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PREFACE 

Underground coal mining, though it contributes only 25% of the total coal production in 
Australia, is a vibrant part of the industry. The future of coal mining in Australia is closely linked 
with the viability of underground mining. 

The problem of high gas emissions and outbursts is not new in underground mines in Australia. 
Some of the mines have specific gas emissions approaching 100 m3/tonne. With high gas content 
of coal seams, outbursts occur in a number of mines. The first outburst occurred in 1895 and 
since then almost 600 outbursts have been reported. One of the solutions that has been successful, 
so far, is the use of gas drainage. Five mines have full scale gas drainage systems operating. In- 
seam drainage techniques have been successfully developed. The longest in-seam hole drilled was 
1,430m and this is a world record. Threshold values based upon gas content for safe mining of a 
seam liable to outbursts have been proposed and are being applied in some mines in Australia. Yet 
there are cases where gas drainage is not possible either due to high stress, low permeability of 
coal, type of gas present, difficulties of achieving threshold values due to mining layout or other 
constraints. Industry is in need of new technologies that may be helpful in solving these problems. 
Many Australian mines are developing management programs to address the problem of outbursts, 
high gas emissions and safety of operations. 

A number of 
technologies have been successfully used in many overseas countries and these may be of use to 
Australian mines. At the same time experiences gained in Australia in relation to the development 
of fast advancing headings and outburst control procedures will be of help to overseas operators. 

The subject of outbursts and control of gas in coal mines has been discussed in a number of 
international conferences around the world. It was first discussed in Australia in a symposium 
held in Sydney under the title "Seam Gas in Coal Mines" in 1966. An international symposium on 
the "Occurrence, Prevention and Control of Outbursts in Coal Mines" was held under the auspices 
of the Australasian Institute of Mining and Metallurgy in Brisbane in September 1980. An 
international symposium on "Seam Gas Drainage with Particular Reference to the Working Seam" 
was organised by the Australasian Institute of Mining and Metallurgy in 1982 in Wollongong. In 
1980 the Co-ordinating Committee on Outburst Research was established by the NSW Coal 
Association and Queensland Coal Association. Under the auspices of this Committee seminars 
were organised under the following titles: 

High gas emissions and outbursts are also a world wide phenomenon. 

1 Regional Assessment, Leichhardt, Qld., 1981 
2 Production Techniques, Collinsville, 1982 
3 Alleviation Techniques, Sydney, 1983 
4 Control of Outbursts, Wollongong, 1984. 

The introduction of in-seam gas drainage greatly helped the control of outbursts and for a short 
time it was thought that the problem of outbursts had been more or less solved in the Australian 
mining industry. This was true to some extent particularly where most of the seam gas is methane 
but more recently many mines which were previously working in virtually pure methane conditions 
have started to experience high carbon dioxide percentages in the coal seam. The procedures that 
were successful in high methane areas have failed in some mines to produce positive results in high 
carbon dioxide areas. The result has been more frequent outbursts. This is an area of real concern 
to the mine operators and interest has been rekindled in the areas of outbursts 

The introduction of longwall mining particularly with high productions reaching 25,000 tonnes 
per day from a single longwall operation has required very high rates of development drivage. 
Development of fast advancing headings presents its own problems under high gas conditions. 

In line with the safety requirements the Department of Mineral Resources in NSW has brought in 
stringent mining conditions with reference to the gas content of the coal seam ahead of mining. To 
meet these requirements new management systems are being developed. It is important that the 
problem of outbursts and high gas emissions must be controlled otherwise the viability of mining 
operations cannot be guaranteed. 

This international Symposium is very timely. It is hoped that this Symposium-cum-Workshop 
will bring researchers and mine personnel together, encourage exchange of information and enrich 
the decision making processes to make mine operations safer. 



This 2-day Symposium followed by a 2-day Workshop will examine the status of research and 
possible technologies available and presently being used in the industry throughout the world. The 
symposium will focus on the theoretical and experimental aspects of the phenomenon of gas in  
mines, understanding of the basic concepts, predictive techniques, and future research concepts. 

The workshop will be more practice oriented. The operators from various mines, researchers 
and consultants will present their experience, outline successes and failures of the technologies 
adopted and suggest areas for development. A survey on the methods used in the control of high 
gas emissions, outbursts and research priorities will be conducted prior to the workshop and it will 
be updated at the time of the workshop. The workshop will assess the needs of the industry and 
recommend areas of further research. 

The proceedings of the Symposium-cum-Workshop are being put in two parts. Part I contains 
the papers presented as part of the Symposium and Part I1 contains papers presented in the 
Workshop. 

The preparation of the Symposium-cum-Workshop proceedings would not be possible without 
active support from the members of the International and National Organising Committees. I am 
extremely thankful to all who donated their time in the preparation of the Symposium-cum- 
Workshop and helped in numerous ways to make it a success. I hope that these proceedings will 
be of benefit to the whole of the mining community worldwide. 

R. D. Lama 
Editor and Convenor-cum-Chairman of the Organising Committee 
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SYMPOSIUM 
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Keynote Addresses 



Int. Symp.cum Workshop on Management R Control ofHigh Gas Emlssion & Outbursts 
Wollongong, 30-24 March, 1995 

State of the art on the mechanism of outbursts in coal mines 

ABSTRACT: Based upon published literature world wide, this ‘Keynote Address” presents theoretical concepts on 
the mechanism of outbursts of gas and coal in coal mines. The concepts and theories developed are supported by 
experimental evidence based upon artificially produced outbursts m the laboratory. 

1 INTRODUCTION 

Rock media in the outer parts of earth‘s crust form 
aggregates of solid bodies whose physical and chemical 
properties may very considerably. Such an aggregate 
may include regions of crack, micro-cracks and pores. 
Those regions are filled with solid, gaseous or liquid 
substances which are sorbed on the surfaces of solid 
bodies or which ditfuse into them. These substances, 
such as C q  or CJ&, may be of autochtonic or 
allochtonic origin coming fiom the deeper regions of the 
earth‘s crust (Kotarba, 1990). 

Certain types coals that accumulate C&, C h  or Nz 
can be quoted as the examples of such media. 

The structure of coal is characterized by the 
dmibution of pore space diameters, ranging fiom 
100 urn to the so-called submicro-pores less than 
0.8 nm in diameter, thus comparable with the 
dimensions of gas particles. Such media are referred to 
as solid solutions by some authors, including Ettinger 
(Ettinger, 1990). In the considerations to follow, this 
term will be used in the sense given above. 

Upsetting the state of rock mass equilibrium may 
give rise to a number of irreversible physical processes. 
The examples of such phenomena m nature are volcanic 
explosions, hydro-them1 explosions (Mufner, White 
and Truesdell, 197 1) and Lake Nyas waters outburst in 
Cameroon in 1986 out of the extinct volcano crater. 
(The so-called champagne cork effect on a large scale). 

The results were disastrous, since COZ released 
during this outburst caused 1700 people to suffocate 
(Stauger, 1987). 

Minmg operations that upset the primeval state of 
rock mass equilibrium in certain regions may be 
respoiisible for rock and gas mass outbursts, as well as 
other effects. 

In 1845 there was an outburst of coal and CH, in 
mine Rochefort in France (Loire). In 1879 an outburst 
of coal and methane that occurred m the mine Agrapp 
(Belgium) that was responsiile for the death of 121 
people. lo the mine Metropolitan m New South Wales, 
Australia a serious outburst of coal and COZ that took 
place in 1985 (Kozowski, 1980; Gil and Swiedzinslu, 
1982). 

Since these outbursts became more fi-equent, a 
special committee was called up to cany out the 
necessary research into the matter before the World War 
I (Loiret and Laligant, 1923). 

Presently, the outbursts of rock-gas, coal, salt, ores 
and waste rock are encountered in a number of 
countries in Europe, Australia, as well as China, Canada, 
Japan and India. This is a major hazard in mining 
operations. In 1941 in the mine Nowa Ruda, near 
Walbrzych (Poland) 187 people got killed during an 

The outbursts had occurred as the tunnels were being 
drilled m highly gaseous rock. In some events 
thousands or tens of thousands tons of broken rock 
mass and hundreds of thousands of cubic meters of gas 
in its normal state were burst out in less than a minute. 

In 1953 in the potassium salt mine Thiilmau 
(Germany), about 100 000 tons of salt and 700 000 m’ 
of (2% was pushed into the mine workings. The gas 
was then released to the surface and caused 22 people 
to suffocate. 

The research projects and outburst predication 
schemes are both empirical and theoretical -- these are 
based on appropriate physical and chemical laws. These 
are referred to, among others, in the publications 
(Christianovich and S a l g e  1983; Cheng Chemin and 
D m g  Yansheng, 1971; Lippmann, 1987; Litwiniszyn, 
1983, Litwiniszyn, 1985; Litwiniszyn, 1985, 

outburst of coal and CO2. 
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Litwiniszyn, 1994, L- 1987, Nikolskij; moving in time t. At the moment of beginnlng of an 
Peterson, L, 1986; Peterson and Schlanger, 1985; outburst the pressure throughout the whole medium 
Thomas, K, 1964; Yu Shanbmg, 1988). 

This issue is being researched "in W', accompanied 
by extensive laboratory studies (d Zverev and 
Dolgova, 1990; Bodziony, Nelicki and Topolniclu, 
1990; Cis, 1971; Czaphks( 1965; Czernow and 
Puzyrew, 1979; Gould and Smith, 1980; Gray, 1980; 
Hargraves, 1980; Kidybinksi, 1980; Knothe St, 1989; 
Kotarba, 1990; Kozowski, 1980; Kravchenko, 1955; 
Lama, 1980; Lason, Skocmska-Jezierska, Ciembrewicz 
and Gorska, 1978; Marshall, Gd5t.h~ and Lama, 1980; 
P a d  1988; Petrosjan, Jankowskaja, Krupenia and 
Iwanow, 1978; Smgh, 1984, Suchodolski; Ujihira, 
Higuchi and Nabeya, 1985; Topolniclu, 1993; Xiaoling, 
1988; Zolcinska-Jezierska, 198 1). A characteristic 

area is assumed to be po = 1.5 MPa. 

*CY 

feature of the rock media in which rock and gas 
outbursts occur is that they are multi-phase. If the 
thermodynamic parameters are changed, certain phase 
transitions are started. In certain conditions an outburst 
of rock-gas mass may be thus initiated. It is a 
characteristic of this phenomenon that a surface of 
discontmuities of medium properties will move between 
the undisturbed and the burst-out rock-gas mass. 

The mechanism of this phenomenon proves to be the 
most complex encountered m mining. 

2 SOME MODELS OF ROCK-GAS MASS 
OUTBURSTS 

There are several models descniing these phenomena. 
An example of such a model is a continuous medium 
(Christianovich and Salganik, 1983) which gets divided 
into several regions because of existing strains. As a 
result of mining activities these regions are dsplaced. 
There is an elastic region ( I ) ,  a region of oriented cracks 
(2) and a plastic region (3). These are shown in Fig. 1, 
which presents the strain distributions ox and 0, with 
respect to x, as registered in a horizontal seam at the 

Fig. 1 .  Scheme of stress-strain state at the coal face. 
1 - elastic zone; 2 - zone of oriented cracks; 3 - plastic 
protecting zone. 

I 

I 

I 

: I  

I 

Fig. 2. 
(Mroz and Zacharski, 1990). 

Model of rock-gas mass outburst according. 

depth ofH, the density of overburden being y. Released 
gas gets to the region (3) which acts as a protective 
screen which takes up the load of the anisotropic gas (a 
"sponge"). The thinner the screen, the greater the 
probability of breaking it down and the outburst 
initiation. 

Another model is also characterized by the existence 
of oriented cracks region (Mroz and Zacharsh 1990). 

v[m/s]- 
t=6.7x1 0.2s 

This is shown in Fig. 2. The medium is subjected to -7.0 I I I I 

slicing [i.e. it gets divided into disolike fiagments]. In 30 50 70 90 110 
Numbers of slices the thin slice tom off from the whole body, there will 

appear cracks through which gas may flow. Fig. 3 
presents the dependence of velocity of a single slice Fig. 3. Velocity of a single slice moving on the time t. 
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Tn both the presented models there is medium slicing 
at the moment of outburst initiation. This is confirmed 
by the observations on the spot as well as by laboratory 
researches, i.e. several mini outbursts (Bodziony, Nelicki 
and Topolniclu, 1990; Ujihira, Higuchi and Nabeya, 
1985; Gawor, Rysz and Smolar& 199 1 ; Gawor, Meier 
and Rysz, 199 1). 

Slicing was also observed while modelling outbursts 
of volcano mass (Sturtevant, Glicken and Hill, 199 1) .  

An opinion holds that the main cause of sudden rock- 
gas outbursts are gases accumulated in the rock mass in 
their various physical states. "It is clear that the driving 
force of ga burst is without doubt the internal energy 
of gas contained in coal rather that1 the strain energy of 
either the c o d  or the surrourdirig rock mas" (Cheng 
and Ding, 197 I ) .  

of these values and their time variations (Smokarslu, 
1993). The researches are carried out into the medium 
microstructure, and sorption and desorption of medium- 
forming substances (Aimm, Zverev and Dolgova, 1990; 
Lama, 1980; Czaplinksi, 1965; Ettinger, 1990; Yu, 
1988; Zolchskia-Jezierska, 1981; Gawor, Rysz and 
Smolardu, 199 1 ; Gawor, Rysz and Smolarsla, 1990). 

These studies are concerned with properties of rock 
samples, macro-structure in laboratory conditions and 
the relations between the properties of micro- and 
macro-structure of these samples. 

Or I 
3 MULTI-PHASE MEDIUM AS THE 

CONTIMJOUS ONE 

It is a characteristic of these sudden outbursts that the 
discontinuity region, which is the border-line between 
varying medium properties, is displaced and shifts 
between the undisturbed and burst-out rock and gas 
mass. The other feature is the sliced structure of this 
inass at the moment of outburst initiation. 

How can we describe these phenomena taking place 
in a multi-phase rock medium on the basis of the 
coutiuuous medium model? Could a m a t e d  point 
defined with Lagrangian coordinates be ascribed to 
various phases that compose the medium? 

It turns out that some topological elements such as 
Peany curve, Sierpiiiski carpet or Menger sponge, 
where it is difficult to defbe whether they are *le 
lilies, 0 1  surfaces or solids, make such assignment 
possible. Such a media will be therefore treated as the 
solid solutions. 

This model is no longer valid when the relative 
motion of its individual phases is started in the wake of 
destruction of the medium. 

Up to the moment of its destruction such multi-- 
phase medium is taken to be continuous. Therefore, the 
laws of conservation of mass, momentum and energy, as 
well as the second law of thermodynamics can be 
applied to describe the phenomena taking place in the 
medium The last law mentioned here indicates that 
entropy generation related to the processes taking place 
in the medium must not be of negative value. 

Rock-mass medium properties are described by 
means of so-called constitutive equations. They define 
the relations holding between the strains, deformations, 
temperature, medium phases, concentration, gradients 

trr t 

Fig. 4. Strains in spherical grains in a multi-phase 
media as a result of difhsion of gas. 

As an example of such studies one can mention the 
publications (Ryncarz, 1989; Ryncarq 1990) on the 
dependence of strains in spherical grains in a multi-phase 
media on diffusing of gas. The dependences of radial 
tensile stress a,. in time t for varying values of confining 
pressure P I ,  p~ are shown in Fig. 4. 

The development process, in qualitative terms, 
agrees well with the acoustic emission (i.e. the number 
of signals in a time unit) (Majewska, 1990). This is 
shown in Fig. 5. 

t 

Fig. 5 .  Acoustic emission J as the function of time t. 
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Sorption gives rise to micro-destruction which is the 
source of acoustic sipals. These are studies on gas 
emission fiom the coal grains saturated with CO, with 
changes m time. Fig. 6 presents this dependence for 
varying grain parameters and corresponding specific 
surface S ( L w  1987). 

Fig. 6. Diffusional emission of gas fiom the grains of a 
porous medium as a function of time t and the specific 
d c e  Sc 

Fig. 7 depicts the results of these experiments (Gawor, 
Rysz and Smolarsb 1990). Very similar process is 
elaborated on in the publication (Cheng and Ding, 
1971). 

/--- 

I I 
0 1000 2000 3000 4000 5000 

t[sI 

Fig. 7. Results of experiments according to (Ciawor, 
Rysz and Smolarslu, 199 1 ), contkuous theoretical lines. 

4 SYSTEM OF EQUATIONS DESCRIBING THE 
OUTBURST 

The researches mentioned above were aimed to help 
formulate a constitutive equation for a multi-phase rock 
mass mediun 

Theoretical concepts for such an equation are 
presented m the publication (Smolarski, 1993). Since 
the structure of a multi-phase medium is very complex 
and so are the processes taking place in them, very little 
information is available conceming the relationship that 
hold between particular quantities m the constitutive 
equations. 

Thermodynamic processes that accompany sudden 
outbursts of rock and gas take place m the non- 
equiliirium condition. They proceed at a high rate in 
shifting regions of a multi-phase medium. Hence, there 
are serious difEcdties with experimental studies. 

Experimental researches in this field are related to 
quasi-static and isothermal states (Czaplinksi and 
Gustkiewicz, 1990; Ceglarska-Stefanska and Czaplinslu, 
1974; Czaplinski, 1965; Moffat and Weale, 1955). 

The dependence of deformations z of coal samples 
saturated with gas (C02, C&) on the confining pressure 
p, to which they were subjected, was studied by means 
of tensometric methods. These studies helped formulate 
the dependence of confming pressure p on the specific 
vohune V. 

P =Po,? 

Fig. 8 presents this isothermal relationship expressed 
in terms of qualitative changes. It was based on the 
analyses of samples of various types of coal. 

Despite inadequate information, Eq. 1 - a constitutive 
equation that allows for highlighting certain phenomena 
that accompany sudden outbursts. 

It can be seen in Fig. 8 that for certain values ofp the 
specific volume Vincreases up to its maximum value. I.’ 
will then decrease with a fiuther uicrease in p. 
Therefore, two regions can be recognized here. The first 
of them: 

pn p Pb; v, < v < Vh 

where 

And the second one: 

where 

where T stands for temperature whereas the quantities 
( )T are related to isothermal state, while T = const. 

4 



Fig. 8. Isothermp = p m .  

For p = ph, I/ = v h  will attain its maximum value in the 

neighbourhood of the point b where (g), has its sign 

changed. The structural stability of the process will 
change at that point as well. 

In the first region a s i o n  and sorption are of 
primary importance; the sample will swell. In the 
second region, where p > pb , V < Vb with an mcrease 
confining pressure p the sample will shrink and the 
specific volume V will decrease. Mechanical processes 
taking place in this region are described by a system of 
non-linear, hyperbolic equations. In the paragraphs to 
follow these will refer to the second region. 

When the rock mass is taken to be continuous, and 
when considering onedimensional problem the 
equations of mass, momentum and energy conservation 
in the timespace t,x (where t stands for time, while x is a 
space coordinate in a Cartesian system) will be as 
follows: 

I 
I '  

where: p = -  - denotes the medium density, V is the 

specific volume, p - stress, u - velocity of the medium, 
E=E@, - is inner energy of the medium per unit mass. 

Symbols ( ), and ( ).l denote the partial derivatives 
with respect to t and x. 

Functions A4 and N on the right side of the equations 
3 and 4 descnie the dissipation forces and the amount 
of heat brought about by these forces operating. The 
form of these iimctions depends on the constitutive 
equation. In accordance with the second law of 
thermodynamics the requirement must be met that 
entropy must not decrease, that is: * 2 0  

Dt 
where S stands for the specific entropy of the medium, 
and the symbol 

D d  8 
Dt 2 Ca: 

In the non-linear system of equations (2,3,4) there 
are functions p = p (x,t),  p = p(x,t) ,  u = u(x,t) that 
descnie the process in the rock mass for the set initial- 
boundary condition. 

The actual type of the system of equations (2,3,4) 
depends on the hc t ions  A4 and N. The solutions to the 
non-linear hyperbolic equations may yield some 
discontinuous characteristic of sudden outbursts of rock 
and gas mass. Continuous solutions to parabolic 
equations may be used to describe the processes of 
creep of outburst-prone seams. 

+ U- -=- 

5 RETROGRADEMEDIA 

Little is know about the constitutive equations for 
multi-phase rock media. Those equations imply the 
form of functions N and A4 present in Eq. (3) and (4). 
Let us assume that such an equation has the form of Eq. 
(1) represented in Fig. 8 in terms of its qualitative 
development. This formula is based on extensive 
laboratory studies mentioned above. 

Throughout the considered region Pb < p < p,; 

V, V < V b  the inequalrty ( - z:) 7' < 0 will hold. 

In the publication by Bethe (Bethe, 1942)], the 
correlation 

where s stands for entropy and ( 
isentropic state. 

)S is related to 
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where C, denotes the specific heat of the medium at the 
constant specific volume Y =  const. 

In case the eqression brackets [ ] were negative or for 

a sufficiently high absolute v h e  of -2 > 0 when 

[ 3) < 0 ,  or for a sufliciently high cLr or if the value 

of - were sufficiently small - then 

($1 would have the same sign. 

1 [:Jj 
T 

(2) and 
1 

cv T 

Moreover, 
S 

The media whose characteristic feature is that for a 
certain range of p ,  Y parameters the inequality (2) < o is satisfied are called retrograde media. 

That such media might exist was predicted by 
Zeldovich in 1946 (Zeldowich and Raizer, 1966). This 

mequahty - < O  may be valid for the instance in 

the neighbowhood of the critical pomt of liquid-to-gas 
phase transition. In 1971 Thompson (Thompson, 1971) 
introduced the notion of dimensionless hdamental 
derivative: 

s 

Ms 

(7)  

where 

S 

The existence of retrograde substances was duly 
confirmed (Thompson and Lambrakis, 1973). 
According to Thompson (Thompson, 1991) many 
minerals m the earth's crust display the properties of 
retrograde media. 

In the 70's the processes taking place m such media, 
characterized by high values of CK were extensively 
studied. For instance such researches were carried out 

at Max Planck Institut k Stromungsforschung in 
Gijttingen (Meier, 1987). In the 70's at the Strata 
Mechanics Research Institute of the Polish Academy of 
Sciences m Krakow the processes in porous rock media, 
m particular m coals with Cq, C& or N2 were given a 
thorough investigation. 

These researches helped to formulate the dependence 
p = p m  shown m Fig. 8. That suggested that rock 
media at certain ranges of values of p and b', in 
particular coals with COZ, CK, N2 or other substances 
accumulated m them, %lay the properties of the 
retrograde media. 

This suggestion arises &om the Bethe Eq. (6 ) .  
How isotherms develop throughout the range of 

ph < p < pc,  vc v < v h  (Fig. 8) is defmed by the 

inequahty (2) < 0 .  This leads to the conclusion that 

there may be such a range of p ,  V, values 

that(&) <(I, which means that the media are 

retrograde. 
Once such possibility was recognized, its implicatious 

were verified against processes obsewed m laboratory 
conditions and "m situ". 

7 
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6 SHOCK WAVE AS THE OUTBURST 
WITIATING FACTOR 

The constitutive equation was accepted as: 

where 
1 p,=- 
P 

for certain range of values p ,  V it will satisG the 
following inequalities: 

Taking into account Eq.(8), the system of equation 
(2),(3) for A4 = 0 will be in such case written as 
(Litwiniszyn, 1994): 

where 
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a s  system of Eq. (9 and 10) is a non-linear system of 
hyperbolic equations that define the functions: 
p =p(x, t )  and u = u(x ,~) .  

The relationship between p and p is given in the 
constitutive Eq. (8). A distinctive feature of the 
solutions to nonlinear hyperbolic equations is that it is 
possible to generate and propagate the discontinuities to 
their solutions in the fonn of shock waves. 

Sudden outburst are characterized by displacements 
of the discontinuity surface that separates the broken, 
expdsed medium from the whole rock body. 

This feature of outbursts, in qualitative terms, 
corresponds to those of the solutions to noulinear 
hyperbolic equations. 

To venfy the proposed model of rock and gas mass 
outbursts, as described with those equations, a number 
of tests were run in the Strata Mechanics Research 
Institute of Polish Academy of Sciences in Krakow and 
in the Max Plamk Institut fiir Stromungsforschung in 
Gottingen. 

To reflect the actual conditions m which the 
experiments were carried out, the initial-boundary 
conditions were taken to be as follows: 

for t = 0, 

for t > 0, 

where 
U I p d > O  
df 

The system of equations (9, IO) together with the 
conditions ( 1 1, 12) will determine its solution in the 
form of so-called simple wave (Courant and Friedrichs, 
1948). Fig. 9a presents the solution p = p(x, t )  against 
the Cartesian system of coordinates x, t, p .  This system 
of Eq. (9 and 10) is assigned two characteristic families 
in the plane x, t. In this case they are straight lines. The 
solution p = p(x,g and 21 = u(x,g assigned to those 
characteristics are constant. The characteristics are the 
camers of appropriate values pre-set in the initial- 
boundary conditions ( I I ,  12). 

