane content and zones of gas-dynamic phenomena (GDP).

Sampling continued for one month. Two GDPs were noted. All coal sam-
ples were examined on an Elva X roentgen fluorescent (RF) spectrometer to 
determine iron content. RF analysis showed that the samples from safe areas 
contained very small percentages of iron (Figure 5.5) [52].

A big halo at left (beginning at 16 keV) is background from the instrument. 
The less the contribution from iron (0.065 a.u.), the greater the contribution of 
the instrument (0.4 a.u.). The iron doublet is on the left of the spectrum (6 to 7 
keV). The doublet on the right indicates a small amount of strontium.

Based on the spectrum in Figure  5.6, the iron quantity increased one 
order in an outburst-prone area. Samples 34 and 36 taken directly from out-
bursts revealed even more iron (Figure 5.7). Since the background intensity 
decreased thrice, we can surmise that iron content increased three times 
as well. Other elements found in samples from outburst-prone areas were 
titanium (4 keV), zinc (9 keV), arsenic (11 keV), a lot of rubidium (13 keV), 
strontium (14 keV), and zirconium (16 keV); see Figures 5.6 and 5.7. A yttrium 
doublet (15 keV) also appeared in samples 34 and 36. Samples 33 and 35 (GDP, 
March 19, 2009) revealed copper and bromine.

The advantage of RF analysis is the rapid yield of information about iron 
in a sample and its comparative quantity (the time interval of a spectrum 
record is 5 min). However, RF analysis does not reveal which compounds 
contain iron. To determine the iron valence that characterizes a compound, 
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investigations were carried out on a WISSEL Mossbauer spectrometer at the 
G.V. Kurdyumov Institute of Physics of Metals of the National Academy of 
Sciences of Ukraine. Most of the iron found was ferrous. Ferric iron was in 
the form of pyrite (FeS2) or marcasite; the ferric compounds differ by type of 
crystalline lattice. Trivalent iron was minimal in all samples. Only in sample 
33 did pyrite represent 83% of all iron content.

We also monitored iron content and valences while working in an out-
burst-prone seam of coking coal (Praskovievsky) at the Sovetskoi Ukrainy 60 
Mine [51,53]. The samples were selected every 5 m during seam development. 
Mossbauer spectra showed pyrite and two types of ferrous iron compounds. 
Table 5.4 shows the changes of intensity correlations of three components of 
ferrous and ferric iron in the samples.

The spectra for outburst-proof areas of the Smolyaninivsky seam and 
the Praskovievsky seam are not significantly different. In coal selected 14 h 
before an outburst, the total ferrous iron increased 1.5 times in comparison 
with ferric iron. Ferric iron in outburst coal increased approximately three 
times. Moreover, in outburst coal and coals of outburst-prone areas, the cor-
relations of different types of ferrous iron changed but the chemical content 
of iron was fixed.

We suggested [50–55] that a change of SII/SI in a Mossbauer probe indi-
cates a higher amount of local distortion during an outburst. Assume that 
a coal before an outburst contains regular polymer structures and iron in 
organic compounds. Under influence of high-pressure during an outburst, 
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discontinuity of polymer chains occurs and monomerization increases. 
The value of quadrupole splitting must rise as the number of local distor-
tions increases. A similar analogy may be based on Mossbauer research of 
polymer metal organic compounds of polyferrocene type [56]. As a result 
of quadrupole splitting, the number of monomer compounds of ferrocene 
is smaller than the number of polyferrocene compounds with lattice-like 
structures. Discontinuity of polymer chains due to high mine pressure must 
be accompanied by gaseous hydrocarbon emissions that create a reducing 
atmosphere. This factor may cause the increase of ferrous iron during an 
outburst as revealed by Mossbauer spectra.

Suppose that local temperature in a coal seam increases (for example 
due to generation of geological faults). As described earlier, synthesis 
reactions near a catalyst occur. The reactions are later supported by the 
exothermic reactions of FT synthesis. Copper makes iron reduction easier 
and decreases the process temperature to 150°C and the speed of FT syn-
thesis increases.

The synthesis of heavy hydrocarbons at low temperatures (50 to 200°C) 
may change a coal rank via the addition of aliphatic components at FT syn-
thesis locations. These processes are important because catalysts usually 
concentrate in coal bands. That is why the presence of heavy hydrocarbons 
(propane, benzene, paraffin, and other fatty acids) at low temperatures of 
synthesis near catalyst concentrations radically decreases coal shear strength 
and increases outburst-proneness without increasing intrastratal methane 
concentration and thus without increasing gas pressure in a seam.

A number of observations prove this hypothesis. In outburst-prone areas, 
the percentage of volatiles increases [57–61]. This concept is known as coal 
reduction. Coal types that display similar petrographic compositions and 
ranges have other identical indices. Two types of coal exhibit several different 
characteristics [23,57]. The first type has darker orange organic mass and con-
tains less hydrogen and sulphur and more carbon and nitrogen. TheHat/Oat 
and Hat/Cat ratios are lower and this coal type exhibits less volatile emission, 
reactive capability, solubility, and heating capacity. It also has greater micro-
hardness and more paramagnetic centers. The mineral content includes a 

TABLE 5.4

Parameters of Hyperfine Structures 
of NGR Spectra of Samples from 
Praskovievsky Seam

Sample Area
Fe (+2)/Fe(+3) 
[(SI + SII)/SIII] SII/SI

Outburst-proof 1.83 2.05
Outburst-prone 2.67 0.26
Outburst 4.06 0.38
Outburst 5.53 0.18
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fine-grained pyrite, and base oxides dominate over acids in the ash [59]. This 
coal type is designated r (reduced) because it contains more hydrogen and 
less oxygen. According to some authors, r coals are predominant in outburst-
prone areas [59–61] and contain large numbers of hydrocarbons in aliphatic 
rows. FT synthesis reactions sufficiently explain the presence of r coal in 
outburst-prone areas.

5.2.2  Conclusions

Analysis of Mossbauer spectra of coal suggest that outburst-prone zones in 
coal seams are connected to the presence of ferrous iron.

5.3  Electromagnetic Method of Seam Degassing

The need to develop methane utilization technology arises from environ-
mental problems. Releases of gas into the atmosphere aggravate global 
warming. The Kyoto agreement requires industrially developed countries to 
reduce production when environmentally unfriendly chemicals contribut-
ing to the greenhouse effect are released into the atmosphere.

Coal extraction worldwide is carried out at great depths; in Ukraine, 
depths can now extend more than 1300 m. Methane concentrations in the 
atmosphere of such mines threatens miners’ lives; 89% of mines contain 
gas and 60% of mines are dangerous because of explosions of coal dust and 
gas. Many miners die as results of accidents at coal mines. Ukraine statistics 
reveal that about half the accidents with serious and lethal outcomes occur in 
the coal mining industry from explosions of methane-containing mixtures 
and sudden coal and gas outbursts.

Preliminary methane extraction (before coal extraction) for reasons of 
safety and utilization represents only a partial solution. Most methane (up 
to 70%) remains in coal seams and extraction is a slow process because of 
solid state diffusion.

Experiments using electromagnetic radiation [62] on coal revealed strong 
fields with amplitude Е > 104 V/m at a frequency interval of 1 to 7 MHz. 
More intensive fracture formation makes gas filtration of coal samples eas-
ier. Results described below explain the influence of high-frequency elec-
tromagnetic vibration in accelerating methane desorption without changing 
coal structure.

However, questions on the mechanism and necessary energy consump-
tion to achieve efficient porous coal degasification in production conditions 
remain. It is necessary to activate methane sorbed in interlayer spaces and 
solid solutions without breaking coal and causing formation of additional 
fissures. One technique is to generate low frequency vibrations and impulses 



Genesis of Natural Gases, Methane Extraction, and Coal Mining Safety	 293

of electromagnetic force (EMF) of high frequency. Impulse generation must 
lead to pressure pulsations in the medium (reverse seismic and electromag-
netic effect). That is why it is necessary to associate electromagnetic impulse 
amplitude with pressure impulse. Effects of such wave-like influences on 
gas-bearing coal substances were studied [63,64].

One method to initiate methane emission from a gas-saturated sample 
involves the influence of resonance on the molecules embedded into the coal 
structure. Let us assume that a resonance frequency Ω0 ≈ 70 MHz and it is 
necessary to generate shock waves (or weak discontinuity) with the same 
frequency. As shown in experiments on conducting mediums [65], the most 
efficient variant is when the interval between sequential impulses Т and 
impulse time τ is q = T/τ = 5 or 10. For instance, consider the variant when 
τ =10–7 sec, and Т = 10–6 sec. Within 10–6 sec, a seismic impulse will traverse 
path R = T · vp = 2 · 10–3 m (vp = 2 · 103 m/sec is longitudinal seismic wave 
velocity).

Thus, if a generator is 10 m from a working face, we must provide suf-
ficient power and time resolution so that a following impulse does not 
interfere with the earlier impulse. When R = 10 m, this interval ∆t must be 
more than R/vp = 10/2 · 103 = 5 · 10–3 sec. In a seismic influence mode, it is 
impossible to produce a frequency f more than 1/∆t = 200 Hz. Therefore, the 
only alternative for additional methane extraction activation from a coal 
seam at a frequency Ω0 ≈ 70 MHz is electromagnetic impact. Wavelength 
λ = C · Т = C/f = 3 · 108/107 ≈ 30 m in open air. For coals, where phase 
velocity is v = Cph / εμ  and ε = 3 to 5, we can get wave length value λ = 15 
m. Therefore, with this interval of frequency, we work in the nearest zone 
where electromagnetic vibrations in the first instance are defined by elec-
tric component

�
E. Since the distances are rather small, we have no problem 

with wave attenuation because the typical distance of wave attenuation is 
much more than R = 10 m.

One study [66] indicates that impulsive electromagnetic radiation observed 
during earthquakes has a limited frequency ~ 107 Hz. This frequency was 
determined by charge relaxation time, τ = 1/ ωmax , and corresponds to wave 
length λ ≈ 30 m. Thus, there is no point to using frequencies higher than 
the value specified if a technique is based on seismic and electromagnetic 
mechanism [67–69] of methane emission activation.

One way to generate electromagnetic radiation (EMR) is radiation of an 
elementary Hertz dipole transmitter. In a nearer field zone r << λ, the solu-
tion is found in a spherical coordinate system for an azimuthal component 
of magnetic field � �H = Hm mRθ  and two components of dielectric field intensity 
� �E Em mRθ ,  in a complex form [70]:

	 �
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where i I tm= sin� ω  is direct current in a conductor with length l. Value ε = εrε0 
is an absolute dielectric permeability value. Let us determine impedance Z = 
E/H for efficient values of the EMF components E = Em/ 2  andH = Hm/ 2. 
Consider a point in the plane (x, y) that is θ = 90º. For real components of 
dielectric field intensity we have

	
H H =

I l
πReff

A≡
⋅

4 2 2
, 	 (5.8)

	
E E =

I l
π Reff
A≡
⋅
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Then,

	
Z =

R
1

εω
. 	 (5.10)

For the frequency ω = 70 MHz, εr = 4, and R = 1 m, we have Z = 404 Ohm, and 
for R = 10 m we have Z = 40.4 Ohm, whereas impedance in the plane electro-
magnetic wave is Z = 377 Ohm.

Let us estimate energy to be used in a coal seam to make methane mol-
ecules more active. While coal has a complex internal structure, its molecu-
lar bond energy distribution depends on the molecular arrangement of its 
porous system. Keep in mind that methane in fossil coal is found in three 
states: (1) as a gas in transporting channels and pores; (2) sorbed on the sur-
faces of channels and closed pores and emitted via solid-state diffusion; 
and (3) dissolved in organic coal substance; this methane requires maximal 
energy activation for emission from coal substance.

Initiating methane emission from a solid solution requires energy of ~45 kJ/
mole or u0 = 0.5 eV per molecule. If coal density ρ = 1.5 · 103 kg/m3, 1 m3 con-
tains Nc = ρ/mc = 0.75 · 1029 carbon atoms. The 0.01 to 0-.1 fraction of methane 
molecules can be found in interplane spaces of coal structures. To estimate the 
energy necessary to active methane emission, we assume that the number of 
such molecules is N ≈ 0.1 · Nc = 0.75 · 1028. Total energy needed to activate meth-
ane molecules can be taken from the equation W = 0.75 · 1028 · u0 = 0.6 · 109J/m3. 
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To estimate the dielectric field intensity required, note that all Joule losses in 
dielectric media are determined by

	 W = E W mL rε ε ω δ0
2 /⋅ tg   ,3 	 (5.11)

In a broader interval in metamorphism, coals exhibit electrical conduction 
γ ≈ 10–7 (Ohm·m)–1. Thus, for dielectric losses:

	 tg ,δ
γ

ωε ε
=

r 0
	 (5.12)

	 W EL ≈ γ 2 , 	 (5.13)

Then
	 W = WL·t.	  (5.14)

where t is impact time. At intensity Е = 100 V/m, the required time should 
be 6 · 104 sec = 16.7 h.

It is necessary for a resonance exposure method to make methane mol-
ecules embedded in coal structures more active. In the presence of an electric 
field, polarization of methane occurs, that is, an electric dipole moment Р = 
αЕ where polarizability α = 2.6 · 10–30 m3 develops. Relative dielectric meth-
ane permeability ε in normal conditions is 1.00804. The relation of α, ε, and 
molecular dipole moment may be defined by the Clausius-Mossotti equation 
that takes the following form for non-polar molecules:

	
ε
ε

π α
− 1
2

4
3+

= n e , 	 (5.15)

where n is the number of molecules in a volumetric unit, ε is dielectric per-
meability, and αe is electronic polarizability. Methane embedded in a coal 
structure as a result of adsorption is polarized by an efficient electric field 
with Е0 intensity and may be defined by the expression for the energy of 
molecule interaction for a molecule having polarizability α:

	
� � �
W = pEp − 0 , 	 (5.16)

where Р = αε0 Е0 is a dipole moment and ε0 is a dielectric constant. If Wp = 0.5 
eV = 0.8 · 10–19 J, we get Е0 = 5.9 · 1010 V/m. We also have a dipole molecular 
moment Р = 1.36 · 10–32. While considering Awork, which is fulfilled by carry-
ing over an electron between lamellae in coal substance, average electric field 
intensity between layers is defined by

	 E =
U
L
=− ⋅

Δ
Δ

2.06 108 	 (5.17)

where distance between lamellae is ∆L = 4 · 10–10 m and ∆U = –A. In this case 
a dipole moment of methane molecule will be Р = 4.74 · 10–33 (SI system). It 
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is absolutely clear that it is necessary to create high electromagnetic field 
intensities in the medium to make methane molecules in a sorbed state 
more active. To calculate essential EMR generator parameters let us start 
with the need for a pressure impulse ~0.01MPa to create coal seam defor-
mation leading to activation of methane emission. In classical treatment 
[70], dipole radiation generates mechanical vibrations with the force (in 
volumetric units):

	 f = = Er−
−ε ε0 1( )

.
2

grad 2 	 (5.18)

In this case, for efficient electric field intensity Eeff [Equation (5.5)], recall that 
pressure can be determined by the expression:
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We can see that the product IAl, that is, a feature of radiation generator power, 
is expressed through pressure change in this way:
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For εr = 5, R = 10 m and ω = 7 · 107 Hz, we get IAl = 2.8 · 109. IAl = 2.8 · 105 
is sufficient to provide the same intensity at distance R = 1 m. When cur-
rent IA = 100 A, we have l = 2.8 km, which is absolutely impossible to obtain 
by means of radiation source construction. The value Eeff = 7.3 · 106 V/m is 
unachievable technically.