( 12), hence the 

characteristics C, starting fiom the points x = 0, t = tl 
and 
x = 0, t = t2 will intersect at the point P, where x = xc, 
t = t,. Since those characteristics contain certain values 
p = pu(tl) and p = po(t;l, P is the point of discontinwty m 

It has been assumed * > o 
dt 

the solution p = p(x, t). 
Point of discontinwty P form a discontinuity 

trajectory L in the solution p = p(x,q, or so-called a 
shock wave. In the case being considered here, this will 
be a simple rarefsction shock wave. 

The existence of rarefsction shock waves is posslble 

in retrograde media in which - < O  whichmeans 

that the value of bdamental derivative in Fig. 8 must 
be less then zero (r < 0 ) Eq.(7). In such a case the 
requirement that entropy must not decrease Eq.(S) is 
met, which indicates physical reality of the process 
(LitWiniszyn, 1994). 

From the point of view of physics, a rarefaction 
shock wave is not feasible in the medium in which 

The point P of the rarefaction shock wave is assigned 
two different values of stress p = po(tI)  and 

In the shock wave SW (Fig. 9a) there occurs the so- 
called "catastrophic gradient" brought about by the 
stress difference Apl~=[ po(t,) - po(tz)]. For a s&ciently 
high value of A p 1 2  at the moment t, for x = x, a layer in 
the region [O,x,] is separated fiom the mass in the region 
x > x, (Fig. 9b). This mass is subjected to a stress 
difference 

s 

r>o. 

p = p o ( t 2 ) .  

APZC = [ p Y t c )  - p,(tc)l 

where p'(tc) denotes the pressure in the crack, for x =xl, 
between the layer of tom-off mass and the whole body 
for x > x, ahead of the shock wave front. Pressure p'(tc) 
is brought about by gas desorbing fiom two surfaces in 
a newly formed crack. 

The output of desorbing gas is the highest at the 
moment of crack formation (Gawor, Rysz and 
Smolarslu, 1990). If AP?~ is sufficiently high, then the 
force difference on two planes of the torn-off layer for x 
= 0 and x = x, will give rise to an outburst or cause this 
layer to be pushed out m the direction opposite to that 
of the x-axis. 

The boundary condition newly formed in the plane 
x = x, together with the initial condition for t = tc, 
x > xc will determine the subsequent simple, rarefaction 
shock wave (Litwiniszyn, 1994). Once again a layer is 
torn-oR thus forming the next slice and new boundary 
(initial) conditions arise and the process will repeat itseK 

In view of this model outburst commencement is 
brought about by a series of subsequent simple 
rarefaction shock waves. They cause the medium to 
become a collection of layers separated by planes 
parallel to the waves fronts. 
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In this case the slices look like bent plates, cylindrical 
m shape. 

Fig. 9a. A rarefaction simple shock wave (SW) causuig 
an outburst and slicing of the med im 

x = o  X C  

Fig. 9b. Situation in a gap between the slices of the 
medium. 

This situation bears an analogy to that when a line of 
waiting vehicles start moving forward after the green 
traffic light has been switched on. The vehicles move m 
the direction opposite to that of the x-axis. The 
boundary between the vehicles which are still waiting 
and those already moving propagates in the direction of 
this axis. 

In the case of axial symmetry (a cylindrical gap m an 
isotropic, homogeneous medium) and for the equation 
of state (l), the system of equations for mass and 
momentum conservation will be nonlinear and 
hyperbolic. The solutions to this system of equations 
may yield certain discontinuities in the form of co-axial, 
cylindrical surfaces. Experimental analyses (Bodziony, 
Nelicki and Topolnickt, 1990) of a hollow briquette 
saturated with gas have also demonstTated the effects of 
slicing of briquette. 

7 THERMAL ENERGY LN SUDDEN OUTBLRSTS 

Thermal energy of the medium subjected to rarefaction 
shock wave operation is associated with the outbursts of 
rock and gas masses. Let us assume that the stress 
changes fiom p. > 0, k‘ to p l  = 0, V > V,,. Fig. I O  
represents the change for a retrograde medium, when [$I < 0 ,  plotted in the system of coordinatesp, C: 

The broken curve line represents the isentrope S; R 
denotes Rayleigh straight line while H is Hugoniot 
curve. The change in the total internal energy E pet unit 
mass unit equals the amount of heat Q supplied to the 
medium and the work performed by the medium, 
induced by the pressure p .  

S 

Therefore: 
dE = dQ - pdC’ (13) 

In the case of reversible processes, neglecting 
dissipation, thermal conductivity and difision (such an 
example is discussed in the section 6 )  we would get 
dQ = TdS. In such case Eq.( 13) can be rewritten as 

dE = TdS - pdC’ 

Basing on Eq. (13), on the isentrope S where dS = 0 we 
get: 

where p c  = pe( b‘) is the equatiou of the isentropes S, 
whereas E, = Ec( V )  defines the specific internal energy 
of the medium. 

tP  

V 

Fig. I O .  The isentrope S, Hugoniot cuwe H ,  Releigh 
straight line R 
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The change m the total mtemal energy is equal to the 
sum of change E, = E@') and the change m the thermal 
energy Er = EAT) which depends on temperature T. 
Therefore: 

The change m the total mtemal energy E caused by the 
rarefaction shock wave from the state pn V, to p, = 0, 
V, > V, can be derived from the following equation 
(Courant andFriedrichs, 1948): 

LW = AE,+ A Et. (15) 

1 

2 ~ E = E ( P ~ , V ~ ) - E ( P , , V ~ ) = - P , ( V , - V , )  (16) 

From Eq. (14) we get 

From Eq. 

The valu 

AEc = - j; p , ( V ) d V  (17) 

15, 16, 17) we get: 

(18) 
1 

= f p , ( V ) d V  -1 p,(Vl - V,) 

of the mtemal on the ri&t side of the 
equation equals the lined part o f the  A c e  down in 

Fig. IO,  -p,(C;-I;)is the area of triangles with its 

vertices: @I = 0, VJ, 0, = 0, V,), eo, Vo). 
It follows from the m. (1 8) that AET may change its 

sign, which depends on the positions the isentrope 
p .  = PAP') and the Rayleigh straight lime R will occupy 
with respect to each other. 

I 
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8 EXPERlMENTAL STUDIES 

Mini-outbursts of the rock-gas media m laboratory 
conditions are elaborated on m the publications (Ujihii, 
Higuchi and Nabeya, 1985; Shutwant, Glicken and W, 
1991). The later refers to volcanic eruption modelling. 
In the Strata Mechanics Research Institute m Krakow 
and Max Planck Institut fiir Stromungsforsshung m 
Giittmgen a series of mini-outbursts of coal and gas 
masses were c a d  out. 

Those outbursts took place m the cylindrical pipes 
filled with coal briquettes saturated with COZ and Nz. 
At the beginning the value of confining pressurep inside 
the pipe was constant, and the middle part of the 
briquette was at rest tiU the pipe is opened and the 
outburst begins. 

The conditions chuing the experiment corresponded 
to the initial-boundary conditions (1 1, 12). 

During an outburst the values of pressure p were 
registered at various pomt of briquette section. The 
structure of the briquette through which a rarefaction, 
crushing wave passed, was then analysed (Bodziony, 

Nelicki and Topolnicki, 1990). The briquette taken out 
of the pipe does not possess the features of chaotic 
debris conglomerate. In photograph la  it can be seen 
that the slices are quite orderly-resembling a sausage cut 
mto slices. F'hotograph lb  presents the magdied 
fragments of slice groups. 'The slices are separated from 
each other with thin layers of glue. 

6', - - -- 

Photo la. Slices structure of a briquette after an 
outburst. 

photo lb. Magnified fragment of a sliced structure of a 
thrown-out briquette. 

By means of the Fastax or CCD camera the process 
of sliced briquette structure formation and the motions 
of individual slices were recorded (Gawor, Rysz and 
Smolarski, 1991). In the photograph 2a we can observe 
the destruction of briquette saturated with C02, in photo 
2h slicing of N2 saturated one. This slices are displaced 
m the direction opposite to that of the crushimg wave. 

Certain differences m the slices behaviour during 
those two experiments are easy to observe. Nitrogen 
tears off subsequent slice which move towards the pipe 
outlet without changing their shape. COZ causes the 
slices to be tom off as well, yet they move much faster 
that m the case of Nz and after their loosening from the 
briquette mass they break up mto smaller bits. 
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252 3.6 t lms! 

Photo 2a. 
structure m a coal briquette containing CO2. 

The progress of the formation of a slice 

The process of slicing of the loose medium 
containing C@ or He is elaborated on in the publication 
(Gawor, Meier and Rysq 1991). 

The results of pressure measurements in the expulsed 
briquette saturated with C@ are discussed m the 
publication (Nelicki and to pol nick^, 1994; Topolnicki, 
1993). Fig. 11. Pressure was registered at 5 cross- 
section of the briquette through which the crushing 
wave had passed. 

0 
.lo 0 10 20 30 40 50 60 70 nrne 

Fig. I 1. Curves of pressure distribution recorded during 
an outburst. 

c 

126 

.~.. -c_ 
252 3.1. tlmsl 

Photo 2b. The progress of the formation of a slice 
structure m a coal briquette containing Nz. 

I .a 
0.9 

CO p = 7 b u  
2 '  0 

Fig. 12. Curves ofpressure distriiution recorded during 
an outburst (Gawor, Meier and Rysz, 1994). 
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A similar experiment was independently carried out 
by Gawor and Rysz (1994), with the use of another 
outburst pipe and briquette saturated with COZ. The 
researches then took appropriate pressure 
measurements. The results obtained for 3 different 
briquette cross-section and the schematic of the outburst 
pipe are shown in Fig. 12. It can be seen, that as the 
crushing wave propagates througb the briquette, it 
becomes more and more steep. 

Both patterns of pressure P changes shown in Figs. 
1 I ,  12 are developed like a rarefaction shock wave. 

9 CONCLUSIONS 

The rock in the earth crust's outer layer are 
characterized by heterogeneity of their physical and 
chemical properties and that of thek geometric 
structure. In certain regions in the earth's crust these 
rocks accumulate substance in various phases. 
Changing the thermodynamic conditions that prevail in 
these rocks may give rise to a number of physical and 
chemical processes. These may be brought about by 
natural factors - as is the case during volcanic eruptions, 
or they may be caused by human operations; as an 
example, one could mention mining activities. 

The latter may be responsible for various gas- 
geodyiamic processes, in particular for sudden 
outbursts of rock and gas masses. 

These phenomena are well known in mining. For 
more than 100 years they have remained a major hazard 
to people working underground. Studies "in situ" as 
well as laboratory researches and theoretical conditions 
are aimed to help forecast and prevent their occurrences. 

The processes "in situ" are characterized by a number 
of measurable properties, such as the mass of burst-out 
rocks, the structure of the rock substance, mass and 
composition of burst-out gas, the rate of desorption of 
gas contained in the rock medium, the output of drillings 
fiom the drill-holes. 

On the other hand a wealth of information is supplied 
by laboratory analyses of the coal samples fiom 
outburst-prone regions. 

The correlations between these two sources of 
information are being worked on, since they could be 
used for outburst forecasting and their prevention. 

A characteristic feature of a sudden outburst is that 
the surface separate the expulsed, broken mass of rock 
and gas from the undisturbed, whole mass that is being 
displaced. 

It is dynamic, nonequXbrium process. Laboratory 
tests on rock samples are usu* canied out in the 
quasi-static conditions, which do not correspond "in 
situ". 

Hence the fundamental diflEicuky m deriving 
constitutive equations for outburst media. Together 
with the equation for mass, momentum and energy 
conservation, they describe the phenomena m question. 
Therefore, the dynamic processes of mini-outbursts in 
laboratory conditions prove to be of primary 
importance. An outburst-prone multi-phase rock 
medium can be treated as the continuous medium until 
an outburst occurs. Such a medium forms the so-called 
solid solution (an analogy to the solution of gas in a 
liquid). At the moment of an outburst and destruction 
of the medium, the phases are separated and there is 
relative motion of medium-forming the substances to be 
considered. The process becomes exceedingly 
complex, hence the model of continuous medium comes 
to be madequate. 

On the basis of numerous laboratory studies the form 
of constitutive equation has been accepted. It gives the 
correlation between the specific volume V of gas- 
saturated coal and the con6ning pressure p of gas to 
which the coal was subjected. 

This equation together with those of mass, 
momentum and energy conservation describe the initial 
moments of the outburst. 

Thus the system obtained of equations is non-hear, 
hyperbolic. A particular feature of solutions to those 
equations are certain discontinuities in the form of shock 
waves. Those discontinuities are responsible for sudden 
outburst occurrences and the sliced structure of the 
expulsed medium. 

The accepted constitutive equation is such that for a 
certain range of values of the conhung pressure p and 

the specific volume V, the inequality 
Y 

valid. The media in which this inequality is satisfied are 
called retrograde. Inside such media the rarefixtion 
shock waves may be generated and then propagate. 
The existence of those waves was corroborated by the 
laboratory studies on mini-outbursts of coal substances 
saturated with a gas. 

The specialist m the field of retrograde media hold an 
opinion that many minerals in the earth's crust reveal 
retrograde properties. The behaviour of the outburst- 
prone coals is an example of these phenomena. 
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ABSTRACT: A high level of knowledge has been achieved in the extremely safety-relevant field of 
underground gas emissions. There are, however, still tasks seeking solution, such as the control of gas 
emissions during retreat mining operations, further optimization of gas drainage, prevention of gas outbursts 
and prediction of gas emissions. Research results on these four important topics are presented and critically 
evaluated. 

Improved control of gas emissions at the return end of retreating faces can be achieved via the installation of 
gas drainage systems with drainage roadways or large diameter boreholes, while the back-return method can be 
operated safely only with great difficulty, if at all. Conventional gas drainage employing cross measure 
boreholes is also still capable of improvement, both in terms of drilling, and equipping as well as of the 
geometrical data of boreholes and of the operation of the overall system. The gas outburst situation in Germany 
is characterized by the fact that the events predominantly take the form of "nonclassical" outbursts categorized 
as "other sudden liberation of significant quantities of gas". Recent research results in this field have led to a 
classification of these phenomena into five categories, for which suitable early detection and prevention 
measures are mentioned. Finally, methods for prediction of gas emissions for disturbed and undisturbed 
longwall faces are presented. Prediction of the worked seam gas emission and the gas emission from headings 
is mentioned but not examined in this paper. 

1 INTRODUCTION 

European research and development activities in the 
field of gas emissions are concentrated on the 
following four tasks: 
- Control of gas emissions during retreat mining 

operations; 
- Optimization of gas drainage; 
- Prevention of gas outbursts; 
- Prediction of gas emissions, 
the solution of which is essential for the maintenance 
andor improvement of mine safety standards in the 
high-production workings of the future. These topics 
are discussed below, predominantly from a German 
point of view, although extensive applicability to 
other European coalfields can generally be assumed; 
attention is drawn to the fact where this is not the 
case. 

2 CONTROL OF GAS EMISSIONS FOR 
RETREATLNG FACES 

The familiar operational advantages of retreat mining, 
Le., independence of face operations from the 
development of the headings, early exploration of the 
deposit during driving the headings, and a reduced 
risk of spontaneous combustion have to be set  against 
one serious disadvantage, particularly during caving 

the return gate behind the face: the practically 
focussed occurrence of methane-rich air currents 
around the return face entry and the auxiliary drive, 
exacerbated by the reduced potentials for operation of 
an effective gas drainage system. 

For this reason, the German mining authorities 
never grant exemption from the 1 % CH, limit to 
retreating faces. Even more: No retreating face may 
even be planned if a CH4 concentration of >0.5 9% 
can be anticipated in the return air current. Such 
restrictions do not exist in the United Kingdom, for 
which reason - for economic motives - a radical 
swing from advance mining to retreat mining is 
observable there. The preferred solution for the 
problem consists of an adaptation of the gas drainage 
system by using large diameter boreholes and 
drainage roadways. 

Both variants have been successfully implemented 
in the Saar coalfield. 

The large diameter boreholes, which can have a 
diameter ranging from 143 to 200 mm and lengths of 
up to 250 m, are driven from adjacent places (mostly 
roadways) or from the return gate road directed 
towards the face line into the gas emission zone of the 
retreating face. This is done in such a way that there 
is in each case an overlap of 50 % of their length 
(Fig. 1). The greater input of drilling work is 
justified by the fact that the gas output is up to 11 
times greater than that of a standard borehole. 
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Fig. 1. Drilling pattern of gas drainage boreholes 
from the gate road of a retreating longwall 

In the second variant, a drainage roadway is driven 
in the direction of mining in the roof and/or floor of 
the worked seam. The roadway is situated wherever 
possible in one of the gas bearing adjacent seams 
itself, or an already existing roadway is used for this 
purpose. Drill holes directed towards the worked 
seam can be driven from this drainage roadway in 
order to expand its gas collection volume (Fig. 2). 

Connection of the drainage roadway to the open parts 
of the underground mine is accomplished via an 
explosion-proof stopping. 

Advantages of this system are, inter alia, the large 
gas collection volume of the drainage roadway, its 
high gas drainage efficiency, and the handling of the 
extracted methane away from the face area. The 
principal disadvantages are the high preparatory work 
and costs involved, the in some cases difficult 
connection to the open parts of the underground 
mine, and the fact that high additional pressures may 
destroy the roadway. 

A further refinement of the drainage roadway 
method currently being pursued takes the form of 
deflected directional drill holes which, from suitable 
starting points, are driven initially in an inclined 
direction and subsequently in a direction parallel to 
the seam. These "mini-drainage-roadways'' can be 
used to drain selectively the additional gas emissions 
in required seam horizons, both in the roof and the 
floor. DMT possesses the necessary directional 
drilling technology. 

Ventilation solutions represent an approach which 
is principally different: 

1 

\ 

Fig. 2 Drilling pattern of large diameter boreholes from a road disturbed by underworking 
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They include, primarily, drainage of "lean" gas 
from the goaf. In this technique, air with a CH4 
concentration of up to 3 % is drawn off via an 
auxiliary fan from a sealed off roadway which 
communicates with the rear portion of the retreating 
panel in question, and is discharged into the 
ventilation current at a suitable point (Fig. 3). 

a - explosion-proof stopping 
b - roadside pack 
c - controllable fan 
d - gateroads 
+ air current in the goaf 

Fig. 3 Lean gas drainage from the goaf 

This pressure sink makes it possible to achieve a 
movement of air in the goaf away from the coal face. 
Lean gas drainage can be used if there are appropriate 
places and sufficient ventilation currents available to 
take over the extracted mixtures, if the coal is not 
prone to spontaneous combustion, and if the gas 
influx to the face is not excessively high. 

The back-return method used in the United 
Kingdom and Poland is also a ventilation variant. It 
involves a double road system, in which the inner 
return gate is not driven before face production starts 
but is instead held open behind the face in form of a 
gullet (Fig. 4). The goaf-side of the gullet is 
protected by means of a roadside pack. At the 
opposite side of the gullet a coal pillar with a width of 

gas drainage boreholes 

Fig. 4 Back-return systcm 

3 to 5 m is left standing between the return road and 
the gullet. This coal pillar is perforated by cut- 
throughs at a distance of 12 to 20 m. The return air 
current is now induced to move away From the coal 
face partly through the goaf towards the gullet. 
Artificial advance mining conditions are therefore 
created. The portions of the return road and the gullet 
which are far off the face are then caved or/and 
sealed, depending on circumstances and national 
regulations. 

In terms of gas drainage, the back-return method 
offers the advantage that it is possible to drill cross 
measure boreholes from a continuously ventilated 
roadway behind the face which, due to the narrow 
coal pillar, do not need to be significantly longer than 
in advance mining. In terms of mine safety, the 
method is only acceptable provided the rearward 
portion of the gullet and of the return road are either 
ventilated or intermediately isolated by explosion- 
proof stoppings as soon as impermissible CH, 
concentrations occur there. 

3 OPTIMIZATION OF GAS DRAINAGE 

The classical method of gas drainage in longwall 
mining is characterized by employing inclined cross 
measure boreholes into roof and floor which are 
driven into the face gas emission zone in order to 
capture additional gas emissions behind the coal face; 
an additional feature is the drainage of stoppings. 

The drainage of the worked seam gas emission, 
also referred to as predrainage, is only practised in a 
few cases, on the other hand. The principal reason 
for this is the low gas permeability of deep-lying 
seams in Europe, which necessitates an extremely 
long drainage time and, therefore, high preparatory 
work and costs in advance of mining. Since 
Australia is the leader in this technology, we shall 
mention here only the fact that we in Germany have 
started studies aimed at integrating the seam water 
infusion method and the predrainage method and that 
we hope to achieve an improvement in efficiency of 
seam infusion as well as of seam degassing with a 
lower overall level of technical input. 

Two drilling methods are currently used for driving 
the inclined cross measure gas boreholes, namely 
rotary and rotary-percussion drilling. These two 
methods will probably remain in use well into the 
future. The tools used are tungsten carbide bits, 
roller bits, non-coring diamond bits and rotary 
percussion drilling bits. The gas drilling machines 
available at the collieries take the form primarily of 
Frame-mounted rotary drills with chain, spindle or 
rack and pinion advance systems and compressed air 
or electrohydraulic drives. Compressed air operated 
down-the-hole percussion drills are used in extremely 
hard rock with embedded conglomerate contents. 

Table 1 shows the geometrical data for gas drainage 
boreholes. These figures are the result of intensive 
research work conducted by DMT over many years in 
underground mines. 
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Table 1 

Standpipes have the function of providing a 
connection between the borehole and the drainage line 
in such a way that the influx of mine atmosphere into 
the drainage line is prevented. The pipe diameter is 
selected in accordance with the borehole diameter and 
the gas yield. Pipe length varies according to the 
distance between the main source of gas and the 
worked seam, the degree of disintegration of the 
surrounding strata and the target composition for the 
gas mixture extracted. Rubber sleeves and cellular 
rubber collars are used as sealing elements between 
the pipe and the wall of the borehole. Where 
necessary, the annular gap around the pipe can be 
filled completely or at specific points with 
polyurethane foam. The pipes consist of sheet steel 
or plastic. Based on DMT’s experience, it is 
recommendable in friable rock to install perforated 
piping for the section of borehole beyond the stand 
pipe. 

The slope of the roof holes varies according to the 
stratification and fracture behaviour of the rock. 
Drilling excessively close to the face will result in 
premature failure of the borehole resulting in early 
exhaustion of the drainage function; delayed drilling 
prevents capture of gas emissions from the strata near 
the worked seam. 

Due to the low degree of disintegration of the rock, 
the lengths of piping in the floor can be significantly 
shorter than in the roof. As in the case of the roof 
holes, however, attention must also be devoted to 
effective sealing the annular space between standpipe 
and rock. 

Drilling is generally conducted in the floor less 
often than in the roof, since the lower degree of 
disintegration of the rock and a less extensive gas 
emission zone indicate a lower gas yield. Floor holes 
are more difficult to drill than roof holes and, in 
addition, influx of water may obstruct gas drainage 
from holes in the floor. 

The gas yield of floor holes is generally 
significantly lower than that of holes in the roof. The 
floor holes, however, deliver a gas mixture with a 
higher methane concentration, which, in particular, 
makes the utilization of the extracted gas easier. In 
floor systems, the borehole spacing is normally larger 
than in roof systems. There may, however, be 
~ I s O ~ S  for selecting the same spacing for the floor as 
for the roof. 

gas influx point end of slandplpe gas influx point end of slandplpe 

OL 
seam F (worfed seam) 

belt road 

Fig. 5 Gas influx points and crossed seams in 
boreholes H 39, seam F 

A compact borehole probe developed at DMT can 
be used to measure gas flow and methane 
concentration throughout the length of the borehole 
without stopping suction, an important precondition 
for optimization of gas drainage. As Fig. 5 shows, 
the final gas influx point in the borehole is at 21 m, 
in a total borehole length of 52 m. This and 
subsequent measurements in other boreholes made it 
possible to reduce the length of the boreholes by the 
remarkable value of 20 m to 32 m. Pipe sealing and 
length can be optimized in a similar way. 

4 PREVENTION OF GAS OUTBURSTS 

The German guidelines of the Chief Mines 
Inspectorate on gas outbursts differen tiate between 
four types of occurrences, namely outbursts of gas 
and coal, outbursts of gas and rock, heavy floor gas 
emissions and other sudden liberation of major 
amounts of gas. 
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Although there is a relatively large amount of 
howledge on the origin and circumstances of the 
first two types from the confrontation with these 
problems at the Ibbenburen anthracite colliery and 
&,hough a perfectly functioning early detection and 
countermeasures system has been set up, the amount 
of knowledge available on the last two types is 
considerably more modest. Since these phenomena 
are becoming increasingly important, however 
(Table 2), research and development projects are 
now concentrating on this area. 

Heavy floor gas emissions (Type 3) belong in the 
sense of the Report of the European Communities 
(Report -..., 1994) to the "sudden abundant 
occurrences of gas from the roof and/or floor without 
discharge of coal and/or rock". They are distributed 
throughout the Ruhr coalfield but occur relatively 
infrequently. They are characterized by prolonged 
emissions of high levels of gas seldom equalled by 
other forms of gas outbursts. A large gas influx is 
initially measured, which decreases at differing rates 
as time progresses. The average duration of the gas 
influx was 97 h at 0.26 m3/s (15.6 m3/min). The 
additional amounts of gas liberated fluctuated, for the 
occurrences in faces, between 4240 and 

>200000 m3, in roadways between 25000 and 
80500 m3, and in boreholes between 2000 and 
16350 m3. 

Warnings in the form of fluctuations in CH, 
concentration or conspicuous gas peaks in the 
ventilation currents were not observed. The 
maximum transient gas influx in the ventilation 
currents was, in the occurrences studied, 1.75 m3/s 
(105 m3/min). No harm was caused to either 
persons or property. 

New research work performed by DMT into the 
conditions for the occurrence of heavy floor gas 
emissions indicate the following: Individual benches 
of rock of unusually high strengths (point-load 
resistance >7 N/mm2 = 70 bar) must be present 
within an alternating stratification of sandy and 
argillaceous rocks with greatly varying strengths and 
elasticities. These high strength benches retard 
disintegration, while mudstone strata act as gas 
blockers. Large amounts of gas are able to 
accumulate in the exfoliated but not yet penetrated 
alternating stratification and are suddenly liberated 
when penetration occurs. 
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The second precondition necessary for a heavy 
floor gas emission is the increase of rock pressure in 
certain mining situations. This occurs, on the one 
hand, in the corner formed by the face and the gate 
road and, on the other hand, during working under 
and over boundaries of old workings. At these 
points, the bending stress to which the strata are 
subjected is particularly great after the face has 
passed. 

Other factors which favour heavy floor gas 
emissions would appear to be a shallow strata dip 
(less than 15 gon), constraining tectonics (bedding 
concordant planes of separation, reverse-faults and 
folding) and the increase in gas contents with depth. 

Heavy floor gas emissions can be prevented by gas 
drainage. Given an adequate gas influx from the 
floor, its installation can, therefore, be recommended. 
Otherwise, special gas release holes must be made. 

Apart from heavy floor gas emissions, 58 other 
Occurrences categorized as "other suddenly occurring 
liberation of large amounts of gas" have been 
statistically registered in coal mines in North Rhine- 
Westphalia since 1969. These are differentiated from 
so-called "classical" outbursts by the fact, inter alia, 
that it is always only gas which is liberated. Where a 
minor subsequent coal fall is observed occasionally, 
it had other causes, such as sliding or after-falling of 
coal and rock, for instance. 

As shown in Table 3, the Type 4 occurrences can 
be subdivided into five categories differentiated both 
in terms of the preconditions necessary for the 
occurrence and the triggering cause and of the early 
detection and prevention measures applicable. 

Cause 
Exploration of the 
network of fissures 
(generally during roadway 
heading operations) 
Roadway heading 
operations 

Ongoing mining faces (in 
one case: Rise heading for 
a planned face) 

Barometric fluctuations in 
air pressure, 
communication between 
the old workings and open 

parts of the mine 
Start of production 
operations 

Actual rock bumps with additionally liberated gas 
were not included in this table. 

The Category 5 occurrences (heavy roof gas 
emissions in producing faces) are subdivided into the 
two subcategories, 5a and 5b. The essential features 
of subcategory 5a are as follows: 
- low rock strata stability, 
- less than 10 m distance between a 

superincumbent coal seam and the worked seam, 
- primarily argillaceous intermediate rock between 

the two seams, 
- weakening of the rock in the vicinity of a tectonic 

fault or by numerous fissures and 
- possibly, high rock stresses at the starting rib of 

the face as a result of multiple overlying old 
workings. 

- primarily sandy stratification; 
- sandstones with unusually high strengths (point- 

load resistance > 9 N/m*) and large energy 
storage capacities prior to fracture; 

- fissured zones and open bedding planes in the 
rock; 

- delay in the caving of the roof, possibly also 
affected by high face starting speed and 

- sudden disintegration of individual benches of 
rock resulting in vertical connections. 

Category 5 events occur primarily in the starting 
phase of faces. They are, basically, special cases of 
the gas emission development in producing faces. 
Heavy roof gas emissions cannot be controlled by 
means of a gas drainage, since it will not yet be acting 
at this time. Systematic series of borings and a slow 

The essential features of subcategory 5b are: 

Early detection Prevention 

Exploratory drilling Gas release drilling 

Exploratory drilling Reinforcement of the 
coal face 

Extra rock pressure, gas 
content, desorption data 

40- 1). exploratory 
drilling 
Knowledge of the location Overpressure 
of old workings ventilation and/or 

connection of old 
workings to the gas 
drainage system 
Gas drainage (special 
series of drillings if 
necessary), reduced 

Stress-relief drilling 
and gas release holes 

(AP0-60. kt, 

Knowledge of the 
lithological strata 
structure in the roof and of  
tectonic faults rate of production 

Table 3 

Other suddenly occurring liberation of major amounts of gas: Categories and countermeasures 

Fissure gas 

!awxY2 

Sliding of coal 

Boundary case: 
Gas outbursts/Rock bump 

Gas collected in old 
workings 

3ccurrences in faces at the 
starting phase of 
iroduction 

Preconditions 
Free expanded gas in 
fissure networks 
(generally at faults or 
transverse thrusts) 
Coal subjected to tectonic 
loads; roadway driving to 
the rise at a steep dip 
-(effects of gravity) 
High rock pressures and 
high gas contents; 
possibly microtectonic 
faults 

Formation of stagnant gas 
in old mine workings 
(presence of gas 
overpressure) 

Either extremely 
competent (5a) or 
mechanically less stable 
rock strata (5b) in the roof 
of the mined seam 
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face start are necessary until gas drainage is able to 
take over significant portions of the additional gas 
emission. 

In the context of outburst prevention the condenser- 
barrier desorbometer (Fig. 6) developed by DMT 
should also be mentioned. With this instrument the 
amount of methane which escapes during the period 
from detachment of the coal specimen from the coal 
seam until its enclosure in the transport container can 
be measured. The condenser-barrier desorbometer 
also makes it possible to determine the desorption 
properties of coal in order to be able to detect the 
possibility of gas outburst danger at an early stage. 
Important data which can be read off from the 
condenser-bamier desorbometer are: 
40-1 
VI 

volume of gas liberated in the f r s t  minute; 
gas desorption flow one minute after 
expansion of the specimen from sorption 
equilibrium 
constant which states the initial gas 
desorption flow (figures of greater than 0.75 
may indicate the danger of gas outburst) and 
estimated desorbable gas content in the coal. 

kt 

qd 

5 PREDICTION OF GAS EMISSIONS 

Prediction of firedamp emission has been practiced 
for many years in the German hardcoal industry 
(Winter, 1958; Schulz, 1959; Noack, 1970; 
Investigations ._... 1971; Flugge, 1971; Koppe, 
1975) so that several prediction methods are now 
available. Among these, the following methods 
should be mentioned 

calculation of the amount of gas emission (Koppe, 
1976; Noack, 1985). as used to deal with gas 
emission from both the worked seam and adjacent 
seams in the rock sequence, which is disturbed by 
earlier mining activities, 
the calculation of the reduction of gas pressure 
(Noack and Janas, 1984; Janas, 1985; Janas, 
1985). as used in undisturbed parts of the deposit, 

and one method each for 
the worked seam gas emission from longwall 
faces, 
the gas emission from headings and 
the gas emission from seams cut through during 
drifting. 

The first two methods provide a predication of the 
specific gas emission from a working, expressed in 
cubic metres of gas  per ton of saleable coal 
production. The gas influx to the working in cubic 
metres of gas per unit time, which is the relevant 
factor for planning, can then be derived by 
multiplying the predicted result by the scheduled 
production volume. 

Fig. 6 Condenser-barrier desorbometer 
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Both of the methods determine the mean gas 
emission from a face area for a nearly constant face 
advance rate over a sufficiently long period of time 
(several months). The prediction assumes the zone 
from which the gas is emitted to be fully developed 
or, in other words, the face starting phase has been 
passed. Furthermore, the face has to be of 
"overcritical" length, i. e. longer than 180 to 190 m 
at 6 0 0 m  working depth and longer than 220 
to 240 m at 1000 m depth. 

The influx of gas to a face area (both into the mine 
air current and into the gas drainage system) is de- 
fined by the following factors: 

the geometry and size of the zone from which gas 
is emitted, both in the roof and the floor of the face 
area in question, including the number and 
thickness of gas-bearing strata in that zone, 
the gas content of the strata, 
the degree of gas emission, as a function of time- 
and space-related influences, 
the intensity of mining activities. 

The geometry and size of the zone from which gas 
is emitted are simplified to form a parallelepiped 
above and below the worked area and whose 
extension normal to the stratification depends on the 
prediction method. 

The number and location, type and thickness of the 
strata in the zone from which gas is emitted, can be 
derived quite easily from existing developments 
(drillholes, staple-shafts, roadways inclined to the 
stratification). The gas content of the strata (Paul, 
1971; Janas, 1976; Janas & Opahle, 1986) is, 
however, more difficult to determine. For coal seams 
there are two alternatives for direct gas content 
determination available (Determination ....). One 
uses samples of drillings from in-seam boreholes (for 
developed seams) and the other uses core samples 
from boreholes inclined to the stratification (for 
undeveloped seams). Since a suitable method of 
determining the gas content of rock is not yet 
available a double prediction is often made, the first 
neglecting the rock altogether and the second using 
the assumption of an estimated gas content of the 
rock strata in question. 

The methods for predicting the proportion of gas 
content emitted are basically divergent. On the one 
hand the prediction, which is based on the degree of 
gas emission, assumes that the emitted gas proportion 
is not a function of the initial gas content but rather of 
the geometric location of the relevant strata towards 
the face area. The method, which is relying on gas 
pressure, on the other hand, commences with a fixed 
residual gas pressure, and thus residual gas content, 
the value of which also depends on the geometric 
location of the strata considered. This means that the 
emitted proportion of the gas content, representing 
the balance against the initial gas content, depends on 
the latter. 

The method to predict the total gas make from 
longwalling in a previously disturbed zone for 
shallow - to moderately - inclined deposits (dip 
between 0 and 40 gon) is based on the degree of gas 

emission (Fig. 7). It uses the degree of gas emission 
curve designated PFG for the roof (considering an at- 
tenuation factor of 0.016) and the curve designated 
FGK for the floor. 

h in m 
A = Degree of gas emission I 
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150 
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100 - p 75 

50 

25 

0 

-25 
0 

G 
-50 

I , , : , , , ,  

A = 142 + 4h + 0,027 h2 

Degree of 
gas emission 
in % 

A = 142 + 4h + 0,027 h2 

-75 1 

Fig. 7 PFGFGK-Method 

For practical reasons the upper boundary of the 
zone from which gas is emitted is assumed to be at 
h = +165 m, whereas the lower boundary is at 
h = -59 m. In the absence of empirical data a mean 
degree of gas emission of 75 % in the worked seam 
is assumed. 

Above the seam, from the h = +O m level to the 
h =+20 m level, and below the seam from the 
h = -0 m level to the h = -1 1 m level, the degree 
of gas emission is assumed to be 100 %. 

For the prediction the surrounding rock strata is 
considered as fictitious seams for which reduced gas 
contents are assumed, by introducing the factors of 
0.019 (for mudstone), 0.058 (for sandy shale) or 
0.096 (for sandstone). 

The method to predict the total gas make from 
longwalling in a previously undisturbed zone is based 
on the residual gas pressure profiles of Fig. 8. There 
are three zones visible in the roof and two in the 
floor, characterized by varying residual gas pressure 
gradients. The upper and lower boundaries of the 
zone from which gas is emitted (hlim and llim 
respectively) are defined by the intersection of the 
residual gas pressure lines and the level of initial gas 
pressure pu and are thus dependent on the latter. 

The breaking points of the residual gas pressure 
profile for 1 m of worked seam thickness 
(continuous line) are defined by the coordinates in 
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Table 4, whereas the lines themselves are 
characterized by the following residual gas pressure 

Table 4 

gradients: 
The dotted line on Fig. 8 applies to 1.5 m of 

worked seam thickness and shows that the h i  and h2 
ordinate levels relating to the roof increase in linear 
proportion to the thickness of the worked seam, with 
the gradients declining correspondingly. There is no 
dependence on seam thickness in the floor, where the 
value of 11 remains constant at -33 m. 

h in m 
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Fig. 8 Gas pressure method: Residual gas pressure 
lines dependcnt on thickness of the worked seam 

Based on the illustrated residual gas pressure 
profile, the residual gas pressures are first determined 
layer by layer in accordance with the mean normal 
distance of a layer from the worked seam and 
afterwards converted to residual gas contents using 
Langmuir's sorption isotherm. The difference 
between the initial and the residual gas contents 
finally represents the emitted proportion of the 
adsorbed gas which is the required value. To that 
figure will then be added the free gas, the proportion 
of which is found by multiplying the effective 
porosity of the strata under review by its thickness 
and gas pressure difference. 

Empirical values have to be used for the effective 
porosity of coal and rock for methane. Typical 
values are for the coal: between 1 and 10 %, for the 
rock: between 0.3 and 1.3 %. Especially the latter 
vary in a wide range and depend on the stratigraphic 
age. 

In the absence of empirical values for the 
proportion of gas emission from the worked seam a 
value of 40 % would be assumed. 

Coordinates h/p Zone Gradient 
Roof 
0 m/O bar ) Caved zone . 0.025 bar/m 
21.4 m/0.54 bar ) Cleaved zone 0.170 bar/m 
102.5 d14.3 bar) Weakened zone 1.079 barlm 
hlim/Pu 
Floor 
0 m/O bar ) Loosened zone 0.091 badm 
-33 m/3.0 bar ) Weakened zone 1.053 badm 

Comparison of the methods: 
The gas pressure method may claim the following 

advantages over the prediction based on the degree of 
gas emission: 

There are no rigid deliminations of the upper and 
lower zone from which gas is emitted. They 
rather depend on the value of the initial gas 
pressure and on the type of strata. 
In the roof the effect of the thickness of the 
worked seam is considered in the profile of re- 
sidual gas pressure. 
The prediction takes into account not only the 
adsorbed gas but also the free gas, and this for 
both the seams and the surrounding strata. 
The total gas content rather than the desorbable 
proportion is used for the prediction. 

The prediction methods for the worked seam gas 
emission in longwalls and for in-seam headings as 
well as for seam cut through situations during drifting 
with tunnelling machines cannot be explained here in 
detail. For further information refer to the list of 
references at the end of this paper (Janas and Stamer, 
1987; Noack and Janas, 1988; Noack, 1977; Noack 
and Opahle, 1992). 

It should be mentioned that DMT is testing the 
prediction of gas emission in mechanically driven 
headings on the base of the INERIS-method since a 
couple of months. Fig. 9 shows an excellent 
conformity between calculated an measured values. 
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ABSTRACT’: The paper presents a theoretical mechanism of gas outbursts during the development of 
headings in coal seams. The stress concentrations around the weak areas, for example, faults, foldings and 
specific stratigraphic horizons etc., generate naturally the failure zones in which high gas pressure of free gas 
and high permeability ‘occur. At the same time the stress concentration occurs at the outer zone of these failure 
zones where the permeability is lower and it forms a gas barrier. This barrier zone becomes thinner by the 
abutment stress in front of the heading and the sudden failure occurs due to the unbalance between both of 
pushing force of stress and gas pressure difference and frictional resistance, and outburst then takes place. 
The calculations are carried out by the FEM 

1 INTRODUCTION The failure criterion of Hoek-Brown is 
q=u ,+Jmu,o ,  + SCT,’ (2.1) 

Many hypotheses’’ on the mechanism of outbursts 
during the development of headings in coal seams 
have been proposed by many authors. The 
hypothesis of this paper is basically familiar to the 
one suggested by Xhodot”‘. 

At first the authors presumed the failure zone 
around the weak area, for example, faults, foldings 
and specific stratigraphic horizons etc., formed by 
earth pressure and then calculated the failure of the 
gas barrier which is formed between the failure zone 
and the front of the failure zone of heading. The 
calculations of failure of coal seams and the unsteady 
gas pressure distributions are carried out as the 
problem of axisymmetry by the F.E.M. and by using 
the failure criterion of Hoek-Brown3’ under gas 
adsorption. 

Finally the authors discuss the possibility of the 
occurrence of sudden gas outbursts, this depends on 
the coefficient of friction and the gas pressure 
gradient in the barrier in the coal seam. 

2 CALCULATION METHOD 

2. I Failiirr criteriori of Hoek-Brown3’ 

where C T ,  : maximum principal stress 
CT, : minimum principal stress 
o, : uniaxial compressive strength of intact 

m, s : the constants concerning rock (coal) 
rock (coal) 

charactcnstics and degree of failure 

From Eq.(2.1) the corresponding Mohr circle is 
approximately given by Eq. (2.2) 

t, = A ( CT, - (st, )B 

where z, = t /uc, z : shear stress 
CT, = (7 /u, 

= u, /cyc = ( rn - ~ m 3 - 4 ~  
2 (Jtn 

For example, rn and s are respectively 1.0 and 
0.004 for a coal seam, then 

tn = 0.427 ( CT, - 0.004 ) 0 6 8 3  (2.3) 

Fig.1 shows the Mohr circle corresponding to 
Eq.(2.3). 
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2.2 Calculation methods of stress atid gas presslire 
distribution 

The calculations are carried out as the problem of 
axisymmetry combined with stress distribution and 
unsteady gas pressure distribution by the F.E.M. 
and the failure criterion of Hoek-Brown under the 
consideration of gas adsorption. 

The basic differential equation for gas pressure 
distribution is introduced from Darcy's law and 
Freundlich's equation of gas adsorption as given by 
Eq.(2.4). 

where p : gas pressure ( m a )  
PI 
P" 
t :  

E L :  
Y :  
Y n '  

a :  
*" 

I kr 1 

r :  
I 

2 :  

initial gas pressure ( m a )  
atmospheric gas pressure ( m a )  
time (sec) 
gas viscosity (cp) 
gas density (g/cm3 ) 
gas density at atmospheric pressure (g/cm3 ) 
index of absorbability of coal 

: weight of absorbed methane gas per unit 
unit volume of coal (g/cm3 ) 

k, : gas permeabilities ( Darcy) 
radius 
axis 

2.3 Calculation model 
I 

(a) The calculation model is axisymmetric with a 
radius of 12.5 m and length of 50 m and with a 
heading of radius equal to 2.5 m as shown in Fig.2. 

(b) Characteristics 
coal seam 

weak layer 

C T ~  = 20 MPa, E = 5000 MPa, 
v = 0.25 

= 2 m a ,  E = 500 m a ,  
v = 0.25 

where E: Young's modulus, v : poisson's ratio 

Constants of failure criterion 
coal seam m = 1.0 s = 0.004 
weak layer m = 0.05 s = 0,00001 

(c) Shape of weak layer 
The shape and dimension of weak layer are 

I 

considered these types ( Type I, I1 and 111 ) as shown 
in Fig.3. 

(d) Boundary conditions 
The boundary at z = 0 is fixed in displacement 

and the outer boundary is impermeable for gas flow. 
The gas pressure at the bottom in the z-axis is fixed 
at P I .  

(e) Initial conditions 
Confining stress; 

Case 1 :  u, : uZ = 10MPa:  5 MPa 
Case2: CT, : CT, = 10MPa:  10MPa 

Gas pressure; 
p, = 0, 1.5, 3 M P a  
p,= O.1MPa 

Gas permeability ; 
intact coal seam : failure zone = 1 : 100 

k r  = k, 

3 RESULTS OF CALCULATIONS 

3. I Failwe zorre around weak layer 

Figs.4(1)-(3) show the failure zones in Case 1 
under gas pressure 0, 1.5 and 3 MPa. It can be said 
that the failure zone becomes larger when the 
dimension of weak area is larger and gas pressure is 
higher. 

Figs.5( 1)-(3) illustrate the failure zones in Case 2 
under gas pressure 0, 3 and 6 MPa. The inclination 
of variation is same as in Case 1, but the dimension 
of failure zones is smaller than in Case 1 .  That is, the 
ratio of confining stresses CT,/(T, effects on the 
development of failure zones. 

The failure zone due to the abutment of heading is 
shown in Fig.6 under no gas pressure. 

The intact coal seam between both the failure 
zones around the weak zone and the heading is 
called the gas barrier where the gas permeability 
becomes lower than the permeability of the intact 
coal seam, but the degree of reduction is considered 
not to be large 

Fig.7 shows the semi-steady gas pressure 
distribution in Case 1 and Type I Fig.8 shows the 
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gas pressure curve on the z-axis and the dotted line 
shows the gas pressure curve in the same case 
without the failure zone. In the other cases and types, 
similar gas pressure distributions are obtained. It can 
be said therefore that the gas pressure in the failure 
zone is nearly half of p, or less when the center of 
the failure zone is at 10 m from the heading. 

where r : radius of thrusting zone (cylinder) 
I : length of cylinder 
or 1 confining stress 
0, : z-axial stress 
f : friction coefficient 
p: gas pressure 

When F > Q , gas outburst occurs 
3.3 Extrrisiori of the failut.r zorie iii the gas barrier 

4.2 Model of cyliitdrical plirg 
When the heading approaches the weak area, the 

abutment pressure of the heading influences the gas 
barrier and the thickness of the barrier becomes 
thinner. The calculation of this problem is carried out 
by the same procedure as in 2.2 using half the value 
of Young's modulus E of the intact coal seam in the 
failure zone and the gas pressure half of p,  to 0 MPa. 

Fig.9( 1)-(3) illustrate the failure of the gas barrier 
when the distance between the front of the failure 
zone and the heading is 30 m as in Case 1 and Type 
1 under gas pressures of 1, 0.5 and 0 MPa. As 
before, it is shown that the failure of the barrier 
occurs under high gas pressure. 

The calculation of the gas pressure distribution is 
repeated at the above conditions by the same method 
as in 2.2. Fig10 is the calculated result of gas 
pressure distribution in the z-axis in Case 1 and Type 
3 under the following conditions: the distance 
between the front of the failure zone and the heading 
is 35 m and the gas pressure is 10 MPa. The figure 
shows the gas pressure gradient is very large because 
the gas barrier is very thin. It means that the pushing 
force due to the difference of gas pressure is larger. 

4 POSSIBILITY OF OUTBURST 

4.1 .nodot's criteriori 

Xhodot( 196 1) proposed the equilibrium of the 
thrusting force due to the differences of z-axial stress 
and gas pressure, and the resistance to  thrusting due 
to friction force as a criterion of outburst. This 
relation is written as follows : 

Pushing force to the barrier F = ( Auz + Ap )xr' 

Some documents have written as follows : the 
miner could prevent the thrusting or swelling of a 
narrow circular area by hand at the initial stage of 
outburst at the headins face. The big outburst which 
occurred at the face had a small outlet in spite of a 
very large inside cavity. These facts suggest that 
outburst occur after the failure of a narrow part of 
the gas barrier during the development of the 
heading. 

Fig. 1 1 gives the model of plug to be considered. 

r : radius of outlet 
1 , : length ( thickness ) of gas barrier 
1 : length (thickness) of the fractured 

f , ,  f2 : coefficients of friction 
ur : circumferential stress 
p:  gas pressure 

zone of heading 

Suppose 1 = 1 ,  + 1, = 0.5 + 2.5 = 3 ni 
r =0.1  - 1.0m 
fl = 0.5 f, = 0.2 
u,, = 13 MPa 
A = Auz + A p  = 1 - 7MPa 

or? = 1, 3 ,  5 ,  7MPa 

Fig. 12 gives the calculation results using Eq.(4.1) 
under the above conditions. In this case the 
possibility of outburst is very low. 

Then let 1, be smaller than 0.5 m at r = 0.5 m. 
Fig. 13 shows the possibility of outburst existing if 1, 
is smaller than 0.25 m. These situations are formed 
when the heading progresses fast. 

Again reducing the coefficient of friction in 1 , from 
0.5 to 0.2, Fig.14 is obtained. The possibility of 
outburst exists in the wider range. The same 
condition as fl < 0.2 is capable in the case of 
sandwiching very soft shales between coal seams. 
Such shales are found in Japanese coal mines. 