Let us define some deformation values and the intensities required to acti-
vate methane emission from interlayer voids under electrostrictive effects. 
In this case, homogeneous and isotropic medium relative volume change is 
calculated by

	

ΔV
V

= A E⋅ 2 	 (5.21)

where A=(β/2π) ρ (∂ε/∂ρ), β is compressibility, ρ is density, and ε is dielectric 
permeability. For organic liquids, coefficient A = 10–12 in CGSE. To calculate 
coefficient A for coals, we use Equation (5.15) in the following form for coals 
with different degrees of metamorphism:
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where d is relative density. For density derivative we will get
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Assuming that d = 1.4 g/sm3, ε = 4, and g = 981cm/s2, we get ∂ε/∂ρ = 3.103. 
Compressibility β can be calculated according to the definition:

	
β

ρ
ρ

ρ
=

p
=

cp

1 1∂
∂ ⋅

,

where longitudinal velocity CР of elastic waves is in the denominator. 
The velocity of sound in coals can be expressed by modulus of elasticity:

	 c =
E

p ρ
. 	 (5.24)

Taking on the values Е = 5 · 108 Pa and ρ = 1.373 · 103 kg/m3, we get the value 
CР = 603.5 m/sec. Then, compressibility β = 2 · 10–10 (CGS) and coefficient A in 
Equation (5.10) is 1.3 · 10–7 (CGSЕ). If we take ∆V/V = 10–6 for relative volume 
change, we get electric field intensity Е = 2.76 V/cm ≈300V/m.

Let us estimate generator parameters assuming that at a distance of radia-
tion source R1 = 1 m it is necessary to achieve Е = 300 V/m intensity. In 
the atmosphere, this value corresponds to Е0 = 300 εr = 1.2 kV/m derived by 
considering the continuity of the tangential field component at the air–coal 
seam interface. From the expression for Е0 = 300 εr = 1.2 kV/m, we get IA · l = 
13.2 (R = 1 m) leading to dipole length l = 0.26 m if current IA = 50 A. These 
parameters allow us to achieve an efficient field Еeff value of 300/103 = 0.3 
V/m at R = 10 m from the radiation source and it produces coal deformation 
∆V/V = 10–8 due to electrostrictive effect.

What should be the medium deformation under electromagnetic vibra-
tion? Connection of deformation and intensity in the lithosphere obeys uni-
versal dependence, which is linear in logarithmic coordinates [68] and covers 
relaxation processes from slight earthquakes to rock bumps at stresses rang-
ing from 10 M/Pa to 100 Pa. Knowing the dependence of relaxation of stress 
from differential adjustment movements u [70], we obtain the dependence:

	 lg g( ) 6.2 0.75l ( )Δσ = + u 	 (5.25)

That allows us to calculate dumps of stress occurring at rock bumps σρ = 280Pa 
at adjustment movement u = 10–5 cm. For slight earthquake vibrations, we 
have σρ = 0.320Pa (u = 10–9 cm). From Equation (5.25), it follows that adjust-
ment of movements about 10–4 cm results in stress release σρ = 1.6⋅103 Pa. As 
for the homogeneous isotropic medium, Hooke’s law applies to relative volu-
metric change:
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where Е is modulus of elasticity, ν is Poisson coefficient, and P  =  σ/3. At 
deformation along one direction, we can write:

	 ε
ν
σx = E

2
1−( )

, 	 (5.27)

which conforms to experimental data regarding uniaxial deformation of 
coals [71]. Equation (5.27) enables us to calculate relative deformations for 
processes of differing energies. Thus, for rock bumps starting with (5.25), we 
get εx = 1.7 ⋅ 10–6, and for Δσ = 1.6 ⋅ 103 Pa, we get εx = 10–5. The Е = 5 · 108 Pa 
and ν = 0.35 values used are typical for coals.

When a coal seam is under electromagnetic influence, deformations and 
stresses cannot exceed the values typical for rock bumps and they should 
approach the values typical for slight earthquakes. That is why we start 
with the following values as the most rational: maximal stresses = 0.5 kPa 
and Δσ = 100 Pa. For Δσ, εx = 0.5 ⋅ 10–6 and ∆V/V = 10–6. That is why relative 
medium deformations created by a generator during electrostriction should 
be restricted by the interval 10–8 < ∆V/V < 10-6.

We now describe studies of the influences of electromagnetic vibrations that 
lead to acceleration of methane desorption without changing coal structure 
based on nonthermal mechanisms of electromagnetic vibrations in the radio
frequency range. The intent was to devise a method for degassing coal using 
electromagnetic influence of radiofrequency range [72,73]. We sought to

	 1.	Find optimal conditions of electromagnetic field influence based on 
metamorphism stage.

	 2.	Study influences on coal samples under laboratory conditions.
	 3.	Design a generator appropriate for use under production conditions.
	 4.	Provide a rational technological scheme for coal seam degassing.

At a frequency bandwidth of electromagnetic radiation F = 10 to 60 MHz 
in the zone near the radiator, it is possible to provide electromagnetic field 
power and amplitude of electric component E in a coal seam; this ampli-
tude is sufficient to accelerate methane diffusion. The method is based on 
the physical concept stating that diffusion of methane molecules in coal sub-
stance is determined by chemical potential gradient. Generally, the flow is 
described by Fick’s law and has the form:

	

�
j D c c v c V

F k= − ∇ + + , 	 (5.28)

where D the is coefficient of diffusion and C is the concentration of the com-
ponent diffused. The second part of the equation represents substance flow 
affected by different chemical, electrical, and gravitational forces. The final 
segment is defined by the medium flow as a whole. Therefore, if an electro-
magnetic field becomes available in the medium, polarizing effects occur and 
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additional flow of methane molecules takes place. Two variants of elemen-
tary radiators create alternating electromagnetic fields in media: the Hertz 
dipole and the magnetic dipole.

The Hertz dipole is symmetrical (Figure 5.8); an alternating current going 
through a linear conductor is in a unitary phase. Direction is defined by ratio 
of dipole length 2L to wavelength λ. Figure 5.8 b depicts a half-wave dipole 
2L = λ/2. In a nearer zone where the distance from radiation source is less 
than the wavelength R << λ, a solution in a spherical coordinate system for 
the azimuthal component of the magnetic field and two components of field 
intensity [71] can be found:

	 H R E R E RRϕ θ~ ,  ~ ,  ~1 1 12 3 3/ / / 	 (5.29)

Power radiated by the antenna will be defined by the electric moment 
of antenna IAL, where IA is an amplitude current value under harmonic 
vibrations.

A magnetic dipole is a current loop (coil) with alternating electric current 
having one phase and amplitude at any point. From a theoretical view, the 
similarity and structure of a field of electric and magnetic dipoles follows the 
principle of permutation duality of Maxwell’s equations. For a nearer zone 
we generate expressions for electromagnetic field components if we use the 
current moment notion of a magnetic dipole IM×L, which is equivalent to the 
moment of a magnetic coil:
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FIGURE 5.8
Elementary dipole (a) and direction diagram of half-wave electric dipole (b).
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where IM is magnetic dipole current; µa is magnetic permeability of the 
medium where the transmitting coil can be found; L is a magnetic dipole 
length equivalent to the transmitting coil, ω is frequency, and k is a wave 
vector [71]. Using the measured values and transformations:
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where IP is current in transmitting coil and d is diameter of a current loop.
The field and direction diagrams of both transmitters correlate, but their 

radiation fields differ because electric field vectors (Е) and magnetic field 
vectors (Н) exchange their positions in space. Thus, a horizontal transmitting 
coil can be treated as a dummy vertical elementary dipole meant to be fairly 
small in comparison with the wavelength element of a linear magnetic cur-
rent with invariable length, amplitude, and phase.

To achieve effective coal seam degassing [70], it is necessary to create an 
electric field intensity 300 < E < 3 V/m near a down hole of a radius of 10 
m. That is why it is important to create electromagnetic vibrations that are 
equivalent to those that should generate prospective antenna arrangements 
placed in a coal bearing mass to accelerate degassing.

During the first stage of the experiments, a high frequency transmitter 
created electromagnetic vibrations in the interelectrode space of a plane 
capacitor [70,71]. The amplitude of the electric field intensity was 40 V/m at 
the voltage output of the generator of 1 volt. The electromagnetic vibration 
power was W = 11 µW/m3.

The samples were coal fractions about 3 to 4 mm saturated with methane 
up to 10 MPa in a high pressure chamber. We studied the effect of exposure 
to an electromagnetic field on methane desorption at generator operating fre-
quencies of 10, 30, and 60 MHz for 7 h. The most efficient effect was achieved 
at 30 MHz where we could approach a “nearer zone” for electromagnetic 
radiation and ignore the offset current. Size of this zone is determined by ω 
× ε = σ, where σ is the electric conductivity of the medium.
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Methane content was registered by a laboratory device that allowed simul-
taneous measurements. Methane content was measured in a closed chamber 
with accuracy up to 2 ml. We could calculate the velocity of methane emis-
sion at any moment of electromagnetic influence and determine the entire 
methane emitted from samples through the end of the experiment. Based on 
rank, we noted an increase of desorption coefficient at the final stage of elec-
tromagnetic influence from 26 to 130% in comparison with the check sample. 
This result was sufficient to decrease the time of methane emission; the time 
required by the check variant without electromagnetic influence was 1.5 to 
2 times as long.

The second stage used the same methodology as the first stage above, but 
a time solenoid to provide electromagnetic vibrations was placed in the con-
tainer with the sample. The solenoid was supplied with simple harmonic 
current from a high frequency lamp transmitter 6C5D. The transmitter could 
change anodal voltage from 30 to 150 V at anodal current ≈100 mA and served 
as the source of radiation. We measured relations between the magnetic and 
electrical components of electromagnetic vibrations. The amplitude of vibra-
tions of the electrical component reached 900 V/m (effective value 645 V/m). 
Energy density of the electromagnetic field inside the solenoid was 3.7 µW/
m3 if frequency f = 28.5 MHz. However, significant inconsistency of the elec-
tromagnetic field within the solenoid prevented a significant increase of the 
degassing efficiency achieved in the first stage of the experiment. At the final 
stage of electromagnetic treatment, methane emission from experimental 
sample increased only by 39% as compared to the check sample.

To achieve an effective degassing project in the conditions common to 
modern coal mines, it is necessary to know required generator power and the 
power of the electromagnetic field in a coal seam. Using the electrostrictive 
mechanism that is responsible for accelerating methane emission via elec-
tromagnetic influence, we can get an electric field intensity Е ≈300 V/m for 
relative volume change value ∆V/V = 10–6. From the expression for Еeff (5.32), 
we can get value of the electric dipole moment IA×l = 13.2 (R = 1 m). If current 
IA is 50 A, a dipole length l = 0.26 m is fully realizable. With these parameters, 
we can calculate an efficient field with a vibrator (Hertz dipole) at a distance 
of R = 10 m from the radiation source; Еeff = 300/103 = 0.3 V/m. Such a field 
can provide coal deformation by electrostrictive effect to ∆V/V = 10–8.

5.3.1  Electric Dipole

Let us determine an impedance value Z = E/H for effective electromagnetic 
field components E EA= / 2  and H HA= / 2. We are going to consider a 
point in the plane (x,y), that is, θ = 90 degrees. For components of electromag-
netic field intensities we have
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where ε is absolute dielectric permeability. Then,

	 Z
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εω
. 	 (5.33)

For relative coal dielectric permeability we have εr = 4. At a distance from 
antenna R = 1 m, Z is 404 Ohm. However, if we have distance R =10 m, then 
Z = 40.4 Ohm; meanwhile in the plane, electromagnetic wave impedance Z = 
377 Ohm. Let us compare energy densities of electric and magnetic compo-
nents WE = εE2/2 and WH = μH2/2. Their ratio can be expressed as
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Considering values R = 1 m and R = 10 m, we get WE /WH =4.6 and 4.6 × 10–2, 
respectively.

5.3.2  Magnetic Dipole

We get the expression for impedance Z = E/H at any point of r space in a 
nearer zone of the radiation source. From the above expressions for the field 
components, we have
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In the plane of the orthogonal coil axis when θ = 90 degrees:
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Then, we get the following expression for impedance:

	 E
H

ra= ⋅μ ω . 	 (5.37)

Taking ω = 3 × 107 Hz, µ = µ0 = 4π × 10–7, and R = 1 m, we have E/H = 37.7. 
This relation will grow 10 times in the distance of 10 m. At the same time 
an electric component voltage will become 100 times lower due to quadratic 
dependence on the distance. We now determine the relation of electric and 
magnetic field energy density:
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This relation will equal 0.01 when the distance from the source of radiation 
R = 1 m. If the distance is 10 m, the relation will grow to 0.1. The experiment 
simulates two types of transmitters: the elementary electric dipole and mag-
netic dipole [72] that can serve as antennas during degassing in coal mine 
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conditions. Our experiments and the experience gained while using trans-
mitters in underwater and underground conditions [73] indicate that a Hertz 
dipole vibrator is the most efficient antenna. A generator of high frequency 
vibrations under conditions of mining production should meet ecological 
and electrical safety requirements. That is why antenna-transmitting tools 
should be placed directly in holes. The electromagnetic vibrations that scat-
ter through the thickness of rock mass are not dangerous.

One method of generating electromagnetic influence (Figure 5.9) suggests 
using traditional advance boring and placing symmetrical vibrators as elec-
tromagnetic vibration sources to activate degassing. A generator must pro-
vide radiation power not less than 2 kW at f = 20MHz.

5.3.3  Conclusions

Electromagnetic influence increases the velocity of methane degassing as it 
decreases methane content in a coal mass within the time correlated with 
coal extraction. A transmitter in the form of a symmetric electric vibrator is 
preferable. For coals of the Donets field (anthracite, coking and fat), the opti-
mal operating mode of the generator was f = 30 MHz. The generator should 
provide radiation of 0.4 to 2.0 kW, depending on the frequency at which 
intensity of the EMF will exceed 0.3 V/m at a distance 10 m from a hole.

5.4 � Physics of Fissured Porous Coal Structure 
Transformation under Influence of Unloading Wave

Some theoretical material is necessary to explain the concepts and calcu-
lations covered in this section. We will consider the stability conditions of 
coal–gas systems and discuss the results of computer modelling of porous 

1

4 2 2

3

FIGURE 5.9
Degassing under electromagnetic influence using vertical pilot holes. (1) Generator of electro-
magnetic radiation. (2) Antennas (electric vibrators). (3) Holes. (4) Mine working.
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system stability during unloading wave movement and transformation of 
pores into fissures.