Resistance Q = f u r  x 2 JT r I (4.1) 
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5 CONCLUSION 

40-  The conclusions are as follows: 

(1) The failure zones can be formed around the weak 
layer by stress concentration which enlarges under 
high gas pressure and by a high ratio of maximum 
and minimum principal stresses. 

(2) The gas barrier is formed between the gas 
reservoir and the heading. Therefore, the gas 
reservoir is capable of keeping high gas pressure in 
the neighbor of the heading and a high pressure 
gradient occurs in the gas barrier of the coal seam. z 
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Fig. 8 

Fig.5 Failure zones in Case 2 

Fig.6 Failure zone of heading 
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Investigation of instantaneous outbursts of coal and gas in laboratory conditions 

Jakub Bodziony and Wladyslaw Kraj 
Srrda Mechanics Research Institute, Krakow, Poland 

ABSTRACT: Equipment for investigation of outbursts of coal and gases induced under laboratory conditions 
is described. The hypothesis of Khristianovitch defining the conditions for outburst initiation has been 
confirmed. Nitrogen and carbon dioxide were used in the experiments. It has been found that the pressurc of 
free gas is of utmost importance for the initiation and the progress of an outburst. The destruction of the 
briquette is a result of a chain-like process of breaking-off of successive layers of the briquette from its front 
surface is the essential element of an outburst. 

Based on the system of differential equations, the process of saturation of the briquette with gas is 
characterised. For this purpose an optimisation procedure for the determination of parametric values of the 
system of equations has been developed. The calculated data are compared with the measurements of gas 
pressure along the briquette during its saturation. 

To examine the effect of coal structure on its ability to outburst, the specific volume and specific surface of 
the coal components were determined for two coal samples; an outburst prone coal and a coal not liable to 
outburst. 

1 INTRODUCTION 

The phenomenon of coal and gas outbursts in mining 
practice presents a serious danger for the miners. 
Some forty years ago representatives of experimental 
sciences from countries where these outbursts create 
a real danger, such as e.g. in Russia, Ukraine, 
China, Poland, Czech Republic or Germany, joined 
in the search for effective methods in predicting an 
outburst. In nineteen-fifties, in Russia: Skochinsky 
(1953), Khristianovitch (1953 a,b), Kravtchenko 
(1955) and Yartzev (1958) carried out a number of 
outburst experiments. Khristianovitch (1953 a,b) put 
forward a hypothesis that a layer of coal is thrown 
out when drop in gas pressure across its thickness 
exceeds the tensile strength of the cod. 

In the nineteen-eighties, investigations of outbursts 
became intensified favoured by rapid development of 
measurement methods connected with advances in 
microelectronics. Laboratory investigations consisted 
of inducing outbursts in a chamber and determining 
the size and the shape of the material sample 
(Alekseev et al. 1980, Ujihira et al. 1985, Hargraves 
and Upfold 1985). Mathematical models of the 
initiation of outburst have been published by 
Khristianovitch (1953 a,b), Litwiniszyn (1986, 
1990), Paterson (1986), Yu Shangbing (1988), Mr6z 
and Zacharski (1990). 

In the Laboratory of Micromeritics at the Strata 
Mechanics Research Institute of the Polish Academy 
of Sciences, investigations have been carried out on 
outbursts induced under laboratory conditions since 

1987. The results obtained relating to the kinetics of 
outbursts were published by Bodziony et al. (1989, 
1990 a) and by Nelicki & Topolnicki (1994). The 
application of the method of stereological analysis to 
a quantitative evaluation of the geometrical structure 
of coal has been presented by Kraj & Ratajczak 
(1989) and Bodziony et al. (1990 b). A method has 
been developed which enables to determine the 
porosity distribution of coal briquettes formed inside 
an outburst pipe without destroying the briquette 
itself (Bodziony et al. 1991). Topolnicki (1993) 
elaborated a method of determining the energy 
balance for a coal outburst initiated under laboratory 
conditions. This present paper discusses some of the 
results obtained. 

2 COAL AND GAS OUTBURSTS 

A schematic diagram of the outburst equipment in 
shown in Fig. 1. Its essential element is the pipe (1) 
made of high strength steel. The length of the pipe is 
28 1 mm, the inside diameter 96.5 mm, wall thickness 
of 7 mm. Inside the outburst pipe the briquette (4) is 
formed. It abuts on the back cover (12). In the cases 
under consideration, the length of the briquettes was 
from 171 to 201 mm. Between the briquette front (5) 
and the movable cover (2) there was a free space (6) 
of an average volume of 0.7 dcm3. The movable 
cover forms a valve enabling rapid opening of the 
entire cross-section of the pipe. The design of the 
valve is as follows: The support (1 1) of the movable 

31 



Fig. 1. Cross-section of an outburst pipe. 
Denotations: 1 - steel pipe, 2 - movable cover, 3 - 
supporting rod, 4 - briquette, 5 - front face of the 
briquette, 6 - free gas, 7 - pressure gauges, 8 - bob, 
9 - valve, 10 - knocking-out rod, 11 - movable cover 
support, 12 - stable cover, 13 - joint between the 
support and the pipe 

cover is screwed on the outburst pipe, the rod (3) 
bearing the cover is propped up against the support 
(1 1). The rod (3) is knocked out by a pile driver (8) 
which strikes on the knocking bar (lo), placed 
perpendicular to the rod (3). When in the outburst 
pipe appropriate over-pressure was maintained, the 
energy of gas in the free space (6) was great enough 
for the movable cover to be thrown away after 
forcing out the supporting rod (3). 

The outburst pipe is equipped with five over- 
pressure tensometric gauges (7). Four of them are 
located on the side surface of the pipe, and one (P5) 
on the back cover. The analogue signal from each of 
the pressure gauges (7) was converted into a digital 
signal in an 8 channel analogue - to - digital, 8 bits, 
converter. The converter was operated by a special 
program allowing conversion at a rate of 312 
measurements per sec per channel. The software also 
allowed current control of gas pressure at 5 points of 
the outburst pipe which was especially important 
during saturation of the briquette with gas. The 
briquettes were formed directly in the outburst pipe 
by compression of fine coal. A coal sample (-200 
kg) was collected from the seam 410/2 - 412 in the 
“Nowa Ruda” coal mine. The coal was crushed by 
means of a jaw crusher to less than 7 mm grain size, 
and next ground in portions in a ball mill. From the 
performed sieve analysis it followed that the grain 
size of 98% of fine coal was less than 0.2 mm. The 
fine coal so obtained was homogenised and packed in 
portions of 2 kg in tight bags. A portion of fine coal 
of a mass 1500 g was used to form one briquette. 
Briquettes of three different porosities : 0.25, 0.20 
and 0.15 were formed. The mean porosity of each 
briquette was determined from the formula: 

where yo- volumetric density of a briquette in the 
outburst pipe, 

skeleton. 
In order to determine the mechanical properties of 

the briquettes, a special briquetting device was 
constructed. It allowed to obtain briquettes of desired 
porosity and to take it out of the casing. The “free - 
standing” briquettes obtained in that way were 
subjected to Brazilian tests. For briquettes of 
porosity E = 0.25, the tensile strength R ,  was 0.07 
MPa, and for E = 0.20 and E = 0.15 the obtained 
values were R , =  0.18 MPa and 0.29 MPa, 
respectively. 

A necessary condition for an outburst to take place 
is the occurrence at a certain moment of an 
appropriate sudden decrease of the gas pressure on 
the briquette front (5). The course of the experiment 
can be divided into two essential parts. The first, 
preparatory part, starts with pumping out air from the 
briquette pores. The vacuum pump works for 24 
hours and next gas is allowed to enter the pipe. The 
first part of the experiment lasts until the moment the 
gas pressure inside the pipe is equalised. In the 
described experiments the time of equalisation was 
from 30 min (high porosity, non-sorbing gas) to 12 
hours (small porosity, strongly sorbing gas). After 
the pressure is stabilised, the successive “dynamic” 
part of the experiments begins. The cover (2) is 
suddenly thrown away. At the briquette front the 
pressure decreases rapidly to the level of atmospheric 
pressure. The outburst occurs when the equalisation 
pressure exceeds a certain threshold value pe. Then 
along with the progressing front of destruction in the 
briquette, i.e. with a corresponding time shift, the 
pressure in the successive gauges decreases. An 
example is shown in Fig. 2. 

y ~ ~ =  1.389 g/cm 3 - helium density of the coal 

Fig. 2. Courses of pressure distribution recorded 
during an outburst. 
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Experiments with the application of nitrogen. 

In the first series (4 exp.) the briquettes were formed 
using a force (F) of 200 kN. The porosity of the 
briquettes was 0.254 I E I 0.262, ~,=0.257. In the 
second series (7 exp.) the formation force F = 400 
kN and porosity 0.182 5 E 50.201, e ,  = 0.151. In 
the third series (4 exp.), F = 600 kN, 0.144 5 E 5 
0.168, e,  = 0.15 1. The equalisation pressure pe was 
calculated as the arithmetic mean of pressures in the 
gauges Pl-P5. In the case of an outburst the mean 
velocity of the briquette destruction was calculated 
from the formula 

20 - 

- 
v1 . 
E 
> 15-  
- 

LE, Vm = - 
tI-5 

4 

e=0.257 

where ZBr - briquette length, tl.5 - time calculated from 
the moment the gas pressure drops in the gauge P1 to 
the moment the pressure drops in the gauge P5. 
Fig. 3 shows the dependence of mean velocity of 
destruction of the briquette on the equalisation 
pressure for nitrogen. As expected, the curves have a 
monotonic character. 

The points of intersection of the particular curves 
with the horizontal axis are important. For each type 
of the briquettes there exists a minimal pet below 
which the outbursts do not occur. In Fig. 3 the 
values of the tensile strength R, of the briquettes as 
obtained in the Brazilian test are marked by arrows. 

? 

0.1 0.2 0.3 0.4 0.5 

overpressure p. [MPa] 

Fig. 3 Dependence of the velocity of the briquette 
destruction on the equalisation pressure of nitrogen 
for briquettes of various porosity. 

With all the objections raised regarding the 
adequacy of the Brazilian test, performed on 
briquettes pushed out from the briquetting device, i.e. 
different from those situated in the outburst pipe, it is 
worth noticing that the values marked with arrows are 
in good agreement with the points of intersection of 
the experimental curves with the horizontal axis Pe-  
This is consistent with the hypothesis of 
Khristianovitch (1953 a,b) that under the initial - 
boundary conditions obtained in the experiments 
described, an outburst may occur when the inequality 
pe  > R, is satisfied. 

Experiments with carbon dioxide 

Three series of experiments analogous to those 
carried out using nitrogen were performed. In the 
first series (5 exp.): 0.243 I E 50.247, Em = 0.246. 
In the second series (4 exp.): 0.183 I E 50.208, E, 

= 0.198. In the third series (6 exp.): 0.134 I E 5 
0.135, E, = 0.134. Fig. 4 shows the velocity of the 
briquette destruction v, versus the equalisation 
pressure pC The curves show a similar course to that 
in the corresponding series of experiments with the 
use of nitrogen. The difference consists in the fact, 

25: 

0.1 0.2 0.3 0.4 0.5 

Overpressure p, [MPa] 

Fig. 4. Dependence of the velocity of the briquette 
destruction on the equalisation pressure of carbon 
dioxide for briquettes of various porosity. 
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that in order to induce an outburst - at the same 
porosity of the briquette - in case of CO2 a distinctly 
lower pressure pe is required than in the case of Nz. 
Fig. 4 does not show any information from the 
Brazilian test as appropriate experiments were not 
performed. 

Destruction of coal briquettes is a chain process. 
An inspection of the material thrown outside the 
outburst pipe as well as of the material left in the pipe 
itself leads to the conclusion that the progressive 
destruction of the briquette during an outburst 
consists of tearing off individual thin layers, "flakes". 
Fig. 5 shows a photograph of the material left in the 
pipe after an outburst. Slicing occurs independently 
of the type of the gas used. Ding Xiaoliang (1988) 
gave the following relation: 

k Ahv = (ps -R,)-  
EP 

(3) 

where: Ah - mean thickness of flakes, v - velocity of 
the briquette destruction, ps  - gas pressure in the 
briquette, R, - tensile strength, k - filtration 
coefficient for gas in the briquette, p - viscosity of the 
gas, E - porosity of the briquette. F.q. (3) shows that 
the slicing effect and the outburst mechanism are 
closely connected. 

Fig. 5 Photograph of the material after an outburst. 

An attempt has been made at a direct measurement 
of the flake thickness by means of stereological 
analysis. A sample of material thrown out was 
placed in a glass beaker on the bottom of which 
polystyrene balls had been poured to protect the 
flakes against sinking and crumbling. The beaker 
with the sample was placed in a vacuum chamber. 
After creating vacuum in the beaker, liquid glue of 
low viscosity was poured inside the beaker. After 
polymerisation of the glue a hardened sample was 
formed. The sample was next cut into slices in a 
plane perpendicular to the flakes. Polished sections 
were prepared. Measurements of the flake thickness 
along the network of the measurement lines were 
carried out. A number of flake packages were 
prepared from the material thrown out by outbursts 
initiated in three experiments. The mean thickness of 
the flakes was: 0.5, 0.4 and 0.5 mm. Considering 
the difficulties with systematic sampling these results 
allow only for a general view of the range of variation 
of the flake thickness. 

3 DETERMINATION OF THE FILTRATION AND 
SORPTION PARAMETERS OF COAL 
BRIQUETIES 

As mentioned in Section 2, the first stage of the 
laboratory experiments on outbursts is pumping out 
of air from the outburst pipe and from the briquette 
and filling it with gas. In some experiments, while 
the briquette was saturated with gas, its pressure was 
measured at a few points situated along the pipe. The 
results of these measurements may be used for the 
determination of quantities characterising the filtration 
and the sorptive properties of the examined 
briquettes. The knowledge of these quantities is 
helpful in the recognition of the outburst process and 
creation of a mathematical model. 

/ BRIO- 
U 

Fig. 6. Scheme for a mathematical study of gas 
saturation in a briquette. 

In the theoretical description of saturation, a 
simplified scheme of an experimental set up is 
adopted. The free space on the side where the bottle 
with gas is connected to the pipe together with the 
bottle is regarded as a single container of the volume 
VI,  the space between the closing cover and the 
briquette as another container of the volume V2, and 
the object of consideration is the pipe filled with a 
porous medium, connecting the two containers (Fig. 
6). It is assumed that the cross section area of the 
pipe is S = l .  At the assumption that the flow is 
unidimensional and the gas is an ideal gas, the 
saturation process can be described by the following 
system of equations: 

---- - - comt. 
P 7 1  

(4) 

(7) 

The quantities occurring in the equations (4) - (7) 
denote: x spatial coordinate, f - time, p= p(x,f) - gas 
density, u = u(x,f) - velocity of gas flow, c = c(x,r) - 
concentration of gas adsorbed on coal, p =p(x , f )  - 
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gas pressure, q = q(x,r) - stream of flowing gas, 
A,a$ - constants in the equation for the kinetics of 
sorption, E - porosity, k - filtration coefficient, p - 
dynamic viscosity of gas, 77 - constant in the isotherm 
equation for gas. 

The last seven quantities are treated as constants, 
independent of the spatial variable x and the time t. 
This is a simplifying assumption, since, especially in 
the case of strongly sorbable gases, one can observe 
changes in the briquette structure with saturation 
caused by the swelling of coal under the influence of 
sorption (Moffat & Weale 1955). 

Equation (4) is a balance equation resulting from 
the law of mass conservation. Equation ( 5 )  is the 
equation for the kinetics of gas sorption by coal as 
proposed by Kraj (1977). A characteristic feature of 
this equation is ha t  when applied to the description of 
a simple experiment of gas sorption by a coal sample 
after a long time of sorption, it gives the asymptotic 
statc described by Langmuir's isotherm of sorption. 
Equation (6) and (7) are the Darcy's law and the 
isotherm equation for an ideal gas, respectively. 

When balancing the loss of gas mass in the 
container VI in the time t, t+At and the mass of gas 
flowing through the first of the briquette bases 
(x = O), we obtain: 

Applying the mean theorem for integrals and 
passing to the limit when At tends to zero, yields 

Similarly, for the container VZ and the second base 
of the briquette ( x  = L) 

where L is the briquette length. Equations (8) and (9) 
are the boundary conditions for the system of 
equations (4) - (7). The initial conditions take the 
form 

ctx, 0) = 0 for  0 GSL, 
P ( 0 ,  0)=p1, p(x,O)=p for O<xll;, 

where p 1  is the pressure in the container V I  at the 
moment the saturation is started, and p2 is the gas 
pressure in the briquette and in the container Vz 
attained by pumping-out the air before starting 

Into the above system of equations as boundary 
conditions, a dimensionless spatial variable y = Xn is 
introduced. Equations (6) and (7) allow elimination 

SdtUrdtiOn. 

of the functions LL and p from the remaining 
compounds. In the boundary conditions, it is 
assumed that the stream of flow through the briquette 
bases is proportional to one-side pressure gradient 
(similarly as in Darcy's law (6)), but the 
proportionality coefficient may be different - it will be 
denoted by kl /g 

To obtain an approximate solution of the formulated 
problem, the method of finite differences was used. 
The interval of the variable y was divided into N 
subintervals each of length h = I / N .  The length of a 
subinterval on the axis t was denoted by 1. With the 
notations 

p(ihJ1) = pi*,, 

when replacing the derivatives by their difference 
quotients after simple transformations the recurrence 
formulae are obtained 

c(ih,jl) = cij, 

PIS,+] = P1.J +"!I 1 '  - 7p;,, + 

fori = I ,  2 ,..., N-I,  

ci.o= 0 

and j = 1,2, ..., 
fori  = 1,2, ... N,  
for i = 0, I , . . N ,  

Pa0 = Pi , yi.0 = pl 

where 

k,  w, =p,  w, =- 
- P$L' 

In the case when coal is saturated with a non-sorbing 
gas, e. E;. helium, the difference scheme becomes 
much simpler (no relations for c ~ , ~ = O ) .  

In the experiments on briqucttc: saturated with gas, 
thc progress of pressure during saturation was 
measured by means of five gauges. When 
determining thc coefficients occurring in thc 
equations (4) - (9), which delcrminc the filtration and 
sorption properties of' thc briyuc tlc, attcmpt has bccn 
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made to select such coefficients that the approximated 
solution obtained from the finite difference scheme 
differed as little as possible from the measurement 
results. The sum of absolute differences between the 
measured and the calculated pressures was adopted as 
a measure of deviation of the theoretical result from 
experimental results. This sum as a function of the 
coefficients wl, w2, .... is expressed by the formula 

saturation at 5 points of the briquette (broken lines) 
and the data obtained from numerical calculations 
(continuous lines) with constants determined by 
method of optimisation. 

. .._ 
m.n 0.6- ; " . .  

... . W!!*,,,!!!,. .,..\: I ,,!:,, :t.,, 
where pm,= is the value measured at appropriate point ... 

of space-time ( y , t ) .  The function (12) has been 
subjected to optimisation procedure. The values for 
which the function F(wI,w2, ....) attains minimum are 
assumed to be the values of constants characterising 
the filtration and sorption properties of the briquette. 

A = 8.16?EtU001 
a l l a  = I.O9~f-@@O? 
b e t a  : 1.42hE-0001 
ul a 1.912E-0004 
u2 * 3.802E-0004 
pl  = 1.200E*0000 

25 50 7 5  i o0  12s 150 175 200 

Fig. 8. Pressure distribution in a briquette: 
experimental data - dotted line, calculation - 
co&nuous line. For carbon dioxide. 

It should be noted that the optimisation task of 
searching for the minimum of the objective function F 
is weakly stable and as a result the calculations are 

ul = 1.218E-0002 difficult and time consuming. 
u2 = 5.615E-0003 
pl = 5.8OOE-0001 

4 NUMERICAL CHARACTERISTICS OF COAL 
20 25 30 STRUCTURE 5 10 15 

In professional literature the geometrical structure of 
coal is mentioned as one of the essential 

determining the liability of coal to 
outbursts. The investigations of this liability may be 
carried out at two scales. The macroscale may refer 

Fig. 7. Pressure distribution in a briquette: 
experimental data - dotted line, calculation - 
continuous line. For helium. 

The gas used in the investigations of saturating the 
briquette with a non-sorbing gas was helium. 
Experiments in the case of optimisation was carried 
out for two quantities wl and w5 related by the 
formulae (lo), (1 1) with the filtration coefficient k 
and the proportionality coefficient k l .  Fig. 7 
illustrates, by way of example, the time course of the 
pressure p = p(y,t)  for 5 points in the briquette, 
where the pressure gauges were mounted. The 
broken curves illustrate the measured courses of 
pressure; the continuous lines have been obtained 
from numerical calculations using constants adjusted 
through optimisation. 

Carbon dioxide was used in experiments for gas 
saturation sorbed by coal. In this case the sorption 
process plays an important role. Equation ( 5 )  
suggested to describe the kinetics of sorption, 
contains three parameters A, a and j? . Together with 
the filtration parameters W I  and w2 the objective 
function in optimisation procedure has 5 parameters, 
F = F(A,a,P, w1,w2) .  Fig. 8 shows, by way of 
example, the courses of gas pressure during 

to individual mine workings, seams 0; their 
complexes and it is based chiefly on the analysis of 
geological profiles. In the investigations of structure 
on a microscale observations and measurements are 
conducted on polished sections of coal samples. 

Investigations on microscale carried out so far have 
been most often limited to the determination of 
volume of fractions of the particular components. In 
stereological investigations of coal carried out by the 
authors another quantity characterising the structure 
and associated with the surface area of the contacts of 
the particular coal components was also determined. 

The linear stereological analysis of a multi- 
component structure consists in the measurement of 
the length of intercepts formed by the measurement 
line with particular components and counting these 
intercepts. When denoting by Li the total length of 
intercepts contained in the i-th component, by Ni - the 
number of these intercepts, and by L - the length of 
the measurement line, one can calculate two 
quantities: the specific volume of the i-th component 
and its specific surface. The specific volume vir i-e. 
the volume of a component per unit volume of the 
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sample is given by the formula: v , = L J L .  T h e  
specific surface SL i.e. the surface area of the grain 
contacts of the i-th component per unit volume of the 
sample is defined by the formula: S;=4N/L.  

Investigations of the coal structure were conducted 
on polished sections cut out from two channel 
samples collected from the coal mine "Thorez" in 
Lower Silesia. One sample was collected from a 
%am, which, according to the opinion of miners, is 
liable to outbursts, the other - from a seam not liable 
to outbursts. Eleven polished sections were prepared 
from the first sample, with their planes perpendicular 
to the bedding. The average distance between the 
points at which the sections were situated in the 
channel sample was 100 mm. 10 polished samples 
were prepared from the second sample. 

Six components have been identi€ied in the 
investigation: three groups of macerals (vitrinite, 
inertinitc, exinite), two types of fissures (tectonic slits 
and "structural" - pores, mainly in inertinite) and 
minerals (considered jointly as one component). The 
linear stereological analysis was carried out along a 
set of parallel lines perpendicular to bedding. The 
distance between the lines was 2 mm. Immersion 
objective with 300-fold magnification was used. 

The specific volume Vi and specific surface Si were 
calculated according to the above cited formulae, It 
should be noted, however, that in case when the 
linear analysis is conducted only in one direction the 
formulae for S, is true only for multi-component 
structures of geometrical isotropy. Coal does not 
possess this property. As the performing of the 
analysis was onerous the measurements were limited 
only in the direction perpendicular to bedding. In 
this case the formulae for S, yields the value of the 
projection area of the edges of the components on a 
plane perpendicular to the direction of the 
measurement lines. This parameter is calculated per 
unit volume of coal. 

Table 1 gives the mean specific volumes of 6 
components of outburst prone coal and coal not liable 
to outburst. Table 2 lists the mean specific surfaces 
in agreement with the above given remark, as a 
projection on a plane perpendicular to bedding. 

outburst 

Not liable 
to outburst 

Table 1. Mean specific volume of coal components 
in two channel samples. V - vitrinite, I - inertinite, E - 
exinite, M - minerals, TS - tectonic slits, SS - 
structural slits. 

29.24 25.93 6.13 2.59 10.49 8.09 

62.56 46.07 36.28 8.61 5.06 10.73 

Table 2. Mean specific surfaces of coal components 
in two channel samples. V - vitrinite, I - inertinite, E - 
exinite, M - minerals, TS  - tectonic slits, SS - 
structural slits. 