5.4.1  Influence of Gas Content on Stability of Coal–Gas System

Based on the results of the analysis of the existing views of the structures of 
fossil coals, the modern view is that coal substance is a complex polymeric 
system whose main characteristics arise from three-dimensional configu-
rations and atomic groups of polymer chains i.e., so-called macromolecule 
conformations. Coal also contains some rather large monomeric components. 
The main method of theoretical examination of conformational properties is 
based on classic static thermodynamics [74,75].

The examination of coal substance within a polymeric model must con-
sider the gases (CH4, CO2, etc.) that saturate coal during its development. 
Moreover, the fluid concentration in a coal constitutes one of the main con-
trolling parameters of the system. According to contemporary views [76,77], 
methane can be found in fossil coals in a free, adsorbed, or absorbed (solid 
solution) state. Methane solution mainly occurs in the aliphatic (polymeric) 
component of coal; in the arranged part (crystallite), it can be found in the 
intercorrelational state between carbonic lattices.

According to Juntgen and Karweil [78], 200 liters of methane are produced 
from 1 kg of coal by coalification. Static pressure of rock does not contrib-
ute to chemical changes during metamorphism; it slows chemical changes 
because gas emission is made difficult [79].

The pressure contributes to physical and structural properties, whereas a 
temperature rise accelerates chemical coalification.

Thus, it is quite possible that when conditions prevent methane from leav-
ing coal, the potential methane content can be as much as 150 to 200 m3/t. 
When methane dissolves in a coal seam, two changes occur: (1) the forma-
tion of voids in the coal substance by methane molecules that move and 
expand the coal structure [38] (unlike a laboratory situation in which meth-
ane achieves volumetric filling of the existing micro pores); and (2) increased 
absorbed methane while the temperature under which metamorphism took 
place rises.

We used Flory’s polymeric model as a basis for studying a solid solution 
of gas and coal [75]. Flory’s model is based on self-coordinated fields formed 
within the lattices of polymer chains.

Flory’s results were later found inaccurate, especially for the semi-dis-
solved solution. The theory did not consider fluctuations in the polymeric 
solutions. At present, the most complete model of polymeric alloys and solu-
tions is the scaling (fluctuating) theory of polymeric solutions [80].

However, as polymeric solution concentration takes place, the role of fluc-
tuations decreases. This was discovered in an experiment comparing Flory’s 
theory with the scaling theory. Many of Flory’s predictions related to concen-
trated solutions and polymeric melts were proven accurate.
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In examinations of coal–gas systems, we usually work with concentrated 
polymeric solutions. The “polymeric solution” phrase generally specifies a 
situation in which molecules of a polymeric solution are dissolved in a mono-
meric solvent. In reality, the situation is converse; the polymeric molecules of 
a coal substance act as molecules of solvent and the monomeric molecules of 
gas act as a dissolved substance. Thus, a weak polymeric gas and coal solid 
solution is a concentrated polymeric solution in a traditional view.

Let a coal–gas system consist of N polymeric molecules of coal substance, 
each of which contains as many as r elements and Nr monomeric molecules 
of gas. Thus, in a hypothetical lattice that models a mix of coal and gas 
(Figure 5.10), N0 units are engaged:

	 N N rNr0 = + . 	 (5.39)

Each molecule of the dissolved substance has one position in the lattice; 
each molecule of polymer has r places. We assume the polymeric chain 
is flexible and consists of r movable segments, so if there is one attached 
segment of the molecule, the following segment takes any vacant neigh-
boring unit of the lattice. A flexible molecule of a polymer can have dif-
ferent configurations and a configuration may be oriented differently in 
a lattice.

According to general thermodynamic theory [74], the state of methane dis-
solved in coal can be described on the basis of the available energy of the sys-
tem, stated as a function of sub-allocated density ψ = ψ(r). For density ψ(r), we 
usually consider a proportion of the share of the states filled with methane 
molecules in a given part of the volume Nr = Nr(r) to the complete number of 
states N0, that can be potentially filled by them:

	 ψ(r)= Nr(r)/ N0.	 (5.40)

Nr
No

P = f (σcp)

P = f (σcp)

P = f (σcp)

P = f (σcp)

Po = f (σcx)

FIGURE 5.10
Model of gas and coal molecule.
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The available energy consists of the inner energy of the system E and entropy 
contribution Sconf that can be determined by the configuration number W(ψ), 
by which the state with data ψ can be formed:

	 Sconf = ln [W(ψ)]k.	

	 S = ln [W(ψ)].	 (5.41)

The exact calculation Sconf is a difficult separate problem. However, while 
developing the theory, one can focus on the mean field for ∆Sconf entropy. 
That change is normally calculated in statistical physics [74,81,82] as 
follows:

	 ∆Sconf = - k N0 [ψ ln (ψ) + (1-ψ) ln (1-ψ)/r],	 (5.42)

where k is Boltzmann’s constant and r equals the number of equivalent states 
that can be filled by each molecule in each local state and as a result defines 
the proportion between the energies of the free and filled states. The change 
of the inner energy of a gas can be given as series according to the degrees 
ψ and in the approximation of pair-wise interaction can be given in simple 
quadratic form [82,83]:

	 ∆E = E – E0 = N0 T χ ψ (1-ψ).	 (5.43)

where Т is the temperature of the system and constant χ (Flory and Higgins 
parameter) [80] fixes the proportion between energy and entropy contri-
bution to the full energy of the system. The required free energy has the 
following view:

	 ∆F = ∆E – T ∆S conf = N0 T {χ ψ(1-ψ) + k[ψln(ψ)+(1-ψ)ln(1-ψ)/r]}.	 (5.44)

The χ can be defined by the interaction of methane molecules and coal mol-
ecules. The intensity of the interaction depends on pressure Р in the coal–gas 
system in the proximity of pressure P0 realized in the coal seam. The depen-
dence χ(P) has no peculiarities and can be given as follows:

	 χ(P) = χ( P0) + β (P - P0 )≈ const - κ (1 - P/P0).	 (5.45)

The value of the free energy of a coal–gas system may be determined by the 
concentration of methane in coal and proportion of inner and outer pressures. 
Equilibrium values of concentration ψ can be determined by the state of min-
ima of free energy. The corresponding states of thermodynamic equilibrium 
depend on outer conditions where the system is found. Thus, if methane 
emission from a seam is blocked, bear in mind that (1/V)∫ψdV = ψ0, where 
ψ0 is the specified mean concentration. In some cases, additional conditions 
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will not greatly change the state of the minima that can be found according 
to the equation:

	 ∂∆F/∂ψ = N0 T {χ (1- 2ψ) + k (1-1/r )+[ln (ψ)- ln (1-ψ)/r ]} = 0	 (5.46)

One can see from Equation (5.46) that both equilibrium concentration ψ and 
one or two different minima of the energy depend considerably on the value 
of χ. Figure 5.11 shows typical dependences of energy ∆F(ψ) calculated with 
different χ values. The state filled with gas equals the minimum of energy (~1) 
if concentration is ψ, which corresponds to the metastable state of the energy.

If the pressure is rather high (χ is large), this state is divided from a stable 
global minimum with a high potential barrier if ψ << 1. As a result, in a 
high gas content, the state remains stable almost indefinitely. When the bar-
rier is lowered, diffusion is intensified and the system steadily leaves this 
minimum and transfers to C ψ << 1. It is obvious that this process should be 
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described using a variable concentration (both in space and in time) ψ(r,t). 
Evolution ψ(r,t) with variable total quantity of gas in the system M = ∫ψ(r,t) 
dV is given by Cahn–Hilliard’s equation, whose solutions, although weak 
and slowly changeable in the space ψ, can be in proximity to the answers to 
Cahn–Allen’s equation:

	 ∂ψ(r,t)/∂t = - γ δ∆F[ψ(r,t)]/δψ(r,t),	 (5.47)

This equation including a particular form of free energy:

	 F[ψ(r,t)] = ∫ {Deff(∇ψ(r,t))2/2 + ∆F(ψ(r,t))}dV = ∫ {Deff (∇ψ(r,t))2/2

	 + N0T {χ ψ (1-ψ) + k [ψ ln (ψ) + (1-ψ) ln (1-ψ)/r]}}dV,	 (5.48)

can be given as

	 ∂∆ψ/∂t = Deff∆ψ(r,t)-γ N0T {χ(1- 2ψ)+k(1-1/r)+[ln(ψ)-ln(1-ψ)/r]},	 (5.49)

where γ is a relaxation constant that determines the time of the process and 
Deff is the effective coefficient of diffusion. Thus, the kinetics of free energy 
of a coal–gas system are determined by gas diffusion depending on the 
pore volume.

5.4.2  Modeling of Porous Medium

Analyzing gas emission from a system involving a change of total concentra-
tion M = ∫ψ(r,t)dV while maintaining constant exterior conditions is a com-
plicated task. First, the process takes place in a semilimited medium, and 
the equation of partial derivatives should be solved using corresponding 
boundary conditions. In other words, it is necessary to create a condition in 
which concentration ψ(r,t) = 0 on the boundary and its convergence to initial 
(equilibrium) value into the depth of the seam. Consider a boundary plane x 
= 0; the direction into the depth of the seam is x > 0. The described boundary 
conditions can be given as

	 ψ(r,t)|x = 0 = 0;	

	 ψ(r,t)|x → ∞ = ψ0.	 (5.50)

The solution is considerably complicated because the reaction occurs in a 
medium of complex and inconsistent porosity. From a phenomenological view, 
the porosity in Equation (5.49) can be described by means of an unequally 
spread diffusion coefficient D = D(r,t). Function D(r,t) represents the character-
istics of the massif and can be found in experimental data. However, it can be 
modeled satisfactorily only while retaining the characteristics of the medium 



Genesis of Natural Gases, Methane Extraction, and Coal Mining Safety	 309

such as (1) mean porosity of the system ρ0 = ∫ρ (r,t)dV/V, (2) characteristic pore 
size (i.е., medium size <R> of areas where diffusion coefficient significantly 
differs from 0 [D(r,t)>0]|r<R), and (3) relative dispersion of their sizes <δρ> that 
determine the pore spread along radii. These requirements can be met with 
an incidentally spread medium with a Gauss correlation function:

	 G(r-r’,t) = <ρ (r,t) ρ (r’,t)>	 (5.51)

given as

	 G(r-r’,t) = G0 exp[- (r-r’)2/2σ].	 (5.52)

Such a medium can be naturally achieved by the kinetics of phase separation 
(segregation) that can be described by a simple kinetic equation:

	 ∂ρ (r,t)/∂t = ∆ρ (r,t) + ρ (r,t)(1-ρ (r,t))	 (5.53)

when fixed total density is ∫ρ(r,t)dV = ρ0. If one uses δ correlation density 
distribution as an initial condition correlative density distribution:

	 <ρ (r,0) ρ (r’,0)> = δ(r-r’),	 (5.54)

the process generates the desired distribution with correlation function close 
to G(r-r′,t) = G0 exp[– (r – r′)2/2σ]; half width depends on time σ = σ(t). By fixing 
the process at some instant t*, one can model the incident medium with the 
structural porosity determined previously (corresponding to the real one) 
and thus the unequally spread diffusion coefficient:

	 D(r,t) = D0 + const ρ(r,t*).	 (5.55)

Each initiation of the process creates a new incidental realization of the 
medium fragment. The information is useful for single numerical experi
ments for studying specific characteristics of the process in limited space 
(multiple repeats of numeric implementations) to gather statistics and cal-
culate general system parameters. Figure  5.12 depicts the structure. The 
sequence a through d illustrates changes of the distribution of system density 
with the change of scale. The areas of closed porosity are darkened; the areas 
of open porosity are light. The inset shows a three-dimensional correlation func-
tion calculated for the same density distribution ρ (r) as in the figures (a - d).

Figure 5.13 and Figure 5.14 illustrate diffusion in the system both with and 
without open pores in the cluster. The area of the space where gas diffusion 
started (or continues) is shown in gray. As in Figure 5.12, the areas of mainly 
open porosity are light; closed porosity areas are dark. For a convenient com-
parison, the early stages of the process are light gray. The last two configura-
tions coincide although they correspond to different moments. This means 
the system starts the stationary density distribution within a limited cluster 
of open porosity (because of the absence of other ways to flow). In summary, 
the kinetics of forming a coal–gas system at a given density distribution 



310	 Physics of Coal and Mining Processes

(differential porosity) leads to the formation of a system of closed pores that 
prevents gas emission from the coal.

5.4.3  Movement of Wave of Unloading

During coal excavation, a wave of unloading is formed. The wave can be 
described and numerically modeled according to the mechanics of conti-
nua. The general theory [82] of the equation of the movement of arbitrary 
elements of the continua volume starts with total force that influences the 
emitted volume and equals the integral of the pressure p(r,t) over the surface 

(a) (c)

(b) (d)

0.8
G (r)

0.6

0.4

0.2

0
–50 0 50400

500

300

300

250

200

150

100

350

260

240

220

200

180

200

100 200 300 400 500 150 200 250

150 200 250 300 350

260

250

230

240

220

210

270

200 220 240

100

FIGURE 5.12
Distribution of modeling density of system ρ(r). Scale = angstrom units.



Genesis of Natural Gases, Methane Extraction, and Coal Mining Safety	 311

50

50

100

100

150
(a)

150

200 250

250

200

50

50

100

100

150

(d)

150

200 250

250

200

50

50

100

100

150

(e)

150

200 250

250

200

50

50

100

100

150

(f)

150

200 250

250

200

50

50

100

100

150
(b)

150

200 250

250

200

50

50

100

100

150
(c)

150

200 250

250

200

FIGURE 5.13
Diffusion development in absence of flow on cluster of open pores.

50

50

100

100

150
(a)

150

200 250

250

200

50

50

100

100

150
(d)

150

200 250

250

200

50

50

100

100

150
(e)

150

200 250

250

200

50

50

100

100

150
(f)

150

200 250

250

200

50

50

100

100

150
(b)

150

200 250

250

200

50

50

100

100

150
(c)

150

200 250

250

200

FIGURE 5.14
Diffusion in the presence of flow through cluster of open pores.



312	 Physics of Coal and Mining Processes

of the examined volume. While transposing the force into the integral over 
the volume and making it equal to the change of the impulse of this medium 
volume, we get:

	 ρ(r,t) dv(r,t)/dt = – grad p(r,t) ≡ –∇ p(r,t).	 (5.56)

Here v (r,t) is velocity vector and ρ(r,t) is density of the substance that fills the 
volume at the proximity of point r at moment t. The time derivative deter-
mines the velocity of movable medium particles. To adapt the equation of 
movement using fixed coordinates, one should make a change:

	 dv(r,t)/dt = ∂v(r,t)/ ∂t + (v(r,t) ∇) v(r,t).	 (5.57)

Equation (5.56) is transformed to the Euler equation:

	 ρ(r,t)[∂v(r,t)/∂t + (v(r,t)∇)v(r,t)]=–gradp(r,t)	 (5.58)

that cannot be used for modeling the wave of unloading in a real system 
in its unmodified state; it can be used only when no energy is dissipated. 
The movement of the wave of unloading in a real medium is accompanied 
by inner friction that naturally leads to additional velocity loss of volume 
element that is noted as an additional summand in the left part of Equation 
(5.58). The inner friction processes are characterized by effective viscosity 
and their corresponding power additive can be given as follows:

	 δf = η∆v(r,t) + (ξ +η/3) ∇ (∇v(r,t)),	 (5.59)

where ξ and η are viscosity coefficients of the first and second sort. If we 
assume the contractibility of the medium is slight and omit the summand 
representing velocity divergence, we get the equation of motion as follows:

	 ρ(r,t)[∂v(r,t)/∂t + (v(r,t)∇)v(r,t)] = – grad p(r,t) + η∆v(r,t).	 (5.60)

Equation (5.60) should be related to the equation determining pressure p(r,t) 
and velocity v(r,t):

	 ∆ p(r,t) = - ρ(r,t)(∇v(r,t))2.	 (5.60)

If we disregard small anisotropy corrections for non-contractable medium 
ρ(r,t) ≈ ρ, this equation can include the approximate ratio of Bernoulli p(r,t) = 
p0 – ρ v(r,t)2 for a change of local pressure (according to initial pressure at 
standstill p0) to local kinetic energy of the medium volume.

For common non-homogeneous porous media, the Navier-Stokes equa-
tion (5.60) describes the motion of viscous non-contractable liquid. We think 
it acceptable to consider a model in which partially loosened coal together 
with its contained fluids (at proper viscosity and density) is a liquid of a 
special sort. Solution of the many-component vector equation of motion 
(5.60) is difficult and time consuming, but the equation may be simplified 
by suggesting a motion (cylindrically symmetrical in a flat coal seam) of the 
wave of unloading from the initial center of destruction.
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Let us suggest that the medium velocity (except for a small area near the 
boundary) is radial almost everywhere v(r,t) = v(r,t) r/r. In this case, the opera-
tors of Laplace and gradient calculated in spherical coordinates are reduced 
to the following simple and short forms:

	 ∆v(r,t) = ∂2v(r,t)/ ∂r2 + (d – 1) ∂v(r,t)/ ∂r, где (∇v(r,t)) = ∂v(r,t)/ ∂r.	 (5.62)

As a result the equation of motion (5.60) can be given as follows:

  ρ(r,t)[∂v(r,t)/∂t + v(r,t)∂v(r,t)/∂r] = –grad p(r,t) + η∂2v(r,t)/∂r2 + (d-1)∂v(r,t)/∂r,   (5.63)

Equation (5.63) allows easy numerical integration. Here d is a space dimen-
sion that may equal 1 to 3 in practical calculation. The results of solving 
Equation (5.63) may be applied to different configurations of a system. For 
example, when the process develops in a thin seam, the system can be con-
sidered quasi-two-dimensional, described by d = 2. If the wave travels in 
a thin channel (or initially generated as almost plane), the process can be 
described as d = 1. We performed integration of Equation (5.63) using d = 3 
and following boundary and initial conditions. We surmised that virgin coal 
comes in contact with the free half space x<0 along the plane boundary and 
the following borderline condition is met:

	 ρ(r,t)|x<0 = 0.	 (5.64)

For the initial condition, we assumed that at t = 0 a small volume of the 
substance is almost instantly emitted from a small spherical cavity of some 
radius ro. It causes substance flow directed inside the resulting void along 
with a release of pressure and initiates the wave of unloading that enters 
the half-space x > 0. Because Equation (5.63) is given for velocity V as the 
independent variable, we should choose as the initial condition the burst V 
directed toward the center of destruction (and negative coordinates x at the 
open boundary). As a result we have

	 V(r,t = 0)|r < ro = V0 < 0.	 (5.67)

Figure 5.15 illustrates the results of numerical integration (5.63) at d = 3 at the 
specified boundary and initial conditions. It is difficult to depict velocity V(r,t) 
and pressure p(r,t) distributions in a wave as three-dimensional. Therefore, 
they are shown in the figure in a two-dimensional section above the plane (x,y) 
taking symmetry into account. The two configurations in the figure are for 
two typical moments. The first shows the onset of wave development almost 
immediately after its appearance (t = 0.1); the second is at (t = 30) when the 
wave has developed form and stresses generated by pressure release approxi-
mate to the ultimate stress limit of coal. At higher values, the destruction stops 
and the wave dies without significantly changing a system.
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Figure 5.16 shows pressure distribution p(r,t) in the form of curves for dif-
ferent initial velocity V0 of the wave of unloading. Because the system is open 
toward the half space x < 0, the coal destruction should continue until the 
stress limit for stretching is reached [84,85]. Figure 5.17 shows the distribu-
tion of instant pressure configurations in seam depths at different viscosities 
of a coal–gas system.

The ultimate strength σ* should be considered in the solution of Equation 
(5.63) as an additional intrinsic characteristic of the medium. As a wave wid-
ens, the R >> R0 stresses become less intensive, so that with some r values 
the condition σ = σ* or τCд = τst can be met. Destruction of coal structure 
almost stops. In particular, no opening of closed porosity is connected with 
that irreversible methane emission. As a result, despite large r after the wave 
p(r,t), the system relaxes to its initial condition and pressure p0 is restored.

As noted earlier, methane desorption from coal depends on an external 
parameter (pressure). It is natural to expect parameter changes during the 
wave of unloading. Using dependence (5.45) of parameter χ on pressure χ(P) 
≈ χ(P0)-κ(1-P/P0), one can restore the potential of free energy with different 
pressure values, hence the dependence on radius R at every moment t while 
the front of the wave moves inside the seam. This process may be partial 
(Figure 5.18).

The top left of the inset in Figure 5.18 shows the disappearance of the bar-
rier that separates high and low concentrations at a fixed distance R* from the 
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center of the wave. The bottom segment illustrates the behavior of extremes 
of free energy depending on R. The black curve indicates maximum energy; 
gray curves show two different minimums of energy. In the area of small R, 
all three extremes join, indicating disappearance of the potential barrier which 
separates a metastable condition with high concentration from a stable one with 
small concentration. Figure 5.18 clearly shows that a quick decrease of external 
pressure (unloading) in a coal–gas system instantly transforms the system to 
ψ << 1 and generates free energy of the phase transfer. This process usually 
occurs during drilling and blasting operations when GDP exceeds 90%.
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5.4.4  Transformation of Pores into Fissures

A physical result of the change of the form of free energy as a wave of unload-
ing flows is the loss of stability from high gas content in closed pores and its 
transport into fissures. At this point, the possibility of gas emission from the 
system, as we have seen, depends completely on its flow over a system of 
interdependent open pores.

It is natural to expect that simultaneously with the loss of stability, the 
wave of unloading may produce other effects, namely an increase of open 
porosity areas at the expense of pore transformation into fissures and the 
development of an interdependent fissure system. This results because the 
release of pressure on the front of the wave causes stress in the pores that 
can exceed the critical level necessary for their spontaneous transition into 
fissures. According to the general theory of elasticity [86,87] exceeding criti-
cal pore size causes instability, determined by a pressure change ∆P=(1– P/
P0) under the following condition:

	 Lcr = L0/∆P2	 (5.68)

Here L0 is a constant of the length dimension that can be determined by 
characteristics of the medium and includes the elastic modules and surface 
tension [74,86,87]. However, as a real system under examination is difficult to 
analyze, it may be more consistent to keep only the general dependence Lcr 
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on ∆Р. Even in this form, the use of the condition (5.68) looks rather extraor-
dinary as real medium contains many pores of different diameters. Thus, 
in the presence of the wave of unloading, the condition is met only for the 
biggest pores.

In these circumstances, two opposing processes occur simultaneously. The 
number of fissures increases and the mean distances between them decrease 
accordingly. That should contribute to merger of pores into a single cluster. 
However, as the largest pores transform into fissures first, the medium size 
of the rest of the pores decreases, thus decreasing the probability of their 
intercrossing with cavities and thus generating clusters. To solve this issue, 
we suggest that the medium has a specific structure—porosity—according 
to Equation (5.51) by a correlation function G(r-r′,t) = <ρ(r,t) ρ(r′,t)>. The given 
porosity corresponds to a distribution function according to ρpore = ρpore(r,t), 
which is also characterized by medium pore radius:

	 < > =r t r r t drpore

r

r

pore( ) ( , )

1

2

∫ ρ 	 (5.69)

Taking into account the change of pore distribution depending on size as they 
transform into fissures, we will determine whether the mean distance between 
the cavities will decrease or equal the mean pore radius. In other words, we 
will learn under what pressure (or distance from the center of destruction) the 
opening of closed porosity takes place at the expense of fissure system increase. 
If we suggest that coal density ρ(r,t) approximately equals 1 inside the substance 
or is ~0 inside a pore, we may think that correlation is G r t r t drpore( , ) ( , )≈ ∫

∞
ρ and 

ρpore(r,t) ≈ -∂G(r,t)/∂r accordingly. Taking into consideration the form shown in 
the inset of Figure 5.12, we find the final function of pore distribution along the 
radius ρpore(r,t) (Figure 5.19a). Using Lcr = L0/∆P2 and suggesting that at a given 
∆P each pore whose diameter exceeds Lcr transforms into a fissure, integrating 
ρ(r,t) with respect to r from L0/∆P2 ad infinitum, we calculate the dependence 
of the number of fissures on pressure:

	 ρ ρfis

L P

P t r t dr( , ) ( , ) .
/

¥

Δ

Δ

= ∫
0

2

	 (5.70)

The corresponding curve is shown in Figure 5.19b. Finally, if we assume the 
fissures are parallel to each other (in the one-dimensional case and with d = 
2 and d = 3), we calculate the mean distance between them

	 Lfis(∆P,t) = 1/ρfis(∆P,t).	 (5.71)

This value decreases with the intensification of ∆P. In turn, the mean pore 
radius <rpore(t)> = ∫rρpore(r,t)dr decreases as the largest pores transform into 
fissures. The flow along the system occurs only when the distance between 
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the fissures is shorter than the typical pore scale Lfis(∆P,t) << rpore(∆P,t)>. As 
pressure Lfis(∆P,t) is determined by the initial value L0, for Lfis(∆P,t), certain 
curves cross the line only with small L0, i.e., starting with Lcr (Figure 5.19c). 
The thick black line that touches the (gray) curve for rpore(∆P,t) at the single 
point P = Pcr indicates that all methane in the system of closed pores will go 
into fissures from where it will be emitted by intensive filtration [88].

We can see that wave distribution contributes to porosity opening and meth-
ane emission [88]. This effect can be significantly reduced only by the reduc-
tion of the number of open pores in the initial system. If density distribution is 
fixed ρpore(r,t)I, it can only be reached by applying additional (external) factors.

5.5  Classification of Gas-Dynamic Phenomenon Type

Geological and gas-dynamic phenomena (GDP) are important issues, par-
ticularly under steep pitch conditions [89–99]. As a rule, determination of 
GDP type (namely sudden outbursts, gas emissions, or sudden coal falls) is 
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the job of an expert commission that applies the results of studies of a site 
in accordance with a protocol [100]. At depths of 800 m and more (where the 
main contributor to the GDP power balance is rock pressure) the sizes and 
forms of potential outbursts are determined by methane volume and con-
centration [20]. After a determination is made, a set of measures to prevent 
GDP is required. As a rule, such measures concern changes of coal mechani-
cal features and decreases of massif elastic parameters. Coal that is prone to 
sudden falls before mining works reveals low values of such properties [101]. 
That is why poor mining practices may initiate a GDP.

NMR analyses of coal samples taken after sudden coal outbursts and gas 
emissions and from pillars [102] showed structural changes of outburst coal. 
The decrease of intensity of the maximum spectrum line in the aromatic 
area of coal is obviously connected with the breaking of light hydrocarbons 
from aromatics. The greatest decrease of maximum intensity of a spectrum 
line was noted in aliphatics, i.е., coal and gas outbursts are accompanied by 
breaking of aliphatic chains that in turn leads to increased methane. The 
destruction of aliphatic bonds during sudden outbursts must be accompa-
nied by adsorbent capability changes of coal due to the decreases of adsor-
bent centers. To confirm this conclusion, we studied methane-saturated coal 
taken after outbursts and from pillars [50]. The width of a spectrum line of 
adsorbed methane in coal samples after an outburst is narrower than it was 
earlier. This confirms the conclusion that at the time of outburst, a break 
of finite groups at adsorbent centers takes place and mobility of methane-
adsorbed molecules increases.

Nevertheless, the question of methane formation during a GDP remains 
controversial. More widely believed are studies that show that unloading 
part of a gas-saturated coal massif causes stress in the porous system of coal 
and transforms pores into cracks that emit methane via filtration. As shown 
in subsection 5.4.4, the critical pore size (greater than the size when instabil-
ity develops) is determined as pressure changes, ∆Р= (1-Р/Р0):

	 Laver = L0/∆P2.

The analysis of the formula shows that increasing numbers of shallow closed 
pores are involved in formation of new fissures as ∆Р increases. The num-
ber of cracks increases and the average distance between them declines. The 
decreased distance aids binding of pores into clusters. However, because the 
largest biggest pores transform into fissures, the average size of the remain-
ing pores decreases, i.е., closed porosities break during outbursts.

The mechanism of sudden coal falls with simultaneous methane emis-
sions is connected with stability loss due to a transition into generalized 
tension. In contrast to coal and gas emissions at lower values of unloading 
wave amplitude, sudden falls do not cause porous system openings. Thus, 
depending on GDP type, the degree of coal structure damage varies. One of 
the most promising methods of estimating structural changes in coal types 
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prone to different GDP is based on sorbent property recognition, particu-
larly, the kinetic energy of activation and methane desorption.

5.5.1   Criteria of GDP

To reveal the destruction mechanism impact on methane desorption kinet-
ics, experiments to define the diffusion coefficient and processes of power 
activation were conducted on coal samples of layer m3 from the Zasyadko 
Mine [103,104]. The sample size was 6.0 × 6.0 × 6.0 cm, deformed under three-
axial loading according to three different schemes. The first scheme modeled 
generalized compression (μσ =–1) σ1 = σ2 = σ3 = 25.0 – 50.0 MPa with simulta-
neous unloading along the three facets. Sample fracture did not occur. The 
second scheme modeled the conditions of generalized shift (μσ = 0); loading 
parameters were σ1 > σ2 > σ3 where σ1 = σst, σ2 = σ1/2, and σ3 = σcomp. The third 
scheme utilized generalized tension (μσ = 1); parameters were σ1 = σ2 > σ3, σ1 
= σst, and σ3 = γН with decrease of σ3 to 0. In the second and third cases the 
samples were destroyed.

Two fractions were selected from every sample. Particles were 0.25 to 0.5 
and 2 to 2.5 mm and weighed at least 10 g in accordance with the method 
cited in Section 3.3.4 in Chapter 3. Methane emission activation energy was 
determined. Figure 5.20 shows typical dependences of methane desorption 
from two fractions at 25°C. Along the ordinate axis, the relative decrease of 
methane in a coal sample over time is fixed and calculated by

	 Θ = −
−

1
Q Q
Q
M

M

C , 	 (5.72)

where QM is the maximum methane in a coal sample at initiation (t = 0) and 
QC is the current value of methane (t > 0). The analogical curves were obtained 
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at 50°C. The only difference was in the initial methane amount in coal frac-
tions and speed of mass loss. Applying the results of methane desorption, we 
calculated diffusion coefficients for each scheme of loading and determined 
the activation power of methane emission (Figure 5.21).