The magnitude of the specific volume and the 
specific surface for the particular samples vary due to 
great variations in the coal structure. Any distinct 
differences in the contents of one of the components 
in coal liable to outburst and coal not liable to 
outburst are not observed. The specific surface of the 
components, apart from the surface of tectonic slits, 
in the case of coal liable to outburst is much smaller 
than for coal not liable to an outburst. The 
components in the latter case have a more developed 
surface. In this coal, the components of laminar 
structure, the thickness of the layers is much smaller 
than in coal liable to outbursts. The observation of 
two times greater surface area of tectonic slits in the 
outburst prone coal is in qualitative agreement with 
earlier observations available in literature (Cybulski & 
Bloch, 1964). However, due to great variations in 
the structure of these polished sections and 
examination of only two channel samples it is not 
enough to decide whether the size of the specific 
surface of the components is a feature distinguishing 
the outburst prone coal from non outburst prone 
coals. 

The stereological linear analysis allows to determine 
the so-called covariance functions which yields a 
more complete characteristics of the structure of the 
examined samples (Kraj & Ratajczak, 1989). 

5 CONCLUSIONS 

Results of laboratory experiments on outbursting of a 
briquette show the concurrence with the theory put 
forward by Kristianovich. The phenomenon of an 
outburst is associated with the destruction of coal in 
thin dices and the thickness of the slice is determined 
by the gas pressure differential across its two sides 
which is equal to the tensile strength of coal. 

Stereological studies on coals liable to and not liable 
to outbursts showed that coal not liable to outbursts 
may have higher mean specific surface, though more 
studies are needed to confirm thts. 
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ABSTRACT: An outburst in a coal mine may be defined as the violent ejection of gas and rock from a freshly 
exposed face in mining operations. Many factors influencing outbursts have been identified by past 
investigators, but few have been quantitatively related to the initiation and post-initiation behavior of an 
outburst. In this study, a finite element numerical model has been developed and applied to outbursts in order to 
quantify these relationships. 

The finite element model was used to investigate outbursts from gas laden sandstone strata overlying 
development entries in the coal seam, and their sensitivity to a number of factors under specific conditions. 
These factors included the in-situ stress conditions, gas pressure, area of sandstone exposed to the mine entry, 
and thickness of the overlying gas bearing strata. The gas pressure needed to initiate an outburst was found to 
be most sensitive to the exposed area of sandstone. After initiation, the factors affecting cavity development and 
the final stabilized cavity size were also studied. 

The results of this study may be used as guidelines to outburst prediction and prevention in practice. 
However, care should be exercised when using the absolute values produced by the model, the results are most 
useful in comparing the likelihood of an outburst occurring under various conditions, as well as the relative 
severity after initiation. 

1 INTRODUCTION 

An instantaneous outburst was defined by Hargraves 
(1983), as the violent projection of coal and gas 
away from the freshly exposed coal in mining, either 
breaking into or in development of the seam. 
However, outbursts have been experienced in other 
mines, such as salt and potash (Gimm et al 1964, 
Mahtab 1982) and from strata other than coal, such 
as sandstone overlying the coal seam (Aston et al 
1985). It is believed that all of these violent failures 
have been caused by the same basic mechanism, 
although the individual manifestations may differ. In 
a more generalized sense, an outburst can be defined 
as the violent ejection of gas and rock from a freshly 
exposed face in mining operations. 

Past investigations have shown that many factors 
influence the initiation of an outburst, and many 
models have been proposed in an attempt to 
correlate these factors. Unfortunately, few of them 
have managed to quantitatively address the influence 
of the mechanical factors, such as the field stresses, 

gas pressures, opening geometry and geology of the 
area on outburst initiation, let alone their influence 
on outburst propagation and cessation. 

2 FINITE ELEMENT MODEL 

A finite element model has been developed (Chen 
1994) based on the assumption that an outburst 
initiates as a result of the failure of rock due to the 
combined effects of the field stresses and excessive 
pore gas pressure. It is postulated in the model that: 

1. Small deformations prevail in the region 
studied, allowing the use of the conventional finite 
element method. 

2. The rock simulated in the model follows a 
perfect elasto-plastic constitutive relationship. The 
plastic deformations beyond the yield strength abide 
by the associated flow rule developed by Reyes and 
Deere ( 1 966), while Drucker-Prager's generalized 
failure criterion (1952) determines the yield 
condition. 
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3. The effective stress concept is adopted to 
describe the combined effects of the field stresses 
and pore gas pressure, and to define all failure 
criteria used in the model. 
4. Elements representing rock failed in tension 

are "removed" from the system in each cycle of the 
spalling process, leaving a geometrically altered 
boundary for the next iteration cycle of spalling. 

5 .  Elements representing rock failed in a shear 
mode remain in place for the current cycle, but are 
de-gassed instantaneously in the next iteration. 

6. The spalling process is simulated by iterating 
through a series of such cycles, and only stops when 
a stable condition is obtained, or when it is apparent 
that the spalling process will continue indefinitely. 

Three distinct results can be obtained from the 
model, representing all possible consequences of an 
outburst in practice, they are: 

1. an outburst does not initiate (the program 
terminates after the first iteration); 

2. a stabilized cavity is formed (the program ends 
after more than one iteration) 

3. the outburst carries on indefinitely (the 
program is stopped after a large number of 
iterations). 

3 MODEL VERIFICATION 

Most case histories of outbursts reported in the 
literature do not give sufficient information and the 
necessary data base to allow modeling. The last two 
outbursts at #26 colliery, Glace Bay, Nova Scotia 
were an exception in so far as the stabilized cavities 
formed by these outbursts were mapped (Aston et al 
1985, Aston et al 1990). These outbursts involved 
the expulsion of rock from the gas bearing sandstone 
strata overlying the main development entries being 
advanced in the coal seam. Figure 1 shows a typical 
cross section from one of the cavities formed by 
these outbursts and the model result obtained when a 
gas pressure of 3.4 MPa was assumed. 

It was apparent from the field results that the 
stabilized cavity area depended not only on the gas 
pressure and stress conditions, but also on the 
thickness of sandstone above the entry and on the 
"exposure angle" defining the area of sandstone 
exposed in the crown of the entry. Figure 2 defines 
this exposure angle, and the sandstone height above 
the crown of the entry. 
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Figure 1. Comparison of in-situ cavity cross 
section with the model result 

Enhy Axis 
I 
I 
I Siltstone 

I 
I Interface 

A '  

t l  Sandstone 

I 
t - Sandstone height 
8 - Exposure angle 

Figure 2. Entry Geometry and Geology 



Figure 3 shows a comparison between the cavity 
cross sectional area measured in the field with the 
model results for three different cavity cross sections 
each of which had a different exposure angle. 

Section #7, ~ 2 . 4  m, 8=45O 
Section #lo, F4.9 m, 0=25" 

v % - 60 70J Section #12, e 5 . 5  m, O=O' 

10 20 30 40 50 60 70 

Modeling Cavity Area (mZ) 

Figure 3. Comparison of stabilized cavity areas 
from the field and model simulation. 

It was concluded that the model results agreed 
quite well with the measured data and that the 
spalling niechanism of outbursts postulated in the 
model offers a viable explanation of the outburst 
mechanism. 

4 PARAMETRIC STUDIES 

The verification of the model by comparison with 
the results from # 26 colliery encouraged further 
examination of the sensitivity of the outbursts to the 
change in a number of factors under different 
conditions. The influencing factors investigated 
included the gas pressure, the field stress magnitude 
and ratio, the sandstone height, and the exposure 
angle. 

4.1 Gas initiation pressure 

The gas pressure required to initiate an outburst was 
investigated by this model for a range of stress 
ratios, sandstone heights and exposure angles. For 
each set of conditions, a trial gas pressure was 
initially input and gradually increased by 0.1 MPa 
increments until the model indicated the 
development of an outburst cavity. The gas pressure 
immediately preceding this value was assumed to be 
the outburst initiation pressure. 

7 0  

Figure 4a. Initiation gas pressure vs. sandstone 
height and exposure angle (stress ratio=0.5) 

Figure 4b. Initiation gas pressure vs. sandstone 
kight and exposure angle (stress ratio=l. 1) 
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Figure 4c. Initiation gas pressure vs. sandstone 
iieigiit and exposure angle (stress ratio=2.0) 
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Figure 5a. Initiation gas pressure vs. exposure angle 
(stress ratio=0.5) 
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Figure 5b. Initiation gas pressure vs. exposure angle 
(stress ratio=l. 1) 
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Figure 5c. Initiation gas pressure vs. exposure angle 
(stress ratio=2.0) 

The model results are plotted in figures 4 (a, b 
and c). Each 3-D graph demonstrates the numerical 
relationships between the initiation gas pressure, the 
sandstone height and the exposure angle for three 
different field stress ratios. 

The data obtained from the models are fitted with 
a quadratic surface in these graphs which clearly 
reveal the general trends of the relationship. 
Corresponding to each 3-D graph, a 2-D plot of the 
gas initiation pressure against exposure angle is 
shown in figures 5 (a, b and c) for different 
sandstone heights and field stress ratios. 

From these figures the following tentative 
conclusions may be drawn : 

1. The sandstone height has a relatively small 
influence on the initiation gas pressure under the 
same stress ratio conditions and exposure angle. 

2. The initiation gas pressure is very sensitive to 
the exposure angle for all the stress ratios tested. At 
the same stress ratio, there is an approximate 
quadratic relationship between the initiation gas 
pressure and the exposure angle. There is a 
minimum gas pressure at which an outburst can 
initiate. This occurs when the exposure angle is in 
the range of 25" to 45". 

3. The stress ratio has some influence on the 
initiation gas pressure, but it is difficult to discern a 
general correlation between the two factors. Each 
specific case should, therefore, be analyzed 
separately. 

4.1 Gas pressure influence on stabilized cavity size 

Once an outburst has initiated, the model can 
produce one of two results. In a limited range of gas 
pressures, a stabilized cavity may be formed. By 
further increasing the gas pressure, the model will 
eventually generate an "infinite" cavity. i.e. the 
spalling process carries on indefinitely, never being 
able to achieve a stable cavity size and shape. 

A number of model runs were, therefore, carried 
out to investigate this aspect. Starting from the 
initiation gas pressure, the gas pressure was 
increased by increments with the other conditions 
being held constant. Results from all runs were 
collected and grouped for each of the three different 
stress ratios. The results for each different stress 
ratio (Sr, and height of the sandstone above the entry 
crown (t) have been plotted in a series of graphs 
shown in figures 6 (a to i). In these figures, the 
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vertical axis represents the cavity size, and the 
horizontal axis represents gas pressure. The dashed 
line at the top of these figures indicates an infinite 
cavity size, In figures 6a to 6c, the data points for 
outburst initiation (zero cavity size) are shown; 
however, these points are not shown in figures 6d to 
6i because they make the graphs confused and 
cluttered. The following conclusions can be drawn 
through analizing these graphs: 

1. The stabilized cavity size increases with the 
gas pressure at a constant exposure angle. The cavity 
size will always go to infinity if the gas pressure is 
sufficiently high. However, in some extreme cases 
an intermediate stabilized cavity cannot be formed; 
either the outburst does not initiate or, if the gas 
pressure increases by a mere 0.1 MPa, the cavity size 
goes to infinity. 

2. A stabilized cavity always tends to grow into 
an elliptical shape, with the major axis of the ellipse 
lying in the direction of the major principal field 
stress. 

4.3 Influence of the sandstone height 

In section 4.1 it was seen that the sandstone height 
had an almost negligible influence on the gas 
pressure at which the outburst initiates. However, 
the sandstone height does have a very significant 
influence on the subsequent development of the 
cavity and the final cavity size. 

When the sandstone height was large (15.8m, 
figures 6a to 6c), the outbursts stabilize at either a 
very small size or, with only a relatively small 
increase in the gas pressure the cavity size becomes 
very large. In extreme cases, with an exposure angle 
of 0", there is either complete stability (no outburst 
initiates) or, with a very slight increase in gas 
pressure (0.1 MPa), there is total instability (an 
infinite cavity is formed). 

A somewhat different pattern of cavity size 
distribution is shown in figures 6d to 6i when the 
sandstone height is reduced to 3.8m and 2.8m. A 
series of increasingly larger intermediate stable 
cavities can occur as the gas pressure increases, 
before an infinite cavity is formed. Also, as the 
sandstone height decreases, the stabilized cavity size 
reduces, provided that the other conditions remain 
the same. 

It is clear from these figures that the sandstone 
height has a controlling influence on whether or not 

an outburst will terminate in a stabilized cavity when 
other conditions are kept unchanged 

4.4 Influence of exposure angle and stress ratio 

The exposure angle represents an indicator of the 
area of sandstone exposed within the entry. 
Examining the figures 6 again, it is seen that the 
exposure angle has a significant influence on the 
post initiation behavior. 

For almost all sandstone thickness and all the 
stress ratios, it is seen that the cavity size decreases 
as the exposure angle increases (i.e. as the area of 
exposed sandstone decreases). The only exception to 
this occurs when 8=Oo and t = 15.8 m (figures 6a to 
6c) where, for each of the three stress ratios, as soon 
as the outburst is initiated the cavity size goes to 
infinity. 

It is interesting to note, from section 4.1, that the 
lowest gas pressure at which an outburst could 
initiate occurred at a critical exposure angle between 
25" to 45". However, once an outburst has initiated, 
the greatest severity (largest cavity size) occurs 
when there is a maximum area of exposed sandstone 

The field stress ratio appears to control whether, 
as the gas pressure increases, the outburst will 
proceed rapidly to an infinite cavity at a lower or 
higher gas pressure. For sandstone height of 15.8 m 
(figures 6a to 6c), the cavity size goes to infinity 
before the gas pressure has reached 6 MPa, for all 
exposure angles, when the stress ratio is 0.5. Under 
the same conditions, for the other two stress ratios of 
1.1 and 2.0, it requires that the gas pressure exceed 
at least 10 MPa before an infrnite cavity is formed. 
The two exceptions to this are when the exposure 
angle equals zero; in these cases the cavity area goes 
to infinity at a gas pressure of less than 4.0 MPa for 
the stress ratio of 1.1 (figure 6b), and is about 7.0 
MPa for a stress ratio of 2.0 (figure 6c). 

Figures 6d to 6f show the cavity size 
development for a sandstone height of 3.8m for the 
three stress ratios. The cavity size goes to infinity at 
gas pressures < 20 MPa for all cases when the stress 
ratio is 0.5. However, at a stress ratio of 1.1, an 
infinite cavity is only formed for an exposure angle 
of 0" when the gas pressure is approximately 20 
MPa. None of the cavities go to an infinite size when 
the stress ratio is 2.0 and the gas pressure is < 20 
MPa. A similar trend is seen from figures 6g to 6i, 
for the sandstone height of 2.8m. 

(e=oo). 
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4.5 Influence of stress magnitude 

A limited number of runs were carried out to 
investigate the influence of the field stress 
magnitude, when the stress ratio remained constant 
at 1.1. The results are plotted in figure 7; in this 
figure a cavity area of zero means that the outburst 
has not initiated. A gas pressure of 3.4 MPa was 
used when the exposure angle was 0", and 3.0 MPa 
when the exposure angle was 25" and 45". 

200 T Stress Ratio = 1.1 m - 3 W 160 '- / \Pg = 3.4 (MPa) 

Vertical Field Stress Level (MPa) 

Figure 7. Field stress level effects on the outbursts 

For 0 = 0", the stabilized cavity size first 
increases with increase of the overburden stress and 
reaches a maximum at when the vertical stress is 15 
MPa. Thereafter, the size decreases with continuing 
increase of the overburden stress. 

For 8 = 25" and 45", no outbursts are initiated 
when the overburden stress is < 20 MPa. Thereafter, 
the cavity size increases with increasing overburden 
pressures, reaching a maximum at an overburden 
pressure of about 25 MPa, before again reducing 
with further increase in the overburden pressure. 

This is a very significant result, because it 
suggests that, if the stress ratio and gas pressure 
remain constant as the mining depth increases, it is 
possible to encounter outbursts of increasing severity 
(larger stable cavity sizes) up to some maximum 
severity. But, with further increase of depth, the 
severity then declines until it is no longer possible 
for an outburst to initiate. i.e. if i t  is possible to 
"mine through" a range of depths at which outbursts 
occur, then non-outburst conditions will again be 
encountered. 

Generally, it is reported in the literature that the 
frequency and violence of outbursts increase with 
depth; however there are a few reports indicating 
that with further increase of depth both the 

frequency and violence lessen ( Lama 1968, Norris 
1958, Kowing 1977). This model result indicates 
that this may indeed occur. 

5 APPLICATION OF THE MODEL TO A LONG- 
WALL SITUATION 

Outbursts have been observed on longwall faces; it 
was therefore decided to conduct a preliminary study 
of how the model might be applied to a longwall 
mining situation. In this example it is assumed that it 
is the coal that contains the high pressure gas and 
that the surrounding strata is gas free and relatively 
strong. Figure 8 shows the cross section modeled. 

Sandstone 
39.5 m 

Figure 8. Longwall face model 

Typical properties were chosen for the coal and 
surrounding rocks, and the outburst cavity area was 
determined as the gas pressure was increased. Fig. 9 
shows the "crescent" shaped cavity formed in the 
face using a stress ratio of 1.1 and a gas pressure of 9 
MPa. This result is rather similar to that reported by 
Paterson (1985) from the application of his model. 
Figure 10 shows the increase in cavity area with gas 
pressure obtained from these preliminary studies. 

This exercise illustrates that it is possible to 
apply this model to the longwall face situation. 
Unfortunately, there appears to be no documented 
case histories of longwall face cavity sizes, 
properties or conditions, that would allow this model 
to be verified by comparison with the field data. 
Nonetheless, the model does offer the possibilities of 
investigating further the parameters affecting 
longwall outbursts, and may as a result shed some 
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light on the conditions under which they occur and 
on their relative severity. 

'Two dimensional outburst model for a long-wall face-sigh/sigv=l.l ' 
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Figure 9. "Crescent" shaped cavity from the 
longwall face model 
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Figure 10. Cavity area versus gas pressure for 
thelongwall model 

6 SUMMARY AND CONCLUSIONS 

A finite element model to simulate the occurrence of 
gas outbursts was developed. This model was 
applied to the consideration of outbursts that 
occurred from the sandstone overlying development 
entries in the coal seam at the #26 Colliery, Glace 
Bay Nova Scotia. It was shown that the model 
results agreed quite well with the measured data. It 
was therefore concluded that the spalling mechanism 
postulated in the model offers a viable explanation 

of the outburst mechanism. 
This partial verification of the model allowed a 

parametric study to be carried out to examine the 
prime factors influencing the occurrence of outbursts 
in this situation. Factors investigated included the 
gas pressure, stress ratio and magnitude, sandstone 
height, and the area of sandstone exposed in the 
entries. It was shown that: 

1. There is a minimum gas pressure at which an 
outburst can initiate. This minimum gas pressure is 
very sensitive to the sandstone exposure angle. The 
sandstone height has little influence on this 
minimum initiation gas pressure. 

2. However, the sandstone height has a major 
influence on whether a stable cavity is formed once 
the outburst has initiated. The cavity is more likely 
to stabilize with a smaller height of sandstone. 

3. Increase in the gas pressure increases the 
likelihood of an outburst and its severity (largest 
cavity sizes). 

4. The most severe outbursts occur when there is 
a maximum exposure of the sandstone in the roof of 
the entry. 

5. The stress ratio has a significant influence on 
both the cavity size and shape. 

6. The model indicates that, if the stress ratio and 
gas pressure remain constant, then increasing depth 
initially increases the severity of the outburst until it 
reaches a maximum. With a further increase in 
depth, the outburst severity decreases until 
eventually no outbursts occur. This suggests that it 
may be possible to "mine through" an outburst 
sensitive zone and then continue mining with no 
further outburst problems. 

7. It was also demonstrated that this model has 
the potential to be applied to the problem of 
outbursts in the coal seam from a longwall face. 
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Calculations concerning coal and gas outbursts 

Jan Tarnowski 
Central Mining institute, Poland 

ABSTRACT: Measurements carried out in the non-gaseous seam 507 in Bobrek coal mine revealed that the 
exploitation stresses decreases the drillability of coal. The analogous effect of the gas-bearing capacity 
suggested the possibility of the formation of a zone of negative drillability in the seam. A method of 
calculating the drillability of stressed coal of known gas-bearing capacity has been developed. The results of 
calculations using this method allow to put forward a thesis that an outburst of coal and gas occurs when the 
amount of the potential energy NE, kGm, accumulated in the zone of negative drillability in the seam, exceeds 
the amount of work needed for strength and stability of the side wall of the seam F, kGm.. 

Statistics of outbursts in the Nowa Ruda coal mine have helped to associate the index of the outburst 
magnitude KT (Eq. 23) with the mean magnitude of coal and gas outburst. The same statistics allowed to 
associate the magnitude of the outburst Tw, tons, with the amount of gas Qw [m3 J emitted during an outburst. 

1 INTRODUCTION 

An outburst of coal and gas is a very complex 
phenomenon in which three basic factors are 
involved. These are the following: 

stresses in the coal seam, 
0 gas-bearing capacity of coal 
0 strength of coal under the conditions of 

occurrence. 

The aim of this paper is to give at least a rough 
idea how the above factors may influence coal and 
gas outbursts. 

Results of measurements taken in the seam 
410/2+412 in the Nowa Ruda mine, located in the 
Lower Silesia Coal Basin, have been used. Where 
these measurements were taken, the gas present was 

Research studies carried out in Poland have not 
been concerned with the stress changes in the coal 
seams. In this paper the measurements and 
publications by foreign researchers are fiequently 
referred to. 

0 

98% CO2. 

2 THE INFLUENCE OF STRESSES IN THE 
SEAM ON THE MECHANICAL PROPERTIES 
OF COAL 

Coal drillability measurements carried out by the 
author were based on the method suggested by 
Opolski (1965). These have revealed that coal 
drillability decreases with increase in distance fiom 
the excavation face. Under conditions of high gas- 
bearing capacity of coal this would indicate the 
existence of a zone of negative drillability in the seam 
in front of the excavation (Fig. 1). 

Based on their own method for determining coal 
drillability, Krzemiiiski and Gorkiewicz (1973, 1974a, 
1974b) have registered a series of measured values in 
seams 410/2+412. The measurements conducted in 
undisturbed virgin parts of this outburst-prone seam 
have confirmed the existence of zones of negative 
drillability. In parts of the seams which were already 
degassified in the course of exploitation of the HI 
bench of non-combustible shale (JII NCS-NPL), 
located below, the changes in coal drillability 
registered throughout the measurements could be 
only accounted for by seam stress changes. Fig. 2 
presents several results of coal drillability 
measurements taken in this part of the seam 
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410/2+412 that was degassed  m the course of the 
earlier mining of shale I11 NCS - NPL. 

a) 
L w  

g 

340 m 
420 m 

725 m 

0 ' 10 
/ 

0 

distance from the excavation head 

0 5 m 10 
distance from the excavation head 

Fig. 1. A schematic of negative drillability zone 
formation in the seam top part-solid lines: the results 
of coal drillability measurements taken in the seam 
507 in the mine Bobrek, broken lines: the effects of 
hypothetical gas-bearing capacity of coal on its 
drillability bottom part-solid line: hypothetical 
distribution of stress in the seam broken line: 
hypothetical gas-bearing capacity of coal. 

At the same time the measurements were taken 
that allowed for relating coal drillability L,  &Gm/g] 
to its strength, based on the following statistical 
relationship. 

( 1 )  L w =  8.244 f 

Fig. 3 presents directly measured decrease in coal 
drillability as a function of the state of stress in the 
seam. Fig. 3b gives he averaged results. 

To formulate the relations presented in Fig. 3 it 
was necessary to know the magnitude of the stresses 
in the seam which were not measured. Therefore, the 

method for calculating the stresses in the seam in 
fiont of the excavation face had to be worked out. 

5 

-rtp 
E 
u 4  
Y 

h z .. 
v 
v) 

3 3  

2 

1 

0 

5 rn 10 

distance from the side of work 

Fig. 2. Coal drillability changes under condition of 
fixed gas-bearing capacity of coal. Four 
measurement results. 
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b) ' - 3A 

Fig. 3. The effects of stresses on coal drillability: 
a) directly measured results, b) averaged results 
relating to the effects of stress on coal drillability. 
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3 STRESS DISTRIBUTION IN THE SEAM IN 
FRONT OF THE EXCAVATION FACE AS 

- maximum exploitation stress is derived from the 
formula: 

ACCEPTED FOR THE CALCULATIONS &Jar= 0.1 cHy,  ( 3 )  

1.0 

I 

Fig. 4 presents the diagram of stresses in the seam in 
front of the excavation face, which is used in 
following calculations. Ths diagram, based on gas 
pressure measurements under specific conditions, 
conducted by the author (Tarnowski. 1983), and 
recorded stresses in the seam given by Lindenau 
( 1970) and Feit ( 1966). 

2 
I 

- the value of stress concentration coefficient c 
depends on the width of the destressed zone in the 
seam in fiont of the excavation head lo, m. 