The results indicated that the initial 35 min for all schemes of loading 
activation energy was minimal, taking into account the dependences in 
Figure 5.21. This shows that methane is emitted from open pores whose vol-
ume is more than 20% of total porosity. Between 50 and 350 min, the acti-
vation energy for hydrostatical compression is smaller than energy from 
deformation by shear. A decrease of activation energy (1.5 to 1.7 times) in 
comparison with hydrostatic loading is connected with a greater amount 
of closed pore system deformation during coal fall. The greatest transfor-
mations of activation energy were observed when samples were deformed 
by cleavage. This is connected to an increase of open porosities due to the 
transformation of a considerable number of pores into fissures (Figure 5.21, 
curve 3). During the initial 70 min, activation energy was minimal based on 
methane filtration from the formed system of fissures. The activation energy 
later increased and exceeded the energy of samples deformed by shear and 
compression. This proves the decrease of average size of pores not trans-
formed into fissures.

Figure 5.22 shows the integral dependence Е = f(μσ) that characterizes the 
transformation of activation energy of methane emission from coal based 
on stress condition. A coal massif under conditions of generalized tension 
(μσ = 1) demands on average only one fourth the power needed for meth-
ane desorption from a porous system. The regularity of methane diffusion 
serves as a basis for predicting the geomechanical condition of a face work-
ing space.
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As methane emission activation energy depends on stress condition (one 
of the main parameters determining outburst hazard), it may also serve as a 
predictor of outburst danger. To prove this possibility, we studied methane 
emission activation energy of samples of outburst-prone coal (intensity of 515 
tons) from seam h10 at Kalinin Mine. The results (Figure 5.23) indicate that 
coal after a coal and gas outburst shows 2.5 to 3.0 times less methane emis-
sion activation energy than coal from an outburst-safe massif. We now know 
that methane emission activation energy from coal characterizes its porosity 
and outburst danger and depends on sorbent centers. Thus the degree of 
destruction at the molecular level (sorbent centers) will be different in out-
burst- and eruption-prone coal. NMR proved this by calculating methane 
absorbed (desorbed) by coal prone to GDP.

To determine GDP type via NMR spectroscopy data, the coal under analy-
sis was reduced to fine particles of 0.3 to 0.4 mm, dried, degassed, and put into 
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test tubes where it was saturated under 10.0MPa pressure for 120 h. A wide 
line NMR spectrometer measured the decrease of adsorbed methane while 
the sample was degassed every 120 min for 24 h. Using I1/I2 (I1 = intensity of 
the narrow line from the virgin rock mass area and I2 represents coal from a 
GDP area) over time t, graphs of spectra intensity decreases were built.

Figure  5.24 presents the results. Lines 1 and 2 show the transformation 
of NMR spectra line value for gas-saturated coal samples from virgin rock 
mass and gas-saturated samples from GDP areas (seam h10 of the Kalinin 
Mine), respectively. At the initial moment of time (t = 0) the ratio of intensi-
ties I1/I2 of coal spectra lines from the pillar was 4.9. For coal from the GDP 
area, the ratio was 2.9. At 400 min, the ratios were 3.0 for the pillar coal and 
1.35 for the outburst coal; at 0.5 day, I1 = 2.6 and I2 = 0.9, respectively.

Figure  5.25 shows results obtained for a GDP in coal seam h8 
‘Proskoviyevsky’ of the 60 Soviet Ukraine Mine when the seventh eastern 
haulage drift advanced at an intensity of 318 t. Thus, essential differences 
exist in NMR spectra for coals from outburst-proof and outburst-dangerous 
areas. For this reason such analysis was conducted on coals in dangerous 
steep seams subject to sudden falls. During exploratory studies, two GDP 
were under consideration (1) coal seam m3 ‘Tonkiy’ at the Kochegarka Mine 
at 1080 m depth and (2) coal seam K4

1 at the Rumyantseva Mine at 910 m 
depth. Expert commissions classified them as sudden falls. Fallen coal from 
each GDP was compared with coal from a pillar 5 m from the GDP site. 
Using the methods described above, the coal fractions were prepared and 
the gas emission kinetics from methane-saturated samples from the GDP 
area and the outburst-proof area determined. Figure 5.26 shows results for 
the Tonkiy seam as the dependences I1/I2 = f(t). The same result was obtained 
for seam K4. Analysis of the results indicates that spectra lines from the pil-
lar and coal fall area samples differed not more than 1.05 to 1.1 times (for 
coal gas outbursts, 2.7 to 3.2). Small differences in graphs 1 and 2 prove that 
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during a sudden coal fall caused by loss of stability of a gas-saturated coal 
massif, the transition from generalized shift to generalized tension via a 
gravitational component of mine pressure from an unloading wave does not 
extend the limit in coal or open the porous system to turn pores into cracks. 
Thus coal deformation at the molecular level is not efficient. Considering the 
ambiguity of results, further testing related to GDP classification method 
was conducted.

5.5.2  Parameters and Technology of Method

The first step was selection of samples from a virgin rock mass (pillar) and 
erupted samples from an outburst. The samples were treated by breakage, 
drying, vacuuming, and saturation with methane. Intensity of narrow and 
wide lines of NMR spectra were measured and we then calculated an inte-
gral index to characterize GDP type. Pillar samples were taken 0.2 to 0.3 m 
below the face surface or drilled from 1.0 to 1.5 depths.
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If a GDP occurs at a shield face, selection of samples must be done 5 to 10 
m from the GDP site. Samples taken after a GDP at a working area or face 
entry must be taken at least 3 to 5 m from a development working area or 
face entry. In a seam with clustered structures, a sample must be taken from 
every cluster and weigh not less than 0.1 to 0.2 g. In development workings 
and shield long wall faces, sample selection from outburst (erupted) coal 
is carried out from the slope at a distance of 2 to 4 m from the side of the 
GDP site. At least three samples are required. In overhand stopes and face 
entries, at least four samples are scraped from cavity walls. If sample selec-
tion from a GDP cavity is not possible, coal rubble as close as possible to 
the GDP area is chosen. A diagram detailing sample selection sites is then 
prepared.

Coal samples must be placed into hermetically closed tubes of 20 to 30 cm3 
capacity or into polyethylene bags. Sizes of the fines or outburst (erupted) 
coal pieces must be at least 2 mm. The time interval between sample selec-
tion and delivery to a laboratory cannot exceed 24 h. Before drying, the sam-
ples must be milled to fractions 1 to 3 ⋅ 10–4 m. The fractions must be dried 
to eliminate all adsorbed moisture. Control of the degree of drying is con-
ducted according to NMR spectra. Coal is considered completely dried when 
no Lorentz line is present in a spectrum.

Granulated and drained samples weighing 20 to 25 g are placed in a 
methane saturation system and kept at 8.0 MPa pressure for 120 h. Before 
methane saturation, samples are vacuumed for 3 h at 10–3 MPa pressure 
(Figure 5.27).

A total of 8 sudden coal falls and 13 sudden coal and gas outbursts were 
analysed. Figure  5.28 shows the gas emission kinetics curves for samples 
from a coal and gas outburst, from a sudden coal fall, and from a distance of 
5 to 7 m from a GDP site.

NMR spectrometry determined the transformation value of methane in 
coal in relation to a reference standard sample (etalon). The methane in sam-
ples was not calculated. Only the correlation of the intensities of a Lorentz 
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FIGURE 5.27
System for vacuuming and saturating coal probes with methane. 1. Methane cylinder. 
2. Speed reducer/gearbox. 3. Manometers. 4. High-pressure valve. 5. Containers.
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line and a Gaussian line of methane-saturated samples chosen from virgin 
rock mass with methane-saturated coal samples from a GDP cavity were 
compared. These studies enabled us to classify GDP types. We suggest the 
following criterion:

	 B = Ψ ΨV GDP/ 1- , 	 (5.73)

where ψV and ψDGP are NMR spectra intensities of the coal from virgin rock 
mass and a GDP site, respectively. Based on statistical analysis [105], if В ≥ 
0.6, a GDP is related to coal and gas outbursts; if В < 0.3 the GDP is a coal fall. 
To summarize the results of tests, a National branch document titled “The 
method for differentiating sudden rock fall (eruption) of coal from outburst 
for expert estimation of its GDP type” was published.
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5.6  Predicting Coal Seam and Sandstone Outburst Danger

During coal seam development, local and area outbursts occur and preven-
tion measures are expensive. It is important from both safety and economic 
views to be able to forecast outbursts accurately at seam breaks, working 
faces, and development workings. Coal, gas, and sandstone are all outburst-
dangerous materials.

5.6.1  Outburst Dangers of Coal Seams

5.6.1.1  Criteria for Outburst Danger

We used the data on the impact of sorbent gas and unloading speed on coal 
mass deformation to define the parameters that determine outburst dan-
ger in the form B = (σmean /σcomp ;Q/W) [92–95] where Q is the methane in coal 
and W is the bound water in coal. To establish a quantitative criterion, the 
investigations [106] utilized a high pressure chamber set between the rods of 
three hydraulic cylinders on a desk-top triaxial loading unit (see Chapter 4 
for details). To model an outburst in a loaded sample, a sample facet 3.14 cm2 
in area was unloaded at 5 m/sec. After a complete cycle of investigations, the 
chamber was opened and the sample was studied to define outburst cavity 
depth and sizes of the formed fractions. Table 5.5 presents the results.

Table data indicate that the cavity depth in a coal sample and the reduced 
radii of fractions are determined by the extent of gas and moisture satura-
tion of coal and the speed of tension release from the loaded sample facet. 
The maximum cavity depth was l ≥ 7 to 7.9 mm and the minimum frac-
tion sizes were r ≤ 0.25 to 0.5 mm—values representative of coal containing 
methane Q ≤ 20 to 22 m3/t, physically bound water W ≤ 0.5%, and unloading 
speed V ≥ 4 m/sec. The fixed properties of fluid (gas, water) influence and 
unloading speed on cavity parameters in a sample are realized under the 
conditions of a stress deformed state typical of a face working seam area. To 
determine the power accumulated in the massif, we included mean stress 
σmean and coal compression strength σcomp as criteria. Thus, the dependence 
Q/W = f (σmean/σcomp) allowed us to devise criteria for predicting the outburst 
danger of a coal seam.

Figure 5.30 presents the results of the investigations of coal outburst mod-
eling at VР ≥ 4 m/sec. It reveals the formation of two areas with different 
mechanisms of deformation. Approximation of the dividing line yields a 
qualitative index of outburst potential during breaking of a coal seam. See 
Equation (5.75).

5.6.1.2  Criteria for Outburst Estimation

Criteria to classify outburst coal seams and sites by potential for outburst 
(very hazardous, hazardous, or outburst-proof) [96–98] and monitor activities 
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TABLE 5.5

Influence of Unloading Speed on Depth of Formed Cavity

Q
m
t

W

,

,%

3

Unloading Speed 
(Vp, m/sec)

Cavity Depth 
(l, mm)

Reduced Particle 
Radius r (mm)

20 22
0 5
−
.

0.05 – –
0.5 2.0 to 3.0 3.5 to 3.8
2 3.0 to 3.5 2.4 to 2.8
4 4.1 to 5.2 3.5 to 3.8
5 7.0 to 7.9 0.25 to 0.5

10 12
0 5
−
.

0.05 – –
0.5 – –
2 1.0 to 1.5 5 to 7
4 2.1 to 2.5 3 to 4
5 3.1 to 3.3 3.5 to 4.2

10 12
2 0
−
.

0.05 – –
0.5 – –
2 – –
4 1 to 1.3 9 to 10.5
5 1.8 to 2.1 8.1 to 8.8

3 5
2 0
−
.

0.05 – –
0.5 – –
2 – –
4 – –
5 1 to 2 12 to 15
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to prevent GDP are essential. Categorizing outburst potential of coal seams is 
based on a physical model that reflects the unstable conditions of a working 
space based on water–methane content in porous volume, resistance, stress 
deformed condition, and expected transformation. As noted earlier, the con-
struction requires the connection of three non-dimensional parameters:

	 B =
−

f K
Q W
W

l
l

H

comp ed

( , , ).
σ

σ
γ 0

	 (5.74.)

where σγH is geostatic stress at a specific depth; the other parameters are 
described above. The connection between the first two non-dimensional 
indices is determined while modeling partial unloading of a sample facet:

	 B Q W= − − =/ /mean comp0 27 2 5 0, , .σ σ 	 (5.75)

Replacement of Q/W with (Q–W)/W
 
increases the accuracy of an outburst 

prediction criterion. Non-dimensional index l0/ led [99] represents the tension 
transformation gradient and gas recovery factor in the face working space 
of a seam. Depending on the unloading technology used in driving a mine 
working, l0 is the shift face advance and led is the distance from a seam edge 
to maximal tension concentration; l0 / led = 0.1 ÷ 1.

When unloading speed Vunl < 1.0 МPa/sec (l0/led ≤ 0.1) and deformation 
state is characterized as generalized shear, deformation of crack-porous 
coal according to gas-permeability parameters is minimal and in a result-
ing gas emission, only free methane in free pores and cracks will be 
involved; thus the probability of a coal and gas outburst is small. During 
a GDP, most free and sorbed methane is emitted. At unloading speed Vunl 
≥ 1.0 МPA/sec (l0/lк = 0.9 to 1.0) and high methane capacity, a working face 
area subjected to generalized tension forms a secondary system of cracks 
that intensify the opening of most of the closed pores and actively desorb 
the sorbed gas.

We devised a method for using numerical criteria to predict coal seam out-
bursts [Equation (5.74)] by instrument measurements and calculating depen-
dence values. Further investigations and tests to determine acceptance of the 
method were conducted in the Central and Donetsk–Makeyevka regions of 
the Donbass, namely, seams m3 “Tolstiy”, h11 “Bezymyanniy”, m2 “Tonkiy”, 
k8 “Kamenka”, and m4 “Peschanka”, all from 790 to 970 m in depth; and flat 
seams h8 “Praskovievsky”, h10 “Livensky”, and h6 “Smolyanovsky” all from 
810 to 1144 m in depth. The measurements at steep seams were taken from flat 
sections in four faces while driving development workings and in a face work-
ing. The face advance was 620 m during investigation and acceptance tests. 
Figure 5.31 presents the results as dependence B = (Q–W)/W; σγH/σcomp ;l0/led) 
of the coordinates ((Q–W)/W) ⋅ (l0/  led) along axis y and (σγH/σcomp) ⋅ (l0/led) along 
axis x. The data point labels correspond to the number of measurements 
made.
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A coal seam is considered extremely dangerous when its outburst criterion is

	 B Q W W l lH comp comp1 00 06 0 75= −( ) +⎡⎣ ⎤⎦ × ≥/ / /, , .σ σγ
	 (5.76)

A seam may be considered outburst-dangerous or outburst-proof when the 
criterion equals:

	 B Q W W l lH comp comp1 00 025 0 25= −( ) +⎡⎣ ⎤⎦ × ≤/ / /, ,σ σγ .. 	 (5.77)

Based on exploratory testing, when mine layers were classified by Equation 
(5.76) or (5.77) as extremely outburst-dangerous or outburst-proof, errors of the 
first type that characterize refusal to accept the prognosis of outburst degree 
were not available. Errors of the second type connected with consistent predic-
tion of a higher degree of danger that did not correspond to reality constituted 
14%. The results of predicting the outburst danger of seam h8 while driving a 
track during a regime of shock blasting at 1090 m at Donbass confirmed the 
productivity of the В1 criterion. Three outbursts forecast by index В1 occurred.

Qualitative analysis of the explosion danger of seam h8 based on Equation 
(5.76) showed that the biggest factor of explosion danger is the non-dimen-
sional index (Q – W)/W representing the water–methane fluid contribution. 
We reiterate that the suggested criterion characterizing the deformation of a 
face working space of a seam based on fluid saturation and mine pressure 
can be regarded only as a generalized predictor of a GDP.

Physically bound water content W, coal strength σcomp, and unloading area 
value before a face l0 must be determined to classify a coal seam. In a working 
face, these parameters are measured every two cycles of an advance, and in a 
development working, at every cycle. In stoping faces during a face advance of 
a haulage roadway of a working face, line measurements and sample collection 
are conducted in a face at a distance of 15 to 25 m from the roadway. For a sys-
tem long wall roadway, measurements and selection are conducted 10 m from 
stope toes at pitching and at the first bench slope at stope toes in development 
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FIGURE 5.31
Dependence of coefficient a on mining depth H.
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workings. Determination of gas saturation (Q) for a potential or definite coal 
seam site is conducted once according to the methods described in Chapter 3.

Determination of physically bound water content in a seam during face 
and development working advance is conducted and involves sampling from 
drilling rubble. A hole is made to measure initial speed dynamics of gas 
emission from a depth of 1.0 to 1.5 m. At least three rubble subsamples are 
placed into metal hermetic capsules and taken to the surface. Direct qualita-
tive dampness determination is conducted by a 1H NMR unit using the above 
methods. Mean dampness is calculated from three determinations. The time 
interval between sample collection from coal mass and dampness determi-
nation must not exceed 24 h to ensure that initial moisture is maintained.

Ultimate strength in a face is determined by an “express” method using 
a strength meter [34]. Coal compressive strength is measured using all the 
patches of coal, power m that exceed 0.2 m. Five individual measurements 
are made for every measurement cycle. The mean value peak or spear imple-
mentation depth hψ is determined and the compressive strength index qi is 
calculated. The distance between the two “shot spots” is 0.25 m:

	 qi = 100 - hψ.	 (5.78)

The average resistance of a seam that has a complex structure is determined as 
the weight-average value of resistance of the patches that comprise a seam:

	 q
q m q m q m

m m mseam
i i i n

i i i

n

n

=
+ +

+ + ⋅ ⋅
1 2

1 2

1 2 . 	 (5.79)

According to resistance index data, seam resistance is calculated [90]:

	 σcomp =
800

95 - qseam
. 	 (5.80)

Determination of unloading area before the face of a seam is conducted by the 
standard method based on the dynamics of the initial speed of gas emission 
[100]. As an unloading value, the minimal distance from the face breast to the 
middle of the interval where the maximal initial gas emission speed has been 
measured is accepted. To classify coal seams as outburst-dangerous according 
to criterion В1, the complex of observations in the stope face covering more than 
20 m of a face advance (in a development working, 10 to 15 cycles over a length 
of more than 30 m). The number of test holes, their parameters, schemes of loca-
tion for stope faces and development working conditions, and anomalies (GDP 
areas) are accepted in accordance with the standard [100]. The periodicity of 
classification of a very dangerous coal seam is conducted every 100 m of a face 
advance in a stope face or development working. If an outburst coal seam has 
geological faults, a GDP outburst-danger classification is set up.
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5.6.1.3	 Grounding and Testing of Outburst Prediction 
Method at Openings of Steep Seams

Theoretical studies established that the kinetics of free energy of a coal–gas 
system is defined by the effective diffusivity of methane from coal in the 
transport channels in the form of gas adsorbed on the surface and dissolved 
in the coal substance. The only way to intensify gassing and the transition 
from diffusion to filtration is to examine the porous system in the coal at 
high speed unloading by electromagnetic effect (see Section 5.3). Speed load 
is always used since the opening of coal seams by crosscuts is carried out 
by drilling and blasting operations (DBO). The lower the toughness of a 
coal which is proportional to the shear modulus, the greater the penetration 
depth of the unloading wave. To predict the outburst danger at the opening, 
we used Equation (5.75) to determine the loss of stability of the coal.

The functional test was carried out on heavily pitched seams with varying 
degrees of outburst dangers at their openings by shafting and crosscutting 
at depths from 530 to 1180 m. The results indicated that the method reliably 
described the outburst hazardous states of the coal seams. However, it is 
impossible to verify whether the outbursts will occur at the opening because 
when outburst danger is determined in the usual way, outburst control mea-
sures are introduced at the face.

Results of modeling a coal massif to depths of 3000 m [91] indicate that 
share of the elastic energy recovery initiated during unloading in the bal-
ance of power emerging from rock pressure tends to increase with depth. 
For example at 800 m, 27% of the elastic energy is released; at 2000 to 3000 
m, recovery is 12 to 15%. Therefore, determining the coefficient a1 of the 
dimensionless parameter σγH/σComp must consider the depth of the work at 
the opening of the seam. Figure 5.31 shows the function H = f (a1) for this 
regularity. The final criterion for outburst danger prediction at the opening 
of a coal seam has the form [102]:

	 B Q W Hl
l

H comp= +/ /( . – . ) . .0 47 0 23510 2 53– σ σγ 	 (5.81)

The functional areas for analysis may be heavily pitched seams subject to 
outburst danger at depths from 600 to 1200 m. Predicting outburst danger of 
such seams includes preliminary well drilling, the selection of coal samples 
and placing them in airtight containers to determine water content and coal 
resistance, and calculating the degree of danger. The drilling of prognostic 
wells is performed in the opening pit. Samples (Figure 5.32) are taken from 
the working face of the shield long wall 10 to 15 m along the dip of the field 
haulage roadway.

The main parameters determining the stability of a coal–gas system are 
the concentration of methane in the open and closed pores [101] and the rate 
of change of gradient stress. Therefore, these parameters may serve as pre-
dictors of outburst danger in coal seams. One of the most difficult problems 
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at present is prediction of outburst-dangerous seams during blasting of pre-
paratory workings. This is not well covered in the literature or regulations.

The criteria for classifying gas-dynamic phenomena are based on results 
cited in Sections 4.1 and 5.4. The degree of change in free energy ∆F character-
izes the “hidden” burst state of a coal–gas system by the density of closed and 
open pores bridging Ψ with methane in the plane of the seam X and veloc-
ity of the unloading wave that causes tension in the pores, During mining 
of an outburst-dangerous seam, we can assess the free energy of a coal–gas 
system by developing workings in areas not subject to GDP (∆Fb -= baseline) 
and compare the energy value with the current ∆Fc, to predict GDP location 
according to the ratio:

	 B F F Fc b b≈ −( ) ≥Δ Δ Δ/ 1.

However, the calculation of free energy in a moving face is not possible. The 
energy can be calculated if density (methane in open and closed pores) is 
used as a parameter [101]. Based on the foregoing, the formula to determine 
locations of GDP is

	 B
L d

dx
B

m

m
n2 Δψ

ψ
ψ( ) = > , 	 (5.82)

where ψ = I In w/  is the amount of methane in samples determined by NMR 
spectra; Вn is the index characterizing nonoccurrence of GDP; х is the current 
sampling coordinate in meters; and L is the face advance value of develop-
ment working for one cycle.

Index testing using Equation (5.82) was carried out on two very outburst-
dangerous seams (h10, Glubokaya, 1190 m and h4, Sixty Years of Soviet 
Ukraine, 770 m) during the drifts and well advance. Samples were taken 
from the left and right wells drilled from the faces of development workings 
in the direction advance to a depth of 1.8 m (Figure 5.33). Processing and 
calculation of B was conducted according to Equation (5.82). The concentra-
tion of methane in the samples was determined by NMR using the methods 
described in Chapter 3.
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FIGURE 5.32
Recommended scheme of outburst prediction at openings of heavily pitched seams.
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Nine outbursts (average of two outbursts per 10 m of well) occurred dur-
ing drilling in seam h4 before the experiment started. The background value 
of index B was determined first (average = 0.41). Table 5.6 illustrates results 
for the outburst location based on samples selected from a 60 m ventilation 
well drilled in the seam. Figure 5.34 shows the B calculation data for samples 
from the left hole and outburst locations.

In general, the results indicated that prior to each of the six outbursts in 
development workings (concussion blasting over a length of 60 m), the min-
imum value of В1 = 0.6. The distance of gas dynamic phenomenon fixing 
did not exceed one or two cycles of blasting (1.5 to 3.0 m). Extensive tests 
confirmed the physical sufficiency of the established mechanism for GDP 
forecasting based on measuring the packing density of a coal pore structure 
with methane and a standard was thus developed [101]

Theoretical studies led to development of a physical model, explaining 
the methane density mechanisms that confer stability on a coal–gas system, 
and defining the terms of methane emission (coal outburst and gas emis-
sion) from the pore structures of coal by unloading waves and analyzing 
diffusion and filtration processes. The main findings were verified experi-
mentally by bulk loading of unequal components, in particular, to study 
the effect of methane saturation on unloading speed and the toughness 
of coal based on unloading distribution depth. We established for the first 
time that unloading of gas-saturated coal samples leads to the formation 
of generalized tension consisting of both stresses and strains oriented per-
pendicularly at the unloaded stress of the system of cracks at high filtration 
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FIGURE 5.33
Location of sampling wells.
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rates, thus aiding the development of a GDP. After simulating high speed 
unloading on the faces of the samples, we found a significant impact of fluid 
saturation (gas and liquid), level of stress and strain, and the elastic prop-
erties of coal on the mechanisms of destruction based on coal grade. Coal 
characteristics and numerical values serve as the bases for predicting coal 
seam outbursts.

5.6.2  Rock and Gas Outbursts

The earliest data on rock and gas outbursts in the Donbass were obtained at a 
depth of 800 m at the Novo Tsentralnaya Mine. The vertical shaft was driven 
by a new explosive method that removed sandstone and gas. Outbursts have 
occurred at half of the mines in the Donbass. A monograph [106] contains a 
detailed bibliography on the rock outbursts.

TABLE 5.6

Results from Samples from Seam h4 and Calculation of B1 Criterion

Sampling 
Place along (m)

Left Well Right Well

Parameters of 
NMR Spectra

ψm B1

Parameters of 
NMR Spectra

ψm B1

Inar, Iw, Inar, Iw,

a.u. a.u. a.u. a.u.

40 0.323 0.855 0.378 –0.055 0.256 0.854 0.3 –0.250
41.8 0.493 1.2 0.411 0.027 0.649 1.037 0.410 0.622
46 0.706 1.438 0.490 0.225 0.791 1.48 0.534 0.335
48 0.482 0.768 0.490 0.247 0.29 0.867 0.334 –0.165
48.7 0.936 1.042 0.898 1.245 0.479 1.159 0.413 0.032
50.5 1.212 0.77 1.570 2.35 0.379 0.95 0.399 –0.002
51 0.402 0.801 0.502 0.255 0.375 0.737 0.509 0.272
52 0.523 0.781 0.670 0.675 0.948 0.492 1.927 2.25
53 0.631 0.774 0.815 1.037 0.672 0.79 0.851 1.127
54 0.758 0.82 0.924 1.310 0.633 0.792 0.799 0.997
63.2 3.323 3.219 1.032 1.580 1.637 3.104 0.527 0.317
73.6 1.792 2.419 0.741 0.850 1.396 2.096 0.666 0.665
81.6 1.207 1.158 1.042 1.605 1.344 1.227 1.095 1.737
84 0.603 1.343 0.449 0.122 1.203 1.059 1.136 1.840
85.6 1.149 1.127 1.020 1.550 1.317 1.205 1.093 1.732
87.2 0.488 1.065 0.458 0.145 0.727 1.022 0.711 0.7775
92.8 0.619 1.237 0.501 0.25 0.874 1.592 0.549 0.34
94.4 0.377 1.149 0.382 –0.035 0.551 1.356 0.406 0.03
96.8 0.489 1.08 0.453 0.125 0.433 1.292 0.335 –0.15
98.4 0.677 1.346 0.503 0.264 0.655 1.087 0.603 0.38
100 0.399 1.267 0.315 –0.02 0.548 1.127 0.486 0.2
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Natural rock and gas outbursts result from a complex interaction of three 
factors: the stress of a rock massif, gas contained in rocks, and the physical, 
mechanical, and structural properties of the massif. No single factor should 
be exaggerated or underestimated. The most important feature of an out-
burst is the release of large reserves of energy consisting of the energy of 
elastic deformation of the material being destroyed, the energy of elastic 
deformation of bearing rocks, and the energy of compressed gas. In contrast 
to sudden coal and gas outbursts, the energy of compressed rocks is more 
than the energy contained in the gases during a rock outburst.
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FIGURE 5.34
Gas-dynamic phenomenon prediction using index B. (a) Left well. (b) Right well. ⊕ = out-
burst locations.
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The present methods of predicting sandstone outbursts provide the neces-
sary security of works during the excavation but often forecast dangerous 
conditions in non-hazardous areas. Incorrect predictions of sudden coal and 
gas outbursts cause serious personal injuries; sandstone outbursts normally 
increase expenses. Treating outburst-hazardous sandstone as dangerous 
leads to widespread use of standing explosives and large cost overruns for 
labor and materials. That is why, despite already established methods, a pro-
cedure for predicting rock outbursts based on effective surface energy (ESE) 
was developed and is currently approved as a standard [107].

Rock and gas outbursts result from breaking of rocks outside a massif 
being exploded or drilled. The duration of the outburst is usually 1.2 to 2.6 
sec. During dynamic breaking, the energies of the various elements of the 
rock massif change and redistribute. All changes during transformation 
take place in accordance with the energy conservation law. From a practical 
view, it is not necessary to trace in detail the transformations of energy dur-
ing an outburst. It is enough to consider the system state immediately before 
destruction and immediately after the outburst ends. In this case, the energy 
balance during the outburst can be described by the equation:

	 W W W W W Wr M n p s+ + = + +κ , 	 (5.83)

where Wr is the energy of gas expansion; WM is the energy of elastic defor-
mation of material being destroyed; Wn is the energy of elastic deforma-
tion of the surrounding rocks; Wp is the energy spent on forming new 
surfaces; Wк is the kinetic energy of expansion of the destroyed material; 
and Ws is the energy of seismic vibration loss (10%). Neglecting the scatter-
ing of energy one can state that, for pressure bump occurrence, the release 
of energy accumulated in a rock mass should exceed the energy of rock 
destruction and the outburst. The total energy of elastic deformation [108] 
of the material is
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where σ1 through σ3 are the principal stresses; K is the modulus of dilatancy; 
and v is the transverse strain coefficient. The energy density of the elastic 
deformation of sandstone is 1 to 10 mJ/m3. The kinetic energy of expanding 
gas at the onset of destruction (isothermal process) can be estimated by
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where Р0 = 0.1 MPa; Т = 273 K; Т is the absolute temperature of the rock–gas 
system; Р is gas pressure; and (μ – A) is the amount of free gas. The final 
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period of gas expansion is considered adiabatic. For the conditions of an 
adiabatic process:
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where k = 1.32 is the adiabatic index for methane. The energy expansion of 
the gas is 104 J/m3. The energy intensity of the destruction of sandstone [109] 
is 106 – 107 J/m3.