Fig. 5 depicts the dependence of stress 
concentration coefficient c on the width of the 
destressed zone in the seam lo, m. 

II Tr 
I O  L A  I Z  

r.7 t 

/ / / / / / / / / / / / / / / / / / / / / / / / /  
. . . . . . . . . . . . . . . . . . . . . . . . . .  

Fig. 4 A diagram for calculating stresses in the seam 
in front of the excavation. 1, - seam destressing range, 
I ,  - the zone of exploitation stress cease, AS, - stress 
increase above the stress under specific conditions, Sr 
or the total stress S, [kG/cm2]. 

$ 
I 

0.0 
0.0 5.0 10.0 15.0 20.0 25.0 

Irn distance from the side of work 

Fig. 5 .  
coefficient c and the width of the destressed zone I,, 

Relationship between stress concentration 

The stresses in the seam were defined as follows: 
stress in the reserve conditions S,, kG/cm2, is given 
by the following dependence: 

s,= 0.1 H,y: ( 2 )  

Fig. 6 .  a) The width of the destressed zone 1, viewed 
as a h c t i o n  of excavation depth H,  and thickness of 
the seam mined m, m; for coal strength indexf= 0.6 
(according to M. M. Protodiakonov). b) The width 
of exploitation stress cease zone 1, as the h c t i o n  of 
depth of the mined seam; based on measurements by 
Lmdenau et a1 ( 1970). 

Fig. 6 presents the width of the destressed zone 1, 
as a b c t i o n  of the seam thickness rn, m, and the 
depth of its depositions H,, m for the coal with 
strength index f = 0.6. To determine actual width of 
the destressed zone I, for other values of coal 
strength index, it would be necessary to use the 
following relation: 

I, ~ C O n S t  (4) 
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Fig. 7 presents the distribution of relative stress in 
the seam in destressed zone 1, (a). The distribution of 
relative stresses registered in the measurements is 
plotted as a h c t i o n  of distance fiom the excavation 
head. In the plot (b) analogous measurements are 
presented as a function of the distance from the 
curves B point of flexure. In the plot (c) the mean 
distribution of stresses in a destressed zone is 
represented as a function of the distance from the 
maldmum exploitation stress in the seam. 

+5 O I m  5 -5 Im 
1 - p.672 
2 - p. 410/2 + 412: porn II i 111  
3 - p.410/2+412:pomIi I I  

-1 0 -5 0 I m  +3 

Fig. 7. Distribution of relative stresses in the 
destressed zone of the seam lo, m: a) as the h c t i o n  
of the distance fiom the side of excavation, m, b) as 
a hc t io t l  of the distance fiom the point of flexure B, 
m, c) averaged relative stresses as a function of 
distance fiom the maximum exploitation stress point. 

The values of relative stresses are given by the 

( 5 )  

The values summarized in Fig. 7 were obtained on 
the basis of measurements of gas pressures in reserve 
conditions; their results were fiuther processed by the 
author (Tarnowski, 1983). 

relationship : 
S s, =- 

' e  m a s  

The width of the zone of exploitation stress cease 
1: was determined in the course of statistical 
processing of the measuring data by Lindenau et a1 
(1970). Fig. 8a presents the changes in the state of 
stress in fiont of the excavation face in a number of 
seams of varying thickness and depth. The diagram 
presents the width of the zone of exploitation stress 
cease, determined statistically, as a h c t i o n  of the 
depth of deposition of the seam. It has been assumed 
that the increase in the exploitation stresses A S, (Fig. 
4) is given by: 

AS = S, - Sz 
a) 

s 
kG/cm 

100.0 

50.0 

0 

b) 
10 

10 

m 
5 

0 

Hz m 0 500 1 OM) 

C) 
20 

Iz 
m 

10 
I 

0 ,  
0 500 'Oo0 H z m  1 5bo 

Fig. 8. a)  Results of stress measurements taken in 
seams of varying thickness and depth of deposition 
(after Lindenau et al, 1970); b) The mean width of 
the destressed zone for the seam of the thickness 2 m 
and coal strength index of -0.6, as a function of 
depth; c) The mean width of exploitation stress cease 
zone l:, m as a function of depth of deposition of the 
seam Hz. m. 

while the relative increase in the exploitation stresses 
AS, (Fig. 4) is given by: 

(7) 
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and the relative distance of a given point fiom the 
maximum exploitation stress I ,  (Fig. 4) is derived 
fiom: 

I 1 = -  
I: 

The data taken fiom Lindenau et a1 (1970) which 
represent values of relative increase in the 
exploitation stress A,& as a b c t i o n  of relative 
distance fiom the maximum exploitation stress are 
shown in Fig. 9a. Fig. 9b presents the averaged 
results given in Fig. 9a. 

' .O  , 

kl 

'wz 

Fig. 9. a) Relative increase in exploitation stress AM& 
as a function of the relative distance fiom the 
maximum exploitation stress point. b) Average 
relative stress increase as a function of the relative 
distance fiom the maximum stress. 

In all the measurements of coal drillability 
conducted by Krzemiiiski and Gorkiewicz (1973, 
1974a, 1974b), the point of maximum exploitation 
stress was taken to be at the minimum of measured 
coal drillability. 

The results of research by Grebski and Michalik 
(1963) have revealed that permeability of coal 

compressed to S, kG/cm2 will correspond to the 
permeability Sk, kG/cm2 equal to: 

SL = s-P (9) 
The values of stress magnitude applied in all 

calculations concerning coal and gas outbursts were 
those corresponding to the adjusted values Sk 

kG/cm2. Distribution of stresses in the destressed 
zone of the seam I, is related to the distribution of 
gas pressure. 

given by the following relation 
A notion of relative gas pressure was introduced, 

e--1 
P, =- 

P. - 1 

Fig. 10 presents several results of gas pressure 
measurements, taken by the author (Tarnowski. 
1983), as a h c t i o n  of distance fi-om the excavation 
face. 

1 - p. 673 
2 - p.672 

3 - p. 410/2 + 412, porn. 111 
4 - p. 410/2 + 412, porn. I I  
5 - p.410/2+412,porn.I 

c, Distribution of relative gas pressure ,,Pw" 

Fig. IO. Distribution of relative gas pressure in the 
destressed zone I,, m: a) Direct measuring results as a 
h c t i o n  of the distance fiom the side of the face, m. 
b) Direct measuring results as a function of the 
distance &om the point of flexure, A m. The 
positions of maximum exploitation stresses have been 
marked. c) Averaged course of relative gas pressure 
changes as a function of the distance fiom the 
maximum exploitation stress. 
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In the plot (b) the measurement results are 
represented as a h c t i o n  of the distance from the 
idection point "A'. There have been marked by 
positions of maximum exploitation stress points 
registered in all measurements. Diagram c presents 
the mean distribution of relative gas pressure as a 
fhction of the &stance from the maximum 
exploitation stress. Analogous results obtained for 
methane are presented in the publication by AjrUni 
(1980). 

4 THE EFFECTS OF GAS-BEARING CAPACITY 
OF COAL, ON ITS DRILLABILITY 

While elaborating on the influence that gas bearing 
capacity of coal may have on coal drillability the 
results of measurement by Krzemienski and 
Gonikiewicz (1973, 1974a, 1974b) were utilised. 

Those measurements were taken in a non- 
degassil3ed part of the seam 410/2+412. Coal 
drillability Lw(S,G) measured at each point in the 
seam is the difference between the drillability of 
destressed coal whose gas-bearing capacity is 6.6 
[m3/t] and the sum of partial effects of gas-bearing 
capacity on coal drillability and the stress 
encountered in the seams. It can be written as. 

Lw(S, G)=L,,(6.6)-bLw(S)-ALw(G) ( 1  1) 

Taking into account the effects of stress on coal 
drillability (Fig. 3), the decrease in coal diiUability 
corresponding to the change from its gas-bearing 
capacity 6.6 to G, m3/t - that is ALw (6.6-G) - can be 
determined on the basis of (1 1). 

Fig. 11 presents the results of one of the 
measurement results used while analysing the effects 
of coal gas-bearing capacity on its drillability. 

Fig. 12a presents direct records of coal drillability 
decrease obtained in individual measurements. 
Besides, the averaged measurement results given by 
Tjutin (1975), relating to the changes in coal strength 
index recounted in terms of coal drillability as 
affected by the gas-bearing capacity of coal, are 
given. 

The relative decrease in coal drillability d,,L,,,(O,G) 
is taken to be the quantity defined by the relation 

Hence in the plot (b) the relative values of the 
decrease represented on the graph (a) are also 
present. 

k 

0 - Measurements 

Fig. 1 1.  Measured values of coal drillability in a tloti 

degassified part of the seam 4 10/2+4 12 as compared 
with results of calculations. 

b) 
+1 

u 
8 Meanvalues 

3 
3 

Q 
0 

1 

c, - 5 

1 s 0 
3 
-I 
2 

0 

0 2 L,(0;6.6) 

Fig. 12. The influence of gas-bearing capacity of coal 
on its drillability: a) directly measured results, b) 
relative drillability related to the drillability of 
destressed coal with its gas-bearing capacity 20.0, 
m3/t, c) the value of drillability decrease index 
dL,40;20) when gas-bearing capacity of coal changes 
from 6.6 to 20.0, m3/t. 
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The plots in the graph 12b indicate: 
- for the range of gas-bearing capacity values higher 
then 6.6 [m3/t] there was a narrow band of scatter 
points which allowed for accepting the mean value as 
proper throughout the whole range examined, 
regardless of whether the gas present should be 
methane or carbon dioxide. 
- throughout the range of gas-bearing capacity lower 
than 6.6 [m'/t] two different paths of change were 
registered for methane and carbon dioxide. 

Fig. 12c presents the values of coal drillability loss 
due to change in its gas-bearing capacity fiom 6.6 to 
20.0, m'/t. When these values are viewed as a 
h c t i o n  of drillability of coal with gas-bearing 
capacity equal to 6.6, m'/t, this will correspond to the 
following relationship: 

AL,.=0.88 Lw(0,6.6) (13) 

a 

30 35 vdaf  4 5 x  
0 5 IO 15 20 25 

C 
mVt 

35 

30 

2s 

20 

15 

10 

5 

0 
0 5 IO 1 5  20 25 30 3s "da, 45 % 

Fig. 13. Isothermal lines for the sorption of methane 
( a )  and carbon dioxide (b) as a b c t i o n  of pressure 
and volatile matter contents in coal Y de' % at 20' C 
temperature. 

If the accepted unit value of the relative decrease 
in coal drillablltty is equal to 0.88 of the unit of coal 
drillability, with its gas-bearing capacity of 6.6, m3/t, 

then the total decrease in drillability of coal with its 
gas-bearing capacity of 6.6, m'lt wdl be 1.1364 of 
relative drillability decrease wits. 

Calculating the drillability of coal saturated with 
COz or CH, up to the desired value of gas-bearing 
capacity G, m3/t, will involve 
1. Calculating the drillability of coal saturated with 

gas of the gas-bearing capacity G. This value 
corresponds to the drillability derived fiom (1) 
based on the value of coal strength index, hence it 
will be the value L,,(O,Gl), 

2. Determining the drillability of destressed coal, its 
gas-bearing capacity equal to 6.6, m3/t. The above 
calculations will involve: 
(a) hd ing  out on the plot 12a the relative 

increase in the drillability of distressed coal 
whose gas-bearing capacity is G1; that is 
Aw LdO,Gl), 

(b) calculating the drillability of destressed coal 
with the gas-bearing capacity of 6.6, m31t, on 
the basis of the relationship: r 

7 

1.1364 1 Mw (0; GI) + 1.1 364 
Lw(0;6.6) = Lw(O;G1) 

3. For the value Lw(0,6.6) obtained fiom (14), the 
decrease in coal drillability DLw{0,20) presented 
in Fig. 12c should be determined as the factor 
which brings the relative curves in the graph 12b 
to their real values related to the actual coal 
characteristics, 

4. Finding out fiom plot 12b, the relative decrease in 
coal drillability after its gas-bearing capacity 
changed fiom GI to G, m'/t 

5 .  Calculating the actual decrease in coal drillability 
ALw( 0,Gl-G) by multiplying the relative decrease 
by the factor ALw(0,20), 

6. Defining the drillability of destressed coal the gas- 
bearing capacity of which is G, m3/t by subtracting 
from the drillability Lw(0,Gl) the actual value of 
drillability decrease that accompanied the gas- 
bearing capacity change to G, m3lt, (this is d e h e d  
in 5 )  that is ALw(0,Gl-G) [kGm/g]. 
The results of coal drillability measurements 

summarised in Fig. 1 1  yield zero values at a distance 
of 4 to 12 meters fiom the excavation face. These 
zero values of coal drillability will in fact correspond 
to negative drillability. It results fiom the fact that 
the measurements of coal drillability consisted in 
defining the differences in power consumption by the 
drill machine while operating and during the same 
period of its idle work. Drill line is not a turbine, 
neither the drill is a current generator; hence the zero 
values. 
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With the use of large empty dots, the results of 
coal drillability calculations are presented in Fig. 11. 
Calculations that do not agree well with the results of 
measurements taken in the exploitation stress cease 
zone is, according to the author, due to the fact that 
in those calculations the decrease in fiee gas pressure 
in the seam pores in the stress cease zone was also 
taken into account. 

5 AN MDEX OF COAL AND GAS OUTBURST 
W A R D  - ST 

The hazard of coal and gas outburst occurrence 
seems to be proportional to: 
- stress in the seam that is proportional to the depth 

of occurrence of seam Hz and the mean overlying 
rock density yz, kGlcm3, 

- gas-bearing capacity of coal Gz, m3/t. It is 
inversely proportional to the seam strength which 
in turn is proportional to its strength index$ 
An index a a b a s e d  on the above assumptions 

fitted to its value at a given point in the seam 
410/2+412 where the outburst hazard has been 
empirically determined would yield the comparative 
outburst hazard index ST, this is given by: 

.f: 

Working out the diagrams of the outburst hazard 
distribution in the Nowa Ruda mine (Fig. 14) and 
plotting the locations of coal and gas outbursts 
against them would lead to the following conclusions: 

for the range of ST values lower than 0.25 the 
outbursts do not occur, 
throughout the range of ST values 0.25-0.5 there 
occur coal and gas outbursts, yet they are 
dispersed and take place in specific geological 
conditions, 
for ST values higher than 0.5 ubiquitous outbursts 
will occur. 
The applied division into dispersed and ubiquitous 

outbursts is based on the fact that the dispersed 
outbursts (as they are termed) take place in specific 
geological conditions that may include any 
disruptions and changes in geological structure of the 
whole deposit and the seam which may cause coal 
destressing to be hindered. So formed cavern does 
not bring about sufficient stresses to cause any 
subsequent outbursts. 

COAL MINE “NOWA RUDA” 
The dirgrm d Duchn kuud index S.T 

The run 4lOl2+412 - S T c r m r * r r l i ~  
a - c d  
mrrPwt+- 

Fig. 14. Depth contours of the seam 410/2+412 in 
mine Nowa Ruda; the comparative outburst hazard 
index ST and the sequences of previous ubiquitous 
and dispersed outbursts have been also marked. 

In the case of ubiquitous outbursts, the size of a 
post-outburst cavern causes the stress zone to appear 
in the seam. When added to the stresses brought 
about by approaching excavations, the conditiolis are 
ripe for the subsequent coal and gas outbursts. 

The diagrams of outburst hazard index ST worked 
out for the seam directly adjoining or lying among the 
sandstone revealed that the boundary values of the 
index were lower for all types of coal and gas 
outbursts. This indicates the presence of lingering 
geological stress in the seam. Those stresses were 
determined as the accessory depth H,. The results 
are given in Fig. 15. 

a -  
P 

Fig. 15. nie value of accessory depth H:. 171 of‘ the 
residual geological stress counterpart as a fhctioii of 
the distance from the sandstone floor to that of the 
irverlying coal seams. 
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A notion of the total depth H ,  was introduced to 
all the dependences relating to the depth of 
deposition of seam when the mined seam would 
adjoin the sandstone. The total depth can be derived 
fiom the formula: 

When the boundary values are brought into the 
value of hazard index ST 0.25;0.5 we can get the 
relationships that determine the depth at which the 
first ubiquitous and dispersed outbursts will probably 
take place. These relations are as follows: 

dispersed outbursts 10000 f 
G: H ,  H, = ___- 

20000/' 

G: ubiquitous outbursts H ,  = ~ - H* 

6 THE MECHANISM OF COAL AND GAS 
OUTBURSTS 

When the state and distribution of stresses S are 
already known and so also the gas-bearing capacity G 
and strength index of c o a l j  then it is possible to find 
out coal drillability at any point in the seam using the 
generalised Eq. 1 1 .  

Measuring lines are taken perpendicular to the 
excavation fiont and coal drillability L,,.(S,G) is 
determined every 1.0 m, hence we get the course 
taken by changes in coal drillability along the 
examined line. The course thus defined, is 
represented in Fig. 11 by large empty dots. The 
situation in Fig. 11 represents the conditions 
prevailing in the seam immediately before a coal and 
gas outburst. 

F stands for the amount of work required to 
destroy the strength of the rib - adjoining band in the 
seam, where: 

F = 1; I,, (S, G)dl k G m  (20) 
NE, denotes the surplus of potential energy stored 

in coal in the negative drillability zone, where 

These lead to  the conclusion that an outburst will 
occur when: 

sd' (22) 
4 

12 

NE,, = L,(S,G)dl> F = L,(S ,G)dI  

In the case presented in Fig 11, the calculated 
amount of work F is 1213 FGm], while the 
measured value is 1226. The measured surplus of 
energy stored in coal of negative drillability zone is 
980 FGm], the calculated value being 1896 EGm]. 
In all cases the calculations give a wider safety 
margin hence they may signal the outburst hazard 
much earlier. 

When the surplus of energy NE, stored in the 
negative drillability zone in the seam exceeds the 
amounts of work required to destroy the safety 
barrier in the seam F [kGm], then a coal and gas 
outburst will occur. At the iirst moment of an 
outburst, large bits of coal are tom off fiom the ribs. 
These form the large fractions in the post-outburst 
mass. This process is accelerated until a channel, 
which joins the excavation to the coal with negative 
drillability zone, is formed. Then coal dust and fine 
coal will start flowing out, carried by the gas released 
fiom the coal in the destroyed zone of negative 
drillability. 

until their flow gets 
hindered by newly formed cavern and the connecting 
channel. 

This process continues 

7 THE MAGNITUDE OF COAL AND GAS 
OUTBURST AND THE AMOUNTS OF GAS 
RELEASED DURING AN OUTBURST. 

While looking at the plan of the seam 410/2+412 as 
presented in Fig. 12 it can be seen that ubiquitous 
outbursts of coal and gas occur from the level +45 m 
downwards, throughout the whole seam depth. It 
indicates that starting fiom that level in front of the 
excavation face, there must have been negative 
drillability zone. Coal and gas outbursts took place 
first of all in the excavations that were at least several 
metres ahead of the recovery fiont. 

The above discussion leads to the conclusion that 
coal and gas outburst do not cover the whole area of 
negative drillabhty but its parts only. Therefore, the 
magnitude of coal and gas outbursts can be only 
determined statistically; its comparative measure 
being an appropriate index. 

An index of outburst magnitude KT is taken to be 
the quantity proportional to the seam thickness nz, m, 
to absorbable gas-bearing capacity G d  [m'h] and to 
the square root of the surplus energy NE, stored m 
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the seam The quantity KT is taken to be the index of 
coal and gas outburst magnitude. It in derived from 
the formula: 

KT = m c , m  ( 2 3 )  
Fig. 16 presents the averaged values of coal and 

gas outburst magnitude registered at individual seams 
and levels as a h c t i o n  of the index KT. While 
working on Fig. 16 the data on all the outbursts 
described in the publication by Cis ( 1  972) and in the 
works by the Committee of Rock and Gas Outbursts 
( 1972) were used. 

The magnitude of the outburst (i.e. the amounts 
of coal and rock mass thrown outside the cavern) 
was related to the amount of released gas. On the 
basis of the publications referred to above two indices 
used in the Polish mining industry were determined 
statistically. These are the following: an index 
q,,, [m’/t] relating the amount of gas released per ton 
of burst-out mass and Qw - an index of gas released 
during a coal and gas outburst. Those indices can be 
rewritten as: 

- the amount of released gas per one ton of burst- 
out mass 

q M t  = 22.5T:.” 
- total amount of gas released during an outburst: 

Qw = 22.5Ti2’ ( 2 5 )  
Fig. 17 presents the relation of the index qw, m’/t 
relating the amount of released gas per one ton of 
burst-out mass as  a hnction of the outburst 
magnitude T,. This is plotted against the standard 
and log-log coordinate system. 

2000 

T w  

1000 

0.0 
0.0 500 1000 1500 KT 2000 2500 

Fig. 16. Average strength of a coal outburst as thc 
hnction of the outburst maguitude index KT. 

Calculating the magnitude of a coal and gas outburst 
involves: 

Calculating the value of outburst hazard index ST 
and drawing conclusions as to the likely types of 
coal and gas outburst. 
Finding out the values and distribution of stresses 
in the seam in front of the excavation. 
Calculating coal drillability along the lines of 
maximum stress and measurement lines. 
Preparing a diagram of coal drillability hi the 
seam in front of the excavation. 
Calculating the work F and the surplus of 
potential energy stored in the seam Ne,, kGrn in 
the zone of negative drillability of coal. 
Calculating the value of the index KT and finding 
but the average magnitude of coal and gas 
outbursts. 
Defining the indices relating to the amounts of 
gas released during an outburst of coal and gas. 

a)  

9 w  
m3A 

100 

0 

0 Wilchelm 4 * 405 
- 

I 

i 

0 1 .o 2.0 Ig(T) 3.0 

Fig. 17. The average amount of gas released per one 
ton of burst-out mass (gas release index q,,., m3/t) as a 
hnction of outburst strength in the outburst-prone 
seams in Nowa Ruda mine: a )  the averaged 
relationship plotted directly against the Cartesian 
coordinate system, b) average amounts of gas 
released during the outbursts for individual seams 
being mined in the mine Nowa Ruda; plotted against 
the log-log coordinate system. 
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These step-by-step calculations concerning the 
outburst of coal and gas are presented on the basis of 
two examples, i.e. for C% and CO2. 

Tvpe of gas 
c02 , 

Baseline data 

C% 
2548 The amount of work F [kGm] is 

equal to 

accumulated in the negative 
drillability zone 

Surplus of work NE, - 183.5 

Seam thickness, nz 
Coal compactness, f 
Volatile matter content, LiCTt 
Gas pressure in the specific 
conditions P, kG/cm' 
Depth of seam deposition H:, m 
r? esence of sandstone in the roof 
H,t (Fig. 15) 
Substitute depth H,, m 
Gas-bearing capacity of coal G:, 
m'/t (Fig. 13) 

co2 
1 198 

-443.4 

Calculations. 
Outburst hazard index ST ( 14) 
The value of hazard index ST 
indicates that iu the case of 
methaiie one should expect 
dispersed outbursts, while in the 
case of C02  there will be 
ubiquitous outbursts. 
Width of the destressed zone for 
coal with strength equal to 0.6 /,, 
m (Fig. 6a) 
Adjusted width of destressed 
zone, m (4) 
Stress concentration coefficient c 
(Fig. 5) 
Stress in the seam SL, kG/cm2 
(2) 
Maximum exploitation stress 
S,,,,,,. kG/cm2 
Gas pressure at maximum stress 
point P, kG/cm2 (Fig. 7) 
Gas-bearing capacity of coal at 
maximum stress point G, m3/t 
(Fig. 13) 
Adjusted value of maximum 
stress SelcIIIcLT, kG/cm2 (8) 
Decrease in coal drillability due 
to stresses ALH.(S), (Fig. 3) kG/g 
Gas-bearing capacity of coal GI.  
m'/t (Fig. 13) 
Drillability of destressed coal 
with its gas bearing capacity G,  
12) 

CIC 
2.5 

0.45 
20.0 

10.0 
500 
100 

600 
11.2 

0.373 

6.5 

7.5  1 

2.365 

150.0 

3 54.8 

9.75 

10.9 

345.1 

1.33 

3.4 

3.71 

2.5 
0.45 
20.0 

10.0 
500 
100 

600 
20.0 

0.660 

6.5 

7.5 1 

2.365 

150.0 

354.8 

9.75 

19.8 

345.1 

1.33 

6.4 

3.7 1 

Relative drillability for gas- 
bearing capacity G I ,  (Fig. 12) 
Coal drillability for the gas- 
bearing capacity 6.6, m3/t (13) 
Coal drillability decrease due to 
gas-bearing capacity change fiom 
6.6 to 20.0, m3/t; U,,(0,20) (12) 

Relative decrease in coal 
drillability k W g  with the 
change in gas - bearing capacity 
from GI to G; AS40,Gl-G) 
(Fig. 12b) 
Real decrease of coal drillability 
with the change of coal-bearing 
capacity fiom G I  to G, m'/t, 
( 1213 k g d g  
Sum of drillability loss 
AL,,(S)+ALdG) kGm/g 
Coal drillability at maximum 
stress point L,(Sek,,,,,, C), 
k W g ,  ( 10) 

k W g  

+1.1 

1.885 

1.659 

1.75 

2.903 

-4.233 

-0.523 

+o. 1 

3.41 

3.00 

1.1 

3.30 

4.63 

-0.92 

Coal drillability at the points located every I 
meter along the measuring line (big dots), calculated 
in the same way, was used to work out the diagrams 
in Fig. 18. Outburst hazard, as shown there, 
corresponds to stabilised conditions in the seam, i.e. 
the conditions immediately before the working face is 
mined. 

Under these conditions, coal and gas outbursts 
will not take place. 

When the face is mined very fast, as is the case of 
deep-web blasting z ,  m, then the zone of maximal 
exploitation stress will get closer to the excavation 
face, which results in increase in seam stress. 

The values of gas pressure and gas-bearing 
capacity, will not change; neither will their 
distribution. In the case of deep-web blasting to the 
depth : equal to 2.0 [m] the relevant values will be as 
follows. 
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Width of the destressed zone I,, 
m 
Stress concentration coefficient c 
Maximum exploitation stress 
Se,,, kG/cm2 
Adjusted value of exploitation 
stress Se,,, kG/cmZ 
Drillability decrease due to the 
stress Uu(S), k W g  
The sum of drillablllty losses, 
kG/g 
Coal drillability at the point of 
ma;.cimum exploitation stress, 
k W g  
The amount of work F, kGm 
The surplus of accumulated 
energy NE, kGm 

CH4 
5.51 

2.44 
366.0 

356.2 

- 1.48 

4.383 

-0.673 

828.0 
-271.9 

c02 
5.5  1 

2.44 
366.0 

356.2 

-1.48 

-4.78 

-1.07 

566.0 
-561.0 

In the case of blasting to the depth of 2.0 m there 
will be no outburst of coal and methane saturating 
the coal deposit. After 24-hour seam destressing 
time, the outburst hazard will become the same as  
before blasting at the excavation face . 

Ifthe gas saturating the coal deposit is COZY then 
an outburst of coal and gas will take place. This 
results fiom the fact that the values F and NE, [kGm] 
are almost equal. 

It has been said, while discussing dispersed 
outbursts, they will occur when there are certain 
geological disruptions that hinder seam destressing. 
Assuming that in the example discussed here there 
was a one-day period of destressing hindrance after 
blasting. Then after subsequent blasting to the depth 
of 2.0 m, the calculated values will be as follows: 

Width of the destressed zone lo, 
m 
Stress concentration coefficient c 
Maximum exploitation stress z 
Se,,,,, kG/cm2 
Adjusted value of maximum 
exploitation stress 
Coal drillability decrease due to 
the stress, kGm/g 
Sum of drillability losses, kGm/g 
Coal drillability at maximum 
stress point, kGm/g 
The magnitude of work .F, kGm 
Surplus of accumulated potential 
energy NE, 

CH4 
3.51 

2.6 
390.0 

380.2 

-1.70 

-4.603 
-0.893 

286.0 

-422.6 

c02 

When seam destressing is hindered to such an 
extent, the conditions become ripe for an immediate 
outburst of coal and gas, due to blasting. 

On the basis of all the data, included in the 
calculations, which are required to assess the strength 
of the expected outburst and to determine the 
amounts of released gas, the following calculations 
will have to be made. 

full dou . before Muting 
mpcy circle . a h r  Mming 

Fig. 18. Comparing the outburst hazard present in 
identical geological conditions, yet with varying gases 
that saturate the deposits. Excavation depth 600 m; 
the substitute depth of residual geological stress 100; 
the thickness of the seam mined - 2.5 m, volatile 
matter contents in coal - 20.0 Y deJ; the pressure of 
gassaturating coal - 10.0, kG/cm2. Coal drillability is 
recorded before and after blasting into the excavation 
face to a depth of 2 m. 



Outburst strength index 

I 

CH4 
400.9 

260.0 

91.0 

23660 

780.0 

118.0 

92040 

9 CONCLUSIONS 

This paper gives the basis for the calculations 
concerning coal and gas outbursts. Basing on the 
measurements by Krzemienski and Gonikiewicz, the 
effects of stress, gas-bearing capacity on coal 
drillability and coal strength have been examined. 
The results of calculations seem to confirm the 
correctness of the assumptions made. However, the 
applied calculation method has not been l l l y  
developed yet. To m y  analyse the coal and gas 
outburst would require taking into account other 
factors which influence them, such as the effects of 
gas compression in pores and cracks in the seam in 
the exploitation stress cease zone and on the stresses 
themselves, which in turn indirectly affects the 
outburst as well. 

REFERENCES 

Ajrurii A.T. 1980. Analyses of the Gas-Dynamic 
Parameters of the Sides of Works in Outburst- 
Free and Outburst-Prone Seams. Arch. Min. 
Sci.No 3 (In Polish). 

Ajruni A.T. 1987. Forecasting and Prevention of 
some Gas-Dynamic Phenomena in the Coal 
Mines. "Nauka" Publishers, Moscow (In Russian). 

Cis J. 1972. Gas and Rock Outbursts in the Lower 
Silesia Coal Basin. "Slask" Publisher (In Polish). 

Committee of Rock and Gas Outbursts. 1972. The 
Statistic of Coal and Gas Outburst in the Lower 
Silesia Coal Basin. Journals I-9 of the Laver 
Silesia Coal Mines Union (In Polish). 

Feit G.N. 1966. Resistance Characteristic and 
Stability of Coal Seams after an Outburst. 
"Nauka" Publishers, Moskow (In Russian). 

Grebski Z., Michalik H. & Zak E. 1963. The 
Influence of Rock Mass Pressure on the Presence 
of Gas in Narrow Works. Health and Safety at 
Work Conference. SITG-Katowice (In Polish). 

Janas G. 1985. Neue Erkenntnisse auf dem Gebiete 
der Ausgasungvorausberechnung. GliickuuA For- 
schungshefte 0 1. 

Krzeminski T. & Gorkiewicz P. 1973. The State of 
Coal and Gas Energy in View of the New Method 
for Measuring the Indices of Coal-Gas Outburst 
Hazard. Materials from the Rock and Gas 
Outburst Research Station, Nowa Ruda.(In 

Krzeminski T. & Gorkiewicz P. 1974a. Direct 
Definitions of the State of Gas and Coal Energy in 
the Rock Mass and its Practical Applications into 
the Studies of Rock and Gas Outbursts. Szlesian 
Polytechnics Journal, No 64 (In Polish). 

Krzeminski T. & Gorkiewicz P. 1974b. The State of 
Coal and Gas Energy in View of the New Method 
for Measuring the Indices of Coal and Gas 
Outburst Hazard. Mining Sciences Review. No 5 

Lindenau I.N., Muraszew W.J., Bardin W.N. & 
Szlomowiczjus J.G. 1970. Studies on the Strains 
in the Coal Body in the Faze Zone Aimed at 
Accidentality Reduction during Mining Operation. 
Rabot (In Russian). 

Opolski T. 1965. Coal Boa), Mining Using the 
Cutting Machines. Katowice: Slask Publishers (In 

Tarnowski J. 197 1. Measurement Results Concerning 
the Effects of Mining on Degassification of 
Adjoining Layers. Uining Sciences Review. No 12 

Tarnowski J. 1983. The conditions of Stress and Coal 
Permeability for Gas in front of the Excavation 
Head in Seams Endangered by the Likely 
Occurence of Coal and Gas Outbursts. Mining 
Sciences Review. No 5 (In Polish). 

Tarnowski J. 1988. A Comparative Method for 
Prognosting Coal and Gas Outburst Hazard 
Zones. How do those Forecasts Agree with 
theActua1 State in Variable Geological Conditions. 
The Materials jTom 12-th International Meeting: 
The ways of Coping with Rock and Gas Outburst 
Hazard in Underground Mining. Radkow 19-23. 
09. (In Polish). 

Tjutin F.G. 1975. Variations in Coal Mechanic 
Strength along the Face, due to Seam 
Degassscation. Ugol, No 4 (In Russian). 

Polish). 

(In Polish). 

Polish). 

(In Polish). 

61 



In!. Symp. cum Workshop on Management & Control of High Gas Emission & Outbursts 
Wollongong, 20-24 March, 1995 

Hierarchy of block units in the underworked rock mass and modelling of gas-burst from 
contiguous seams 

P, Egorov, B.V. Krasilnikov, A. Fokin and V. Ivanov 
KuzbaJs Slate Technical University. Kemerovo. Russia 

ABSTRACT: Based upon energy approach to the rock mass, breaking the parameters of the building blocks in 
the underworked rock in situ at actual coal mining are analysed and the system of recurrent equation for 
mathematical modelling of gas-burst intensity from contiguous seams near the face area, when the slices are 
lying between underworked seam and contiguous seam, is suggested. The suggested approach permits to 
predict the gas-burst from "gas reservoir" in the contiguous seam. 

INTRODUCTION 

Underground coal mining in Kuzbass occurs at 
depths of more than 400 m and is associated with the 
danger of intensive gas-burst from contiguous seams 
near the face area. Cases of gas-burst from the floor 
and the roof rock of the underworked coal seam 
through the fractures of enclosing rock, formed as a 
result of rock load relief during the driving, were 
registered in some mines of Kuzbass during the last 
15 years. 

For successful prediction of such gas-burst, it is 
necessary to work out true physical and mathematical 
model of filtration parameters of enclosing strata on 
the bases of new insight into the hierarchy of block 
units in the broken rock in situ. 

The subject of the paper is computer aided build up 
of methane filtration through fracture system in the 
enclosing rock under different geological conditions 
between seams based on new insight into the 
hierarchy of block units in broken rock in situ. 

FREE ROCK FRACTURING AND HIERARCHY 
OF BLOCK UNITS 

By definition of E. I. Shemyakin [l] let us call rock 
fracturing as "free" when during the period of new 
surface development, the rock mass didn't suffer the 
effect of external energy, i.e. the fracturing takes 
place at the expense of the accumulated elastic 
deformation energy only. Therefore the condition of 
free fracturing with separated body V is: 

w = V . A *  = r*.s (1) . .  
W 

Where A* = - - is potential energy of 
I/ 

W 

.P 
r * = - - surface energy of fracturing; 

w - full energy of elastic deformation in body V 
The given equation (1) gives fracture dimension as: 

(2) 

It is shown by Shemyakin [l], that when the 
energy in the body V for its separation is sufficient, 
the energy in its parts for further fracturing and 
separating of this body into smaller parts (blocks) is 
also sufficient. Assume that to the moment of 
complete failure in the body v, N* disk shaped 
fractures with radius 3d* appeared. So the condition 
of fracture has the form: 

V . A* = 9xd*'N*r*, therefore 

(3) 

where C* - fracture concentration at the moment of 
complete failure. 

The equation (3) expresses the concentration 
criterion of fracture, given by Gor et al[2] in another 
form. 

The result applies to a larger body V'>V or for a 
part of body V .  Indeed, for the body V', the new 
critical dimension of fracture is 

*' * v' d = 3 d  = T  
S (4) 

and if we select the radius of disk shaped fractures 
3d*' = 9*, from conditions of free fracturing, this 
criterion takes the following form: 

. 
deformation in volume units; 
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f v' \A 

Thereby, the criterion of concentration of fracturing 
holds true for any level. 

This conclusion includes the other important result; 
i.e. the ratio of sizes of neighbouring units (blocks) 
in the hierarchy of rock structure is close to 3. 
Obviously, this fact explains the hierarchy of block 
units from particles to planets after M. A. Sadovski 
[31: 

Table 1. Distribution of ratio of unit sizes after M.A. 
Sadovski [3]. 

Unit sizes 

0.2 - 20 /.LM 
0.75 - 195 /.LM 
0.75 - 195 PM 
30 - lo00 PM 
14 - 950 mm 
0.54 - 1.8 mm 
0.6 - 2500 m 
4.9 - 420 km 
0.5 - 180km 
60-4ooOkm 

Ratio of 
neighbour to 
average size 

3.31 
3.13 
4.28 
3.34 
2.36 
3.33 
3 .4  
3.65 
3.27 
2.9 

General 
average 

ratio 

3.38 

Using the above derived relationship, it is easy to 
determine the average size of blocks in the enclosing 
rock. At span Lo of coal face and average stress in 
rock mass 0- in stress relief zone, the elastic energy 
can be expressed in the following form: 

4G 
where G - shear modulus. Using the equation of free 
fracturing (1) we obtain the estimation of block size: 

(7) 

where r*- effective surface energy of rock fracture 
including heat loss. 

The process of block structure building in the 
underground rock mass can be shown in the 
following way: The fracturing begins in the zone of 
stress relief. The sizes of blocks along the strike at 
an average cross fracture hi (hi - thickness of slice 
according to concentration criterion (3) is equal 3hn 
because the fracturing process is retarded by difficult 
physical and mechanical properties of slices). 

In every i-slice of enclosing rock there are the 
larger blocks of j-step. Their sizes are: 

Indeed, in the enclosing rock we can note the block 
hierarchy, as  seen in Table 1. 

MODELLING OF GAS-BURST FROM 
CONTIGUOUS SEAMS 

Assume, that for modelling of methane filtration 
through the fractures from the contiguous seam, the 
main part of methane penetrates into the face area 
through the large fractures. We also take into 
consideration the quasistationary regime of filtration 
and that the time factor is considered for 
determination of gas flow through the relationship 
P,(t), where P,(t) - methane pressure in "gas 
reservoir", lying in the contiguous seam (Fig. l), i.e. 
the pressure change rate in "gas reservoir" can be 
neglected. 

Fig. 1. About modelling of gas-burst from 
contiguous seam through fractures in the load relief 
zone 
1 - contiguous seam 
2 - worked out seam 
3 - slice of enclosing rock 
4 - fractures 
5 - outline of stress relief zone 

In this case the gas pressure can be calculated from 
Leibenson equation [4]: 

A(P2) = 0 

where A - Laplace operator. 

through fracture takes the following form: 
One-dimensional equation of gas movement 

where x - coordinate along the fracture; Pn,o - gas 
pressure in the contiguous seam (n) on the boundary 

(i.e. at x = 0); P n,o = 
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of contiguous seam. The pressure value in the n - 
slice can be determined from (1 1) by differentiation: 

(12) p5 . P " , O  

= J- 

Suppose that the length of cross fractures in the n - 
slice is of equal thickness hn, then the pressure and 
pressure gradient in n - slice on seam boundary n and 
n-1 can be determined as following: 

where Pn-1.0 - gas pressure in the slice n-1 on the 
boundary with slice n. 

from surface unit of the first slice in the immediate 
proximity to face can be expressed in the following 
form: 

Using the equations (13) - (20), it is necessary to 
take into consideration that the ratio of effective 
fracture widths (opening) equals the ratio of their 
lengths. Therefore, for slices n and n-1, for 
example, we have: 

l',, h3n 
1 ',,- 1 h3n- I 
-=- 

Taking into consideration the fact that at the transition 
from slice n-1 the width and length of fractures are 
changing, we obtain the formula of pressure gradient 
change slice by slice, using the equation of second 
flow-rate on the slice boundw: 

where h1.2 - thickness of roof slices, m; 12 - fracture 
width in slice 2, m. 

(15) 
where In, In-1 - effective width (opening) of fractures 
in slices n and n- 1 ; 
hn-1 - thickness of (n-1) - slice; 
p - methane viscosity. 

Therefore we have used the deduction of Bussinesk 
[4] for formula (15) to calculate flow in long 
channels with flat boundaries and the circumstances 
that the width of the opening of fractures along the 
strike of slices n and n-1 is equal 3hn and 3hn-1. 

To find the relationship between the second 
methane flow rate in n-slice and surface 9hn (the 
surface of one big cross fracture), so we can estimate 
the effective coefficient of permeability of this slice: 

(16) 
1 3 ,  K"ef = - 

36k  
The effective length of fracture in slice n- I depends 

on slice-by-slice movement in the fracture to the 
fracture, which crosses this slice. Therefore, for 
slices n- 1 and n-2 we have: 

(19) 
- v n - 2  

se k - 

Recurrent system of equations (13) - (19) permits 
to calculate on PC the methane flow at any slice 
number in enclosing rock thickness. Methane flow 

60 
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Fig. 2. Methane flow on surface unit of roof rock 
near the face area at two slices between contiguous 
seam and worked out seam 
P2.0 - pressure of free gas in contiguous seam, MPa; 

1 - h l  = 10 m, h2 = 20 m, 12 = 5.10-4 m; 
2 - hl  = 5 m, hz = 20 m, 12 = 5.10-4 m; 
3 - hl = 5 m, h2 = 15 m, 12 = 5.10-4 m; 
4 - hl = 5 m, h2 = 10 m, 12 = 5.10-4 m. 

Fig. 2 shows the dependence of methane flow on 
one roof surface unit (first slice) near the face area on 
methane pressure in "gas reservoir" in the contiguous 
seam, when two slices are dividing the contiguous 
seam and underworked seam. Results have shown 
that at effective fracture opening (not less than 5.10-4 
m) and rock thickness 15-30 m, gas flow from 1 m 
of roof surface makes a few tens of cubic metres in 
one minute when the methane pressure in contiguous 
seam is up to 10 MPa. 
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Energy balance in an outburst 

Juliusz Topolniclu 
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ABSTRACT: The paper presents results of laboratory investigations on the phenomenon of bursting of a coal 
briquette. Attempt has been made to determine the energy balance of the processes taking part in this 
phenomenon. Consideration has been given to the decompression process of gas deposited in the briquette 
pores and to changes in the kinetic energy as well as the absorption of energy required to overcome the 
resistance of the movement of the stream of crushed material. The balance is expressed as time dependency of 
the energy engaged in the above processes. 

1 INTRODUCTION 

The outbursts are induced and observed in an 
apparatus represented schematically in Fig. 1. It is 
called an outburst pipe. 

P7 P6 F'5 F4 P3 F'2 P1 

Fig. 1. Outburst pipe 

A closed pipe ($ 96 mm, 300 mm in length) 
contains a homogenous porous coal briquette. The 
briquette pores are filled with gas. The pressurc of 
the gas is constant in the entire volume of the 
briquette. If it is high enough, then, after a sudden 
opening of the pipe cross-section at one end, an 
outburst takes place. This phenomcnon of briquette 
destruction advances inside the pipe and is associated 
with the transportation of the briquetk fragments and 
gas towards the end of the pipe. Dcpcnding on the 
briquette properties and the pressurc of gas, this 

process may last from about 10 to 1000 ms. For an 
outburst to take place the pressure of gas inside the 
briquette pores must be high enough to cause its 
disruption. At the same time the briquette should 
retain energy required to sustain the outburst. 

In the further section of the paper the word 
"briquette" will be used to denote that part of the 
primary briquette which at the moment under 
consideration did not undergo destruction. The 
crushed fragments of coal and gas thrown outside the 
pipe will be defined as "stream". The expression 
"pipe" or "outburst pipe" will refer to the above 
described apparatus. Both briquette and stream will 
be treated as one-dimensional objects. The x-axis of 
the reference system is used for the description of the 
outburst parallel to the briquette axis. The origin of 
the system is determined by the position of the 
briquette boundary before the outburst begins. The 
axis is directed towards the outside of the briquette. 

The boundary between the stream and the briquette 
undergoes displacement with respect to the pipe at the 
destruction velocity c ( t )  < 0. At the same time the 
stream is moving in the opposite direction at a 
velocity v (x , t )  > 0. 

The aim of the study was to construct the energy 
balance of the processes occurring during an 
outburst. In the author's opinion the main 
components of the balance are: 
- energy released by gas undergoing decompression 
- energy absorbed at the briquette destruction 
- energy absorbed to increase the kinetic energy of 

the stream 
- energy absorbed to overcome the resistance of the 

stream movement 
The following assumptions are made: 
1. The briquette is homogeneous, of known 

porosity EO, the pressure PO of the saturating gas is 
constant in the whole volume of the briquette. 

. 
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2. The processes composing the phenomenon of 
an outburst, Le.: crushing and transportation of 
destroyed material, take place at the expense of the 
energy of gas available in the briquette pores. 

3.  Inside the outburst pipe, in the course of the 
outburst process, the gas contained in the briquette 
pores becomes released into the newly formed cracks 
and is not released outside. 

4. The stream fragments are arranged as they were 
at the moment they have been torn off from the 
briquette. Older fragments of the stream are at greater 
distance from the briquette boundary than the 
younger ones. 

The assumption that the gas is not released outside 
the stream, when it is still inside the pipe, may raise 
the greatest objections. In the descriptions of actual 
outbursts a characteristic phenomenon is the release 
of considerable amount of gases. Let us consider 
results of a measurement obtained during an induced 
outburst in a coal mine Nowa Ruda on January 28th, 
1990, marked by No 1283, (Krach & Trutwin, 
1991). These measurements were made by means of 
a special measuring apparatus, constructed at our 
Institute and installed in the mine. These results 
represent a very valuable material as there exist very 
few descriptions, of this kind, of outbursts in mines. 
During this outburst 48000 m3 of gases, chiefly C02, 
were released, at the same time 2000 Mg of coal was 
thrown into the mine workings. The entire 
phenomenon lasted for about 300 sec. 

During the outburst, at a measuring station, situated 
at a distance of 1450 m from the outburst place the 
velocity and the pressure of the gases was registered. 
These measurements show that gas release took place 
in two stages at separate moments of time. At the 
first stage, lasting about 10 s, the velocity of gas 
reached the value up to 15 m/s. It was followed by a 
break of about 30 sec, when the velocity of the gases 
reduced to about 4m/s. After the break, the gas 
velocity increased gradually again to reach a value of 
about 12 m / s ,  maintaining this level for about 120 s. 
During the remaining time of duration of the process 
(about 120 s) the velocity of the gases decreased 
gently to zero. Fig. 2 shows the graph for gas 
velocity obtained from above. The interpretation of 
this progress can be as follows. The first short stage 
of gas emission occurs simultaneously with the 
process of destruction of the coal cohesion. Gas is 
pushed into the mine workings by the stream of the 
swollen coal. 

The second, more abundant stage of emission, is 
fed by the desorbtion of C02 from coal comminuted 
by the outburst. The estimation of gas stream during 
the first stage, made on the basis of Fig. 2, shows 
that it represents about 6% of the entire gas emission. 
In absolute values it amounts to about 2900 m3, 
which can be assumed as the volume of the stream of 
swollen coal of a mass of 2000 Mg. This allows the 
estimation of the mean density of the stream to be 
equal to about 0.7 Mg/m3, which is a value 
comparable with the values of the stream density 
observed by the author under laboratory conditions. 
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Fig. 2. Changes in pressure and velocity of gas 
transportation during a real outburst of coal and rock 
in a roadway. 

Another argument in favour of the author's thesis are 
the results of observation on coal briquettes 
destruction in outbursts performed under laboratory 
conditions. In one of the experiments the porosity of 
a stream section trapped inside the outburst pipe was 
measured. The obtained result was compared with 
porosity calculated on the assumption that the 
decompression of gas is of isothermal character. The 
results proved to be concurrent. The cited results and 
their interpretation are consistent with the thesis that 
during the destruction of coal, free gas contained 
earlier in the coal pores is not released outside the 
stream before this stream becomes released into the 
open space. 

2 MEASURING STAND 

The measuring stand has been already partly 
described in the Introduction. The pipe containing 
the briquette is equipped with fast silicon manon?eters 
installed on the side wall every 57 mm. The time 
constant of the pressure measurement system is equal 
to about 1 ms. At its front face the pipe is closed by 
two parallel membranes scpwatcd by a chamber. The 
membranes have been selected such that a single 
membrane can sustain only half of the gas pressure 
which exists inside the pipe. In order to keep gas 
inside the pipe, both membranes must be operating. 
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They are coupled by compressed gas at appropriate 
pressure in the chamber separating the membranes. 
Increase of pressure in this chamber results first in 
tearing-off the outside membrane and next the inside 
membrane which enables rapid opening of the pipe 
end. 

The pressure measurements are repeated each 0.6 
ms and the results are stored in the memory of a 
computer. Before performing the outburst the 
porosity €0 is measured and the uniformity of the 
briquette porosity is tested. This test is carried out by 
measuring pressure distribution in the briquette, 
accompanying the stationary filtration of gas parallel 
to the briquette axis, (Bodziony et al., 1991). 