The energy of elastic deformation of the material being destroyed is almost 
entirely spent on destruction. An additional source of energy is needed to 
compensate for the speed of the particles of the destroyed material. These 
sources may be the energy of elastic recovery of the surrounding rock or 
the energy of the compressed gas expansion. The velocity V = 20 m/sec, the 
kinetic energy of expansion of the material being destroyed WK = ρ V2/2 mJ/
m3, and the energy of compressed gas is two orders of magnitude smaller. 
Thus the main source of energy required for material removal should be the 
compressed energy accumulated in the surrounding rocks.

Unequal components of stress field and the heterogeneity of crack resis-
tance (fracture toughness) of rocks are important factors of destruction [109]. 
During the development of a heterogeneous rock massif in a hard layer, hori-
zontal or vertical stress can be destructive in the nearby areas because of 
stress concentration arising from the development.

In a face zone where minimum compressive stress is caused by the residual 
strength of rocks or approaches 0, a stress state close to a generalized displace-
ment is formed and may well lead to destruction. If the same heterogeneity of 
elastic properties is observed in a layer between blocks, the vertical stresses 
will break. The destruction of a hard and abnormal stress layer, according to 
the laws of destruction of heterogeneous materials, can cause an outburst.

Outburst-pone conditions start when the heterogeneity of rock layers (or 
blocks) causes an inhomogeneous state in virgin rock. If a more rigid and 
abnormally stressed layer is subject to impacts from working, stress con-
centration from the heterogeneity of rock properties is superimposed on the 
stress concentration peak from the influence of the working and the more 
rigid layer is destroyed. If this layer is crack-resistant, the less crack-resistant 
neighboring layers are also destroyed. The flush of retraction energy of the 
bearing rocks and the energy from compressed gas expansion are consumed 
by the removal of damaged material. Thus, the model of inhomogeneous 
rock mass in which a hard layer (block) is also crack-resistant (Figure 5.35) is 
a model outburst situation.

Because the destruction in the depth of a massif when σ3 ≠ 0 is energeti-
cally efficient only near the generalized shift, that is, at σ2 = (σ1 + σ3)/2 and 



Genesis of Natural Gases, Methane Extraction, and Coal Mining Safety	 339

the fracture toughness of inhomogeneous rock γ = σ2 (γ1/γ2)1/2, the condition 
for the destruction of the strongest seam [109] is
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where n= (γ1/γ2)1/2 is relative viscosity of the rock seam boundary and μ is the 
movement of inhomogeneous strata:

	
μ

ν

ν ν
=

−( ) +( )
+( ) + −( )[ ] +

1
1 3 4 3

2
1 2 1 2

1 2 2 1

E E E E
E E E E −−( )[ ]4ν

	 (5.88)

Assuming that the stress state at infinity is created only by the weight of 
rocks lying above ρ0H, in the zone of impact of working we have σ1 = kρH. 
Denoting
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let us show the condition of destruction as

	 A n k Hγ
μ

ρ2
21

= ( ) , 	 (5.90)

where ρ is rock density and k is the stress concentration coefficient for the 
material destroyed and depends on the lateral pressure, crack size, and 
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FIGURE 5.35
Outburst-dangerous situation model. LHZ = length of hazardous zone.
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the coefficient of friction between the crack edges. For the bulk stress state 
parameter, A varies within 105 to 106 m-1 [109].

The left sides of Equations (5.83) and (5.84) denote the energy destroying 
more durable layers of rock; the right sides indicate the density of energy 
stored in a massif in a state of stress. If the right side exceeds the left, the 
destruction condition (5.83) and (5.84) becomes a condition of outburst 
because the difference between right and left sides represents the energy 
expanded to remove damaged material.

Location of an outburst zone is determined reliably by the frequency of 
selection and definition of ESE samples and correctness of the hypothesis of 
monoclinal layers of sandstone. If you use this method during driving, corn-
ing of a pilot hole to determine the ESE should be made at 1 to 2 m. The meth-
ods for determining the effective surface energies of rocks are described in 
detail in a monograph [106]. Predicting outbursts at the stage of exploration 
does not require the coordinates of outburst zones. Establishing the variabil-
ity of ESE rocks within the mine field, the layer along the strike, and across 
and down the strike is sufficient.

The density of well grids determines the prediction reliability of rock out-
burst location in this situation. The distance between the holes in the line or 
profile is generated, depending on the specific characteristics of the deposit 
and prediction problems. According to the model set out in the rock mas-
sif, there are no outburst-dangerous or safe seams (layers). It is more correct 
to talk about the outburst conditions if two or more rock layers show defi-
nite differences of ESE values. After these layers contact with working zone, 
they are destroyed. The hotbed of destruction (outburst cavity) will be in the 
direction toward the working output that has a bed boundary (in the soil, the 
roof, the sides, or the working). Since layers will change their positions based 
on working contours during the face advance, the direction of the outburst 
cavity will change. For the case shown in Figure 5.36, the cavity will move 
from the floor over the course and continue to the roof, with the working 
moving from the opposite side, from the roof to the floor.

Thus, in contrast to methods that assess only a certain probability of out-
burst (it may or may not happen) or potential danger of sandstone thickness, 
prediction based on ESE differences enables us to assess outburst danger 
and also establish the coordinates of outburst-dangerous zones along pilot 
holes and the direction of spread of an outburst cavity.

Industrial tests were conducted at the Skochinskogo and Stakhanov Mines 
to assess the advance of obviously outburst-dangerous sandstone before 
blasting and check the reliability of rock outburst forecasts. Before the tests, 
13 outbursts of various intensities occurred.

A pilot hole (70 mm diameter, 110 m length) was drilled for sampling the 
sandstone and predicting outbursts along the axis of future development 
of a conveyor roadway. The hole was driven in a well location with slash-
ing. Sampling (at least to 2.5 m depth) to predict outbursts according to ESE 
was carried out from each sandstone interlayer. Fourteen outbursts shown in 
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Figure 5.36 occurred during the advance of the working. All outbursts were 
predicted within 1 to 2 m accuracy. The directions of the outburst cavities 
coincided with the directions predicted.

Results indicated that all outbursts correlated with the boundaries between 
the layers of rocks with different surface energies. Outbursts occurred as long 
as this boundary was in the zone of working. When the distance between the 
boundaries was small, several layers of rocks were involved in outbursts. In 
cases of only one boundary, two adjacent layers of rocks were destroyed and 
the outburst cavity was directed toward the layer with greater ESE. Outbursts 
occurred when the working was driven from rocks with low ESE to rocks with 
greater ESE. Outburst prediction for sandstones based on ESE is the only way 
to establish the site of an expected outburst and the direction of its cavity.

5.7  Safe Extraction of Coal

This section focuses on the regional way of dealing with sudden coal and gas 
outbursts, allowing a large load (speed of advance) at the working face and 
the calculation of methane released during coal extraction.

5.7.1  Outburst Control Measures

Worldwide experience mining coal seams led to a variety of methods for 
fighting sudden outbursts in a working face [110–135]. They are classified 
as regional and local. Regional methods allow removal of dangerous condi-
tions in a coal massif before stoping. With local methods, coal is not extracted 
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Working of Skochinskogo mine. (I) Outburst-destroyed rock. (II) Pilot hole. (III) Haulage gate 
of fifth long wall faces of center panel.



342	 Physics of Coal and Mining Processes

during layer stimulation directly in the zone of excavation. The present level 
of coal extraction mechanization allows large loads on working faces, but 
local outburst control measures deter face advances.

Regional outburst prevention measures based on adding water solutions 
of surface-active substances (SASs) to coal mass developed by the Institute of 
Physics of Coal and Mining Processes SU have been used in mines for a long 
time [89]. We covered the conditions that turn pores into fissures in Section 
5.4. Crack development leads to the weakening of flat areas filled with gas 
parallel to a face [136] and the areas then become outburst-dangerous. The 
input of a number of SASs into a massif will cause fissures to develop due 
to rock pressures, based on the Rehbinder effect. Because the fissures in a 
virgin coal seam are in disorder and no single bearing pressure is dominant, 
fissure development is likely in all directions.

As stoping work moves to a surfactant-treated zone, the stronger sorptive 
power of water in coal (in comparison to the power of methane in coal) dis-
places (drains) the methane in branched and locked channels. The addition 
of aqueous surfactant solutions plasticizes coal seam zones and enlarges the 
water removal zones, decreasing the potential for outburst-dangerous situa-
tions. Since the penetration of fissures and changes in physical and mechani-
cal properties of a seam affect only the adsorbed (physically bound) moisture, 
this quantity can serve as a criterion for assessing outburst-hazard. The only 
current method of determining adsorbed moisture is NMR. To meet this 
need, portable moisture meters based on NMR technology are now used at 
mining operations.

Most coal seams are heavily soaked with water because coal is hydropho-
bic and water has high surface tension of K = 7.3 × 10–3 J m–2 that signifi-
cantly increases the degree of penetration of water. Water penetration into 
coal massifs started in the early 1960s but the method does not completely 
solve the problem. No single type of surfactant is suitable for all grades of 
coal or the surfactant may produce different effects in samples of the same 
coal rank taken from different mines. Furthermore, surfactants are expen-
sive and increase the costs of outburst control measures [137].

Certain surfactants give good results at low concentrations. The most 
effective and least expensive is sulfanol. A 0.5% sulfanol solution increases 
physically adsorbed moisture content to 2.5% a day after the beginning of 
wetting (natural moisture = 0.95 to 1.3%). The radicals of surfactant molecules 
are grouped around the adsorption centers of pores and then they become 
adsorption centers for water molecules. The activation energy of new adsorp-
tion centers is higher than the original energy [138,139]. This is clearly illus-
trated by NMR spectra. For example, the line width of an NMR spectrum of 
H (see Chapter 3) indicates that moisture level after adding sulfanol to coal 
grade K is nearly twice the level before the application of surfactant.

We know that fluids, in particular methane and water in pore spaces, 
change the behavior of coal in a triaxial stress state based on the load of the 
rock massif during its development, the character of fracture (brittle, ductile), 
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and resulting gas-dynamic activity. Laboratory and field experiments con-
firmed this principle [140].

Studies of triaxial stress compression (see Chapter 4) determined the effects 
of methane and aqueous surfactant solutions on the strength, elastic, and 
deformation properties of coal samples subjected to gas and water satura-
tion in a high-pressure chamber. Saturation time Ts varied from 5 to 25 days; 
the pressure of saturation Рs = 8 to 10 MPa. Before saturation, coal samples 
were under vacuum for 5 to 10 h. The first phase studied the strength, elas-
tic, and deformation properties of samples (1) moisturized without gas, (2) 
saturated with gas and dried, and (3) saturated with gas and left moist; the 
samples were subjected first to uniaxial compression and tension. The pres-
ence of methane and adsorbed water in pore spaces significantly affected 
the behavior under load. In comparison to gas-saturated samples, the elastic 
modulus of moisturized samples measured 4 to 5 times smaller; moist gas-
saturated sample modulus values were 3 to 4 times less. Although the rupture 
stress value in gas-saturated samples is reduced by 15 to 20% in comparison 
to naturally moist samples, the Young’s modulus increased 1.3 to 1.4 times, 
indicating embrittlement in the presence of methane. A 2 to 3% increase of 
physically bound moisture decreased the strength of degassed coal samples 
2.5 to 4 times; a further increase produced little effect on strength.

Another study focused on the impact of adsorbed moisture on changes 
of elastic energy accumulated gas-saturated coals of various grades. Cubic 
coal samples were loaded to voltages of 80 to 85% of destructive levels and 
then unloaded. The graphs of the results of loading and unloading allowed 
us to estimate the energy released during unloading. The amount of elastic 
energy released at unloading after triaxial stress and increase of moisture 
from 1 to 2.5% decreased 3.5 times for anthracite coal and 6 times for coking 
and lean coals.

The true triaxial compression unit (TTCU) can create conditions of loading 
in coal samples and model conditions in virgin rocks and face zones of coal 
seams where outburst-dangerous situations usually form. Stress measure
ments (σ) were carried out in steep and flat-lying coal beds and analysis 
indicated that the edges of seams are under unequal stress conditions. For 
this reason, the program of loading in laboratory conditions corresponded 
to the natural conditions: σ1 ≠ σ2 ≠ σ3. A sample placed in a TTCU chamber 
was stressed at regular intervals (σ1 = σ2 =σ3) to loads normal for virgin rock. 
Then stress σ1 was raised to kγH, and σ2 to λkγH, and simultaneously σ3 was 
reduced until destruction. Here k is the coefficient of stress concentration 
(for steep layers k = 1.8 to 2.5) and λ is the coefficient of lateral thrust. The 
gas-saturated, gas-saturated–moistened, and gas-free–moistened samples of 
coking, lean and anthracite coal were loaded and unloaded. The increase of 
the adsorbed moisture to 2.5% (for example, for lean coal) increased the plas-
tic properties (average deformation) of gas-saturated coals 2 to 2.5 times and 
reduced the volume 2.5 to 3 times. Three-dimensional stress studies showed 
that full unloading caused a 2 to 3% volume increase of gas-saturated 
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samples. The volume of moistened samples was almost restored. These 
results confirm the irreversibility of physical processes in coal structures 
based on increases of adsorbed moisture content.

In conclusion, a specific amount of adsorbed moisture in each rank of 
gas-saturated coal is capable of reducing its elastic and effective superfi-
cial energy, thus creating a non-outburst condition. This was confirmed by 
mine experiments at Donbass (Removsky layer of Uglegorskaya mine and 
Almazny layer of Stozhkovskaya mine) and also by industrial tests on the 
outburst-dangerous Bezymyanny seam at the Krasny Oktyabr Mine.

The stress study at Bezymyanny was conducted by means of hydraulic 
sensors placed in holes drilled from a push-down to a depth of 6 to 8 m. 
Self-recording manometers compiled pressure data. Results showed that 
in a massif with adsorbed moisture W of 0.6 to 0.9%, the stress increased. 
The strip of raised pressure started 8 m from a face and decreased 1.2 to 1.8 
m from a line of stoped excavation. The coefficient of stress concentration 
changed within 1.5 to 1.8 m. In the moistened coal massif, within the limits 
of measurement of a 12 m strip from a face, no maximum of stress approach-
ing the line of a working face was noted by the gauges. This indicates the 
absence of increased stress or the movement of increased stress in the depth 
of the massif. At W = 1.93 to 2.5 the change of stress occurred at regular 
intervals, confirming the positive influence of moistening on stress in critical 
areas of coal formations. Also, a test hole defined the exit of coal slack before 
and after moistening. The exit of slack is an indirect indication of stress in a 
coal massif. At Bezymyanny, the exit of rubble per meter of hole decreased 
2 to 3 times as humidity increased 2.05 to 2.2%.

Gas emission from holes characterizes changes of massif stress conditions, 
natural gas content, permeability to gas, speed of gas recovery, and physi-
cal properties of coal. To find the influence of physically bound moisture on 
emission of methane within a coal massif in and out of zones of moisten-
ing, we studied the dynamics of gas emission. Based on the results of inter-
val measurements of gas emission and determination of physically bound 
moisture, we determined the dependence g = f(Wav). Measurements of gas 
dynamics at drilling holes 2.5 m long were analyzed. This allowed us to 
develop an equation describing the connection of gas emission speed change 
with physically bound moisture in a coal massif:

	
g W Wph ph= − +4 24 3 25 0 64 2, , , 	 (5.91)

The level of physically bound moisture in a coal massif within 2 to 2.5% 
can serve as a criterion to ensure that conditions are safe from sudden coal 
and gas outbursts. Studies showed that to prevent sudden coal and gas out-
bursts, adsorbed (physically bound) moisture must be maintained at levels 
of 2.5% for coking and fat coals, 2% for lean and lean baking coals, and 
3% for anthracites. After these levels were determined, the technological 



Genesis of Natural Gases, Methane Extraction, and Coal Mining Safety	 345

parameters related to aqueous surfactants and moisture control via NMR 
were developed.

The basic indicator of the efficiency of coal seam processing is the content 
of physically bound moisture. To control moistening efficiency after the ter-
mination of this process, test holes are drilled between heating holes. The 
lengths of the test holes are equal to the lengths of injection holes (for steep 
beds). Sampling is carried out every 5 m along the length. Test holes in flat-
lying seams are drilled from long wall faces along the seam course to depths 
equal to the distance between two injection holes every 5 to 6 m, with 2 to 
3 m sampling intervals. The test holes can be situated as they are for steep 
seams but control using EPR is required [141]. As in steep seams, holes must 
be drilled with flushing because it is not possible with NMR testing to sepa-
rate moisture in coal after infusion from moisture added during flushing. 
Before sampling, the holes are cleared of rubble. The drill fines intended 
for sampling are drawn from the holes by natural flow (steep seams) or by 
ribbon spiral conveyers (flat-lying seams). Coal samples are placed in glass 
or metal test tubes 20 to 30 sm3 and delivered to a laboratory. The time 
between sampling and testing should not exceed 50 h. A sample is placed in 
an ampoule and inserted in a high frequency circuit of an NMR device. The 
basic characteristic is the percentage of physically bound moisture defined 
after infusion during drilling of test holes.

To define moisture via electron paramagnetic resonance (EPR), a spin 
probe representing a stable nitrate radical is added to water infused into a 
coal seam. The spin probe content defines the amount of additional mois-
ture in a sampling place. Device calibration is conducted before every test. A 
water solution of the nitrate radical is inserted into dried (dehydrated) coal. 
The solution initial concentration should not exceed 10–3 mole/l to prevent 
weakening of the spin–spin interaction. Figure 5.37 presents the calibration 
curve of dependence of the relation of EPR signal line intensity of a radical-
probe 2,2,5,5-tetramethyl-1-carbamide pyrrolidine-1-oxyl, dissolved to 10-3 
mole/l to the intensity of EPR signal line of the etalon on humidity W.

The spectrum of electronic paramagnetic resonance of a spin probe 
represents the first derivative of three lines with a 1:1:1 ratio of intensities 
(Figure 5.38). As the paramagnetic centers (PMC) of coals partially block two 
lines of a spin probe by their absorption line, the calculation of spin probe 
concentration in a coal sample simply involves comparison of the internal 
etalon with one of the EPR spectrum lines of a spin probe outside the limits 
of the EPR PMC spectrum. The comparison of intensity of a spin probe line 
with the etalon is best presented as the relation intensities Ix/IE, representing 
a standardized dimensionless value proportional to the concentration of a 
spin probe. Concentration may be more exactly defined by
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where Ix and IE are the intensities of the first derivative line of the spin probe 
EPR absorption not overlapping with the EPR PMC signal of coal and the 
etalon intensity, respectively, ∆Нх and ∆НE are the respective widths between 
maxima of the first derivative line of EPR signal absorption of a spin probe 
and the etalon in millimeters; and CE is the etalon concentration in moles per 
liter. Since the (∆Нх)2/(∆НE)2 ratio is a constant for the concentration of a spin 
probe below 10–3 mole/l and approximates unity, it is acceptable to measure 
W by the ratio of intensities Ix/IE without a need to define quantitatively the 
concentration of a spin probe in a sample.

The best internal etalon for EPR was the third line Mn2+ in a MgO etalon 
made in VNIIFTRI and fixed immovably in the microwave resonator of an EPR 
radio spectrometer of 3-cm range. For this test, an EPR radio spectrometer of 
any type in a mode of continuous microwave radiation, with sensitivity better 
than 1011 spin/gauss and resolution at least 5 ·10–1 gauss/mm is acceptable.

Unlike other methods, the suggested technique for defining coal moisture 
analyzes the additional amount of moisture added to a coal bed. In the event 
the air tightness of a sample container fails during transportation to the labo-
ratory and drying results, it is still possible to define initial humidity as the 
amount of spin probe in a sample proportional to the amount of moisture 
that was in it; drying and dilution do not change it.

Mine samples contain methane and water. Because the NMR spectrum of 
methane (created by hydrogen protons) is imposed on the spectrum of water, 
it is necessary to divide their contributions. The simplest and most reliable 
method based on water and methane sorption characteristics is used. The 
heat of water adsorption by coal reaches 7.1 · 104 J/mole, but the heat of meth-
ane sorption does not exceed 2.5 · 104 J/mole. Therefore several times less 
energy is required to activate methane molecules than is required for water 
molecules. Thus, by creating underpressure around the coal particles, the 
detachment of methane molecules can be made much easier than detaching 
water molecules. This is the concept behind the method. After the spectrum 
of a damp gas-saturated sample is recorded, vacuum degassing is carried 
out for 3 min. The amount of methane left in the coal is beyond the sensitiv-
ity of installation and does not exceed 0.16 m3/t.

The experience of mining in outburst-dangerous coal seams has shown 
that the most sudden coal and gas outbursts occur in zones of geological fail-
ures and increased rock pressure. As a rule, small-amplitude plicate and dis-
junctive faults (such as thrusts) are characterized by various degrees of coal 
preparation connected with gas and hydrodynamic features of coal seams. 
At the approach of a zone of limit equilibrium to such failures, the plateau 
sectors with the prepared coal are under small rock pressure. The areas of 
not-destroyed and over-compacted coal will transform into a limiting state 
and accumulate considerable elastic energy. Areas of sufficient methane 
saturation will exhibit brittle fracture-outburst. The same features found in 
zones of over-compacted coal characterize zones of increased rock pressure 
(IRP). Prevention of coal and gas outbursts in such seams is complicated by 
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geological faults and IRP should be carried out beforehand, at the approaches 
of face zones, to decrease elasticity and increase deformation properties. One 
method that meets these needs is preliminary processing of the specified 
zones by water solutions of surface-active substances through upward holes 
(injection and test) while using NMR to control the amount of adsorbed 
moisture.

The basis for treating zones of geological faults and IRP by aqueous SASs is 
humidifying the coal consolidated by high rock pressures in the surround-
ing fault and IRP zones by utilizing the high filtration ability of the aqueous 
solution. The results are plasticization and relaxation of high mechanical 
stress. Furthermore, replacement and partial blocking of methane in pores 
and cracks are achieved, but the possibilities of desorption and outburst 
development decrease sharply. Efficient processing in geological fault zones 
is carried out by drilling samples from test holes and analyzing them with 
NMR equipment. The parameters of coal seam processing are orientation 
and depth of injection and test holes, hole diameter, concentration of aqueous 
SAS, and the pressure and the supply rate of SAS injected (per ton of coal). 
Efficient processing in outburst-dangerous zones depends on the choice of 
optimum values of the parameters.

The depth of the injection holes is defined by the distance of geological 
faults from the mine working where drilling is carried out, and also the sizes 
and directions of faults in a seam. In cases where zones of increased rock 
pressure extend along the strike of a seam in the form of a strip over a haul-
age gate, the depth of injection holes should be 3 to 5 m less than the width 
of a zone in a direction of seam rise. If a coal seam contains small-amplitude 
plicate faults scattered along the height of a lift, injection hole depth should 
be 8 to 10 m less than the inclined height of a lift to avoid the break of injected 
fluid in a ventilating drift. The depths of test and injection holds should be 
equal. The diameters of injection and test holes depend on the orientation 
requirements and reliability of well head sealing. The rational diameter sizes 
of 8 to 120 mm holes are determined experimentally.

The distance between the holes depends on the radius of effective action 
(moistening). At optimum distance, sufficiently deep moistening of a coal 
seam zone between two neighboring holes should be provided. As the 
humidity further from the hole is lower than the humidity nearer the hole, 
an acceptable distance between the holes is slightly less than two radii of 
the effective action, that is, Hhole = (1.6 to 1.8) Ref, where Hhole is the distance 
between injection holes and Ref is the radius of the effective action (moisten-
ing). The Ref is not a constant; it depends on the filtration and sorptive prop-
erties of coal in the processed zone that in turn depend on rock jointing and 
coal metamorphism (rank). Ref has been defined experimentally.

A moistening hole is drilled in a zone of increased rock pressure over 
the intake entry. After injecting an aqueous SAS for at least seven days, test 
holes are drilled parallel to the moistening hold. The first hole is at a dis-
tance of 3 m, the second at 5 m, and the third at 6 m. The content of adsorbed 
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(physically bound) water in samples from the holes is analyzed. The Ref of 
the moistening hole is the distance at which the humidity of coal increases 
2% or more, depending on the rank. On average, the Ref from injection holes 
is 6 to 7 m in natural humidity below 1% for seams of coking, fat, lean bak-
ing, and lean ranks.

The SAS content in water injected in a coal seam is assumed from data 
in Table  5.7. The discharge pressure should exceed the pressure of gas in 
a coal seam, but not cause hydraulic fracturing. Liquid consumption and 
pressure are quality indicators of coal moistening. Despite possible losses, 
SAS content should be 20 to 25 liters per ton of coal to increase humidity of 
a coal massif by 1%. The consumption and pressure should be monitored 
constantly to detect possible leaks of solution into cavities and neighboring 
holes. The amount of aqueous SAS required to moisten zones of geological 
faults and IRP is calculated according to

	 Q L h m W W qhole hole hole ads nat= −γ( ) 	 (5.92)

where Lhole is the depth of the injection holes in meters; hhole is the distance in 
meters between holes (in faults lacking continuity of coal seams and corner 
deviations 10 to 15 degrees from seam pitch, the width of the fault zone is 
entered); m is seam thickness in meters; γ is coal density in tons per cubic 
meter; Wads is the percentage of adsorbed moisture; and q is the rate of water 
consumption to reach 1% humidity (0.025 m3/t).

The preventive treatment of outburst-dangerous coal seams in zones of geo-
logical faults and IRP involves drilling of injection holes, well head sealing, 
injecting aqueous SAS into holes, drilling of test holes and coal sampling, anal-
ysis based on content of adsorbed (physically bound) water, and determining 
decrease or full elimination of coal outburst danger. Technological schemes for 
positioning holes and competing tests based on the parameters and the char-
acteristics of geological faults and IRP zones are found in the literature [89].

5.7.2  Safe Load on Working Face

Coal mine engineers and technicians use standards published more than 15 
years ago to calculate the amount of air necessary for ventilation of work-
ing faces. The use of highly efficient testing equipment for analyzing the 

TABLE 5.7

SAS Content in Mixture (%)

SAS Rank

Coal Class

Gaseous Fat Coking
Lean 

Baking Lean Anthracite

Sulfanole 0.2 0.3 0.2 0.1 0.1 0.1
Teepol 0.2 0.3 0.3 0.2 0.2 0.3
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behavior of gas-bearing coal rock massifs under difficult geological and 
technical conditions present in mines requires better criteria for determin-
ing loads on working faces. One of the basic factors for calculating optimum 
load on a working face is the methane-bearing capacity of the working area. 
Several studies in Russia and Ukraine focused on improving the calculation 
of optimum load under a variety of conditions in gas-saturated coal seams 
[142–145].

Studies of methane phases in coal, and the filtration and diffusion con-
cepts of desorption (Chapter 2) led to invention of a desorption meter (DS) 
to measure methane quantities and pressures in coal seams. Based on the 
desorptive activity in a seam (Section 2.4.1), DS equipment yields exact 
calculations of times of maximum permissible methane concentration in 
working spaces during the coal extraction. The DS-01 has an independent 
power supply and simultaneously measures the amounts and pressures of 
methane in three samples. Integral electronics, intercommunication capa-
bility, and control of the sequence of operations allow display of results, 
storage in long-term memory, and automatic transfer of TTCU data from 
the mine to the surface in real time. Some technical characteristics of 
DS-01 are

Range of measured pressure of methane in coal bed 2 to 10MPa
Error of measurement of pressure without 
individual calibration of pressure sensor 

+5 %

Temperature range 40 to 50°C
Preparation time Maximum 900 sec
Measurement time Maximum 660 sec

The use of the DS-01 in mines helps optimize loads on working faces and also 
promotes safe working conditions. Information about methane characteristics 
of a seam can be used to calculate the kinetics of gas emissions in stoping or 
development working. The calculation of dangerous emission levels requires 
data for a number of geological, physical, and technological factors that apply 
to a specific working face. The initial physical and technological parameters 
for calculating the onset of dangerous methane concentration formations 
(based on a real example from the Zasyadko mine) are

Seam thickness, m 2.05
Porosity of coal, m3/m3 0.05
Air consumption in stope, m3/min 2100
Effective factor of diffusion of methane 
in coal, m2/sec

1.8 · 10–6

Sectional area of working face, m2 5.74
Coverage of operating element, m 0.8
Length of working face, m 300
Speed of working face advance, m/day 5.5
Factor of extracting equipment loading 0.7



Genesis of Natural Gases, Methane Extraction, and Coal Mining Safety	 351

Even at constant pressure and methane level measured by a DS, the speed 
of advance of a working face leading to the formation of unacceptable 
methane concentration (more than 1%) depends on the effective diffusion 
K (Figure 5.39). At maximum K, it is possible to advance a working face 1.7 
m/day (2.5 m/day at minimum K). The existing standards for calculating 
acceptable speed of advance of a working face do not consider minimum 
and maximum methane diffusion factors that vary for every coal seam, 
sometimes by a factor of 2 [146]. If a calculated load from an economic view 
appears insufficient, it is necessary to apply measures to decrease methane 
diffusion, for example, by injecting aqueous SASs as cited in Section 5.7.1.

5.8  Conclusions

It can be concluded that the safe load on working face and the preliminary 
arrangements to increase it if required by the mine economics can be estab-
lished using the in-seam methane content and pressure measuring device 
and technique based on up-to-date research of molecular coal structure and 
phase state of occluded fluids.
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