Fig. 3 is a graphical representation of pressure 
changes as  a function of time for one of the 
experiments and is typical of many other outbursts. 
Each branch of the graph corresponds to one of the 7 
manometers mounted on the side of the outburst pipe. 
Each of them consists of three parts. Until the 
moment t when the briquette boundary passes 
through the point at which the manometer is installed, 
a constant pressure Po is observed. At the moment t a 
rapid decrease of pressure occurs. The slope of this 
jump can be described by an exponential curvc of the 
time constant of about lms. The time constant of the 
measurement system is also equal to about lms. We 
may assume that the actual velocity of pressure 
changes can be defined by a time constant not greater 
than lrns. 

The knowledge of the moments when the briquette 
boundary passes lhe points of installation of the 
successive manometers allows to determine the 
velocity of destruction c(t).  After the pressure jump 
the gas pressure in the stream fluctuates within a 
relatively narrow interval around the mean value 
P(X). 
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Fig. 4. Pressure changes on the side surface of an 
outburst pipe recorded during an outburst Q = 0.245 
Po E 0.45 (MPa) y = 1.61 Mg/m3 (Exp.11) 

For the sake of simplicity, the fluctuations of gas 
pressure in the stream will be neglected assuming that 
after a sudden jump the pressure immediately attains a 
constant value P(x).  

The gas pressure in the stream is a function of the 
position. Outside the area of the outburst pipe it is 
equal to the atmospheric pressure P(x>O, t)=Pa. 
When progressing inside the pipe, a gradual increase 
of gas pressure in the stream can be observed. This 
is the result of increasing resistance to the motion of 
the stream section inside the pipe. It is assumed that 
this resistance depends on the length of the stream 
section inside the outburst pipe x. 

During an outburst the gas filling the briquette 
pores undergoes decompression from the initial 
pressure Po to the pressure P ( x ) .  This is a rapid 
process, lasting about lms.  This observation 
suggests that it can be assumed that the gas becomes 
decompressed i n  an adiabatic way without 
exchanging heat with the surroundings. Such an 
assumption is correct if the time constant of heat 
exchange between the gas and the stream is many 
times greater than the duration of the examined 
process. In the case under consideration, such heat 
exchange occurs through a very large surface area. 
The time constant of heat exchange may be so low 
that the assumption of adiabatic character of gas 
decompression will not be justified. 

In view of such objections, it is assumed that gas 
decompression in an outburst process may be of an 
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intermediate character between adiabatic and 
isothermic. 

3 DETERMINATION OF POROSITY 
DISTRTBUTIONS AND STREAM VELOCITY 

In order to determine energy balance, it is necessary 
to know velocity distribution and density of the 
stream. An analysis of distribution of gas pressure 
allows to define these two distributions. It assumes, 
however, that gas desorbed as a result of briquette 
destruction remains trapped into the stream. 

The density of the stream is a simple function of its 
porosity E(x): 

In a unit volume of the briquette the pore volume is 
EO, and coal volume is ( I - % ) .  The absolute pressure 
of gas saturating the briquette is equal to PO. 

Following the destruction, the pressure drops to 
P(x) < Po. 

The volume of coal remains unchanged and 
assuming that decompression is an isothermic 
process, the capacity of the pores increases to 
EOPdP(X1. 

The porosity of the stream will be equal to 

However, if decompression is an adiabatic process, 
then the porosity of the stream is given by the 
equation; 

where K is the ratio of the specific heat at constant 
volume and the specific heat at constant pressure of 
gas filing the pores of the stream. 

The symbol q x j  without the indices A or I indicates 
the porosity of the stream irrespective of the way it 
has been formed. 

We will follow the motion of the stream slice which 
at the moment t is found at the point x. The mass of 
the stream contained between the briquette boundary 
X(t) and for any fragment considered is given by: 

Taking advantage of the fact that the distribution o 
gas pressure in the stream and thc porosit: 
distribution, which is a function of pressure in tht 
stream, are independent of time, the above formula i: 
transformed so as to obtain the relation betweer 
stream velocity and pressure: 

&[X( t ) l -  Eo v( x,  t )  = -c( t )  
1 - & ( X )  

(4) 

where X ( t )  defines the position of the boundar: 
between the briquette and the stream: 

t 

x ( t )  = Jc( z)dz 
0 

The adiabatic and isothermal processes arc 
distinguished from each other by applying for thc 
calculation of e(x) and e ( X )  in the equations (3b) 01 
(3 a), respectively. 

4 ESTIMATION OF ENERGY RELEASED BY 
GAS IN THE BRIQUETTE PORES 

4.1 Power released by gas at the briquette boundary 

At the boundary oP the briquette and the stream thc 
gas pressure undergoes a jump Prom the pressure PI 
to P[xx(t)]. Let the boundary between the briquette 
and the stream move at a velocity c(t). The volume 01 
a briquette section of the cross-section area S and the 
porosity EO, destroyed during the time dt, is equal tc 
the product Sc( t )d t ,  while the volume of pores 
containing gas in this section of briquette is equal to 
EOC( t jSdt.  The energy WIA(  W ,  t )  and W I I ( ~ ,  t )  
released at the briquette boundary by the expanding 
gas in the adiabatic and isothermal processes, are as 
€allows: 

W,,(X,t)  = SP(x)&,cft)Ln - 

After the time dt this mass will increase by 
-SNI-EO)c(t)dt, [Cft) < 01 leading to the cqualily; 
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4.2 Energy released by gas inside the stream 

In accordance with earlier adopted assumptions, it is 
assumed that after a sudden expansion at the briquette 
boundary, gas rcmains trapped in the stream and is 
being displaced together with it at a velocity v(x,t). 
Gas carried away together with the stream undergoes 
further decompression till it reaches the value of 
atmospheric pressure at the pipe boundary. 

Let us take a layer of the stream of thickness dx, 
which at h e  moment t is found in the position x. 
Aftcr a time dt, this layer, together with gas contained 
in it, becomes displaced by v(x,t) dt. The pressure of 
the gas will simultaneously change from P ( x )  to 
P[x+v(x,t)], and the work done in the adiabatic 
process will be; 

from where, considering (l), after transformation, 
we will obtain a formula for the work performed by 
gas inside the stream. 

In a similar way, for the isothermal process we will 
get: 

5 ESTIMATION OF ENERGY LOST 

5.1 Energy lost to increase the kinetic energy 
acquired by the stream on the briquette boundmy 

The derived equations (4), ( 5 )  permit to define the 
kinetic energy acquired by the stream on the briquette 
boundary. At that point the stream acquires mass at a 
rate 

and the acquired mass is rapidly accelerated to the 
velocity v[X(t), t]. This process enriches ihe kinetic 
energy of the stream with: 

To take into consideration the difference between 
the adiabatic and the isothermal process, one should 

only use the appropriate equations (3a) or (3b) for the 
calculation of porosity . 

5.2 Energy lost to overcome the resistance of motion 
and acceleration of the stream inside the pipe 

We consider a slice of stream of thickness dx. This 
slice, of a mass of S f l I - ~ ( x ) ) d x  is moving at the 
velocity v(x,t). This slice is subjected to the action of 
a force proportional to the pressure gradient in the 
stream. 

From there we obtain a relationship for total energy 
density, enriching the kinetic energy of the stream 
and loss to overcome the friction inside the pipe. 

Intcgrating (9) and putting (4) we get: 

where the transition from the adiabatic to isothermal 
decompression consists in the application of the 
appropriate [(3a) or (3b)l relationships to calculate the 
porosity e(x). 

7 BALANCE OF THE OUTBURST FORCE ON A 
LABORATORY SCALE 

Having at our disposal the results of measurement 
and the presented formulae, we are able to formulate 
the energy balance of outburst under laboratory 
conditions. Such a dynamic balance may have the 
form of time functions describing the changes of 
energies released and absorbed in the processes 
which participate in the phenomenon of an outburst. 
The results of measurements that enable such 
calculations are the records of pressure changes 
measured on the surface of the side of the outburst 
pipe. Fig. 1 is a schematic representation of such a 
pipe. Figs. 3 and 4 show graphs of pressure changes 
registered in two laboratory outbursts of coal 
briquettes. They will be referred to as Exp.1 and 
Exp.11, respectively. Both experiments were carried 
out under similar conditions. 

Since in order to derive these formulae it was 
necessary to introduce some simplifying 
assumptions, it is difficult to assess accurately the 
errors in thc obtained quantities. For this reason the 
author has not undertaken such an analysis, and all 
the results prescnted should be regarded as estimated 
values of the dcrived quantities. The value of energy 
in this and in 1111 othcr graphs refers to lm2 of the 
cross-section a m  of thc stream. 
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Time [ms] 

Fig. 5. Changes in energy released by gas in an 
isothermic process on the boundary and inside the 
stream as a function of the outburst duration [Exp.T]. 

0 20 40 
Time [ms] 

Fig. 6. Changes in energy absorbed by the stream in 
an isothermic process on the boundary and inside the 
stream as a function of the outburst duration [Exp.T] 

Figs. 5 and 6 show the changes, expressed as 
functions of the duration of the outburst process, in 
energies released by the decompressing gas and 
absorbed to induce and to sustain the motion of the 
stream in Exp.1. They have been derived, similarly 
as the other dependencies presented below, from 
relationships obtained in the present study. 

Calculations for these two graphs were carried out 
on the assumption of isothermic character of the 
process. 

Fig. 5 shows two lines. The top line describes the 
energy released on the briquette boundary, the bottom 
line - the energy released from inside of the stream. 
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Fig. 7. Comparison of the total energy released by 
gas and the energy absorbed by the stream to induce 
and sustain the motion. Isothermic process [Exp.I] 

-0 20 40 
Time [ms] 

Fig. 8. Comparison of the total energy released by 
gas and the energy absorbed by the stream to induce 
and sustain the motion. Adiabatic process [Exp.I] 

In Fig. 6 the changes in energies absorbed on the 
briquette boundary and inside the stream are 
presented in a similar way. As it  is seen that the 
energy exchange at the briquette boundary is much 
higher while the intensity of the processes inside the 
stream is much smaller. The dominating intensity of 
the process on the briquette boundary is also clearly 
visible if an adiabatic model is used instead of an 
isothermic one. 

The two'next figures illustrate Exp.1. Fig. 7 shows 
the graphs of the total energy released by gas and 
absorbed by the stream, expressed as a function of 
the duration of the outburst. The calculations were 
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Fig. 9. Comparison of the total energy released by 
gas with the energy absorbed by the stream to induce 
and sustain the motion. Isothermic process [Exp.II] 
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Fig. 10.  Comparison of the total energy released by 
gas with the energy absorbed by the stream to induce 
and sustain the motion. Adiabatic process [Exp.II] 

made on the assumption of the isothermic character of 
the process. Fig. 8 shows the same dependences 
calculated for an adiabatic process. Figs. 9 and 10 
refer to Exp. 11, their contents are analogous to the 
contents of Figs. 7 and 8. 

In all cases, presented in Figs. 7-10, there appears 
a difference between the energy released by gas and 
absorbed by the stream. It is assumed that this 
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Fig. 11. Estimation of changes in energy required to 
destroy lm3 of a briquette as a function of the 
outburst duration. Isothermic (I) and adiabatic (A) 
versions. [Exp.I.] 
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Fig. 12. Estimation of changes in energy required to 
destroy lm3 of a briquette as a function of the 
outburst duration. Isothermic (I) and adiabatic (A) 
versions. [Exp.II]. 

difference is equal to the energy required to destroy 
the briquette. Figs. 11 and 12 show graphs of 
energy required to destroy 1 m3 of a briquette as a 
function of the outburst duration for Exp. I and 
Exp. 11, respectively. Both figures contain graphs 
obtained for the isothermic and the adiabatic model of 
the outburst phenomenon. 
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CONCLUSIONS 

Results of theoretical analysis and laboratory 
measurements show that at the point of initiation of 
destruction of a briquette, the energy released at the 
boundary is far higher than within the stream itself. 
The two energy densities drop rapidly with the 
development of the burst. The energy required to 
sustain an outburst once initiated is much smaller and 
drops rapidly with time. This is true whether the 
outburst phenomenon is considered as adiabatic or 
isothermal. 
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ABSTRACT: Intensification of mining in coal mines leads to quick growth of depth of mining, sharp 
complication of a rock mass mechanical state not only in the surrounding coal seams but in the mine field on the 
whole. Besides, intensity of energetic processes occurring in the surrounding working increases due to 
heterogenity (anisotropy, dislocation, polydispersity) of the rock mass. These factors and other reasons also 
cause sudden coal outbursts and intensive gas emission. The problem of forecasting and control of these 
dangerous phenomena is rather complicated and varied. It is manifested in the analysis of occurrence of 
physical conditions of gasodynamic phenomena, determination of their potential range at the specific mining 
situation and re ulation of mining parameters when considering factors contributing to outburst danger. 

excited mechanical field in stochastic-cluster structure of environment and utilisation of synergetic approach to 
the description of non-uniform gas desorption, diffusion and filtration in "gas-liquid-hard skeleton" phase 
system. The concept of accident theory in the estimation of coal seam outburst danger criterion is proposed. 

The distribution of sudden outbursts focus in stoping (longwall faces) and development workings is given. 
The results are accompanied by large factual material based on Kuzbass mines and other basins of Russia. 

Many ideas and synergetic approach to the problems of sudden outburst and intensive gas emission 
forecasting and control have already been proven. 

It is propose % to create a new model of sudden outburst mechanism, based on contemporary notions of 

1 SYNERGETICAL APPROACH TO THE 
SUBSTANTION OF A SUDDEN OUTBURST 
MECHANISM:- NEW MODEL 

Sudden outbursts in their nature are related to 
powerful geodynamic phenomena in the mining 
industry under which the gas-kinetic effect of 
potential energy liberation from deformed skeleton of 
iissured rock mass ana sorbed gas in pores occurs in 
the form of a destructive work and transports gas coal 
mixture out to the excavation. 

As a rule, these phenomena, their intensity and 
power of manifestation is conditioned by the 
individual structure of the rock mass, its micro- and 
macro-disturbance which determines i ts  
geomechanical properties (Nicolayevsky, 1984; 
Brady, 1969; Vylegzhanin et al, 1990; Lama, 1994). 

In references (Vyleghanin et al, 1990; Vylegzhanin 
and Gritsko, 1994) main principles of synergetic 
approach to the modelling of hazardous geodynamic 
phenomena, including coal and gas sudden outburst 
are formulated. Their essence is as follows: 

(1) The process of disintegration of rock mass 
under gas saturated conditions and effects of its 
natural and man made conditions, with spasmodic 
impulses of energy during sudden outbursts, and 
besides the dissipative-relaxative processes of 
technogenetic influence against the background of 

stochastic processes qualitatively results in new 
effects of "self organisation" and "chaos", 
conditioned by rock mass synergetic properties 
(Vylegzhanin et al, 1990). 

(2) Cluster structure and strength of a fissured rock 
mass causes probable stages of its mechanical 
behaviour, including linear and viscous elasticity and 
viscous plasticity, together with transition to the 
limited entropy of catastrophic destruction. 

(3) Entropy-dissipative processes are as a rule, 
thermodynamically irreversible. 

(4) The character of technogenetic influence on a 
statistically balanced state of a gas saturated mass is 
determined by a cyclic function which shows the ratio 
of sudden velocity of a face advance to the medium 
during one technological cycle. 

( 5 )  The effective statistical strength of a gas 
saturated mass is determined by its scale factor, 
associated with natural disintegration of the zone and 
variation of mechanical properties of rock mass. 

(6) The potential function of the physical state of 
gas saturated rock mass phase has 3 stages: normal, 
critical and catastrophic, which are described by 
polynomial of the 4th degree. 

(7) Gas state of adsorbed phase considering 
polydispersity of a fissured-porous mass is described 
by BET (Brunauer-Emmet-Teller) equation, which 
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allows to describe gas mixture adsorption (for 
example, CH4 and CO2). 

(8) Outburst hazard criteria are estimated 
differentially according to the probability taking into 
consideration "necessary and sufficient" physical 
conditions. 

Analytical Results of Model Utilisation 

The BET equation, describing polymolecular 
adsorption corresponds to the hypothesis of three- 
phase sorption-diffusion-filtration (SDF) model of a 
fissured-porous medium (Vylegzhanin et al, 1990). 
If d, = p/ps equals to the ratio of balanced and critical 
process of adsorbed gas, then BET equation is 
reduced to: 

- + d,(C - 1) (1) 

Here C is a constant associated with the heat of 
adsorption. Taking into account the influence of 
humidity in the system "gas-liquid-hard skeleton", 
we can describe the condition of balance by Thomson 
(Kelvin) equation: 

ln(d,) = 2V,ocos9 / V,RT (2) 

where V, = mole volume of liquid; o = "liquid-gas" 
surface tension; 9 = angle of contact; v, = 
characteristic radius of pore capillary; R = universal 
gas constant; T = absolute temperature. 

Strength of a fissured-porous mass is described by 
the relationship related to the characteristic volume of 
its element w, 

00 - OW) = A(WnV0)'' (3) 

and probability of destruction p (0, t) at the moment 
of time t with tension o(t) is given by 

00 

P(o,t) = 1- [P(t(o*)P(o)do (4) 
(rt 

Here oo = strength of a homogeneous mass sample 
with a volume w (MPa); A and u = mass strength 
parameters charactensing influence of scale effect; 
a*(&*) = tensile stress corresponding to the critical 
deformation E*. Judging by experimental data and 
generalisation for deformation under uniaxial rock 
tension, the function looks like a cubic parabola. The 
Vander Vaals equation for desorbing part of gas is 
given by 

( P + a / V 2 )  (V-p)  = RT ( 5 )  

We arrive at the superposition of a thermodynamic 
potential in the form of Gobbs free energy (Poston 
and Stuart, 1980). 

w(x, p, t )  - 8,x4 +8$ + 8zx (6) 

Differentiating Eq. (6) gives a cubic equation of 
critical state of outburst hazard of rock mass: 
8, = 1/4; 61 = (8t+p)/6): 

~ ~ + 2 6 ~ x + 8 2  = 0; 62 = ( 8 t - p ) / 3  (7) 

Here the thermodynamic potential (Eq. 6) is called 
P.Tom as a disaster assembly potential. 

Estimation of coal seams hazard criteria 

Further, it is necessary to investigate stressed- 
deformed state (SDS) fields of a rock mass in 
connection with gas pressure surrounding the 
exposed surface of an advancing excavation face 
(Vylegzhanin et al, 1990). 

In accordance with Vylegzhanin et  al, 1990, SDS 
ahead of a development working as an outburst 
hazard object is described by the matrix equation of 
the kind of 

(8) 
- 
Goo = qJ+q2B 

where tension ?foe vector has three components of 
additional tensions; vector-columns A, B are 
determined by an angular parameter; tension intensity 
coefficients depend on the radius r and are determined 
through parameters of a bearing pressure zone ahead 
of the working. 

For displacement functions (u, v) matrix equation is 
given by 

-- 

:) = w,(v)Al + w2(r)El (9) 

Here wl(v), w ~ ( v )  are displacement intensity 
function; X,, E, are vector columns relating to 
angular parameter. 

Gas pressure distribution near by a moving 
exposed surface of a seam is described by the 
differential equation 

On the basis of a system (Eq. 8 - Eq. lo), these 
determine power and gas-kinetic characteristics of 
outburst hazard of a development working 
(Vylegzhanin et al, 1990). In particular, the outburst 
hazard condition of a horizontal working is 

where P, V. T = pressure, volume and temperature of 
the mass cluster; a and p = physical constants. 
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where 5 = (3.5-4.0) is a coefficient of a working 
section; m is fissured porosity of the mass behind the 
zone of influence the working; Sn is the working 
section. 

So, correlation of gas pressure Po and coal shearing 
strength T~ determine outburst hazard conditions. 
Along the working route s, values u(s) = are 
occasional. Probability of origin of outburst 
hazardous situation for a normally stationery process 
with occasional changes of parameters is equal to the 
integral 

(12) 
1 s  

Q(u) = - ~ S ( S , U ) ~ S  
s o  

where S(s,u) is an auxiliary occasional function, 
which is definite along the whole working length S 
for critical correlation. 

Owing to the fact that occasionally the process is 
stationary and normal, the integral (12) is given by 

It is evident that each hazard category may 
correspond to a certain interval of reliability degree 

It allows to take an objective idea in the estimation 
of sudden outburst hazard category for the specific 
seam sections. We recommend the following 
correlation between categories of outburst hazard and 
reliability degree (based on probability): 

DO(5) (Eq. 14). 

I rI III N 
1 .ooo 0.850 0.3 13 0.000 
0.850 0.313 0.1 15 0.042 

Moreover the most important circumstance in the 
current outburst hazard forecast is the necessity to 
consider the influence of ways and parameters of coal 
seams development technology (Vylegzhanin et al, 
1990). 

CONCLUSIONS 

whereby Cg (x) is Laplas function with occasional 
correlation dispersion (Eq. 11). 

On the basis of a model developed for sudden 
outburst, 6 factors in order of importance are 
arranged as follows: they determine seam outburst 
hazard complex criterion, namely; K,, = coefficient of 
stress concentration; H = depth of mining, m; H* = 
critical depth of outburst origin, m; T~ = shear 
resistance, MPa; K* = parameter of coal seam 
plasticity, MPa; Ey = deformation modulus, MPa; XI  
= width of plastic zone, m; 2h = thickness of seam, 
m; D(z,) = shear resistance dispersion, (MPa); N,Po 
= active gas pressure, MPa; tensile strength, MPa; 
dip angle of seam grades. 

In "Vladirnirovsky" seam (mine "Severnaya" , 
Severo-Kuzbass Ugol") degree of outburst hazard 
reliability at R, = 1.03 is Do = 0.494. In general for 
Kuzbass seams it is given by 

D,(v) = 1-exp ) (14) 
1 + 3.7 Rx4" 

where R, is radius: correlation of identification. This 
estimation allows to differentiate seam sections 
according to outburst hazard degree. 

2 PRACTICAL GENERALISATION OF 
RESULTS 

The above analytical concepts present theoretical 
generalisation and fully describe sudden outbursts as 
geodisasters from the position of synergetic 
approach. The stated method found practical 
utilisation for regional forecast in Kuzbass mines. 
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In practical manuals on outburst hazard estimation, 
seams with different hazard categories (degree) are 
divided into the following: 1 - sections of increased 
hazard; 2 - sudden outburst hazardous sections; 3 - 
sections which are not immediate outburst hazardous; 
4 - sections safe from outbursts. 
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oinplex methods to determine zones liable to sudden outbursts during prospecting and mining 
f gassy coal seams. 

rofessor I.V. Sergeev, Dr.Sc.(Tech) and B.M.Ivanov, Dr.Sc.(Tech) 
ochinshy Instituie ofhfining, Lyubertsy, Kussin 

BSTRACT: Greater depth of mining and speed of development driving results in greater number of coal 
:ams liable to outbursts. A concept for coal and gas outbursts prevention worked out in Russia provides the 
ain idea and a practical combination of a reliable forecast of the zones liable to outbursts with opthum 
irameters for the technological impact on the mining of gassy coal seams. 

The main idea for a reliable forecast of the coal seam zones liable to outbursts allows a complex estimation 
‘the potential outburst hazard outside the mine development impact zone depending upon the geological and 
:ophysical investigations of the prospecting boreholes and true outburst hazard as a h c t i o n  of the potential 
itburst hazard and energy capacity and its effects upon the technology of the development of faces. 
Main idea of complex forecast can be developed by forming a criteria for the outburst hazard which is a 

nction of the basic outburst hazard factors conditioned by the energy-power theory for sudden outbursts. In 
j, turn the basic outburst hazard factors are considered as a function of empirical outburst hazard indices 
hich make it possible to determine the forecast criteria on a statistical basis by using computers and the image 
coguition theory. 
It is possible to develop a regional (geological prospecting) and a local (periodical - in the development 

ces) forecasts of the outburst hazard zones, and besides, on the functional basis of these forecasts $ is 
xsible to determine the reduction degree for gas content and gas pressure on applying anti-outburst 
easures. 
Resorting to the seismoacoustic (apparatus ZUA type) and gas-dynamic (methane-control equipment) 

itomated forecasting makes it possible to continuously control the reactions of the near-face rock mass to the 
clwological influence. The information through the telemetry reaches the mine computer at the switchboard 
id with the help of a special program it is translated into a forecast result for the given period of time. In 
ture the automated means for the outburst hazard zone forecast will become a component for the automated 
Iutrol of the technological processes. 

idden gas and coal outbursts are associated with 
m y  coal deposits of rather well developed plicated 
id nonuniform discontinuity of mine coal seams 
hich are characterized by an average degree of 
etamorphism and great inhomogeneity of 
imposition, structure and properties of coal-bearing 
ickness. 
Mining and technical conditions as well as 

chnology for mining of gassy coal seams are 
xisive in the determination of formation of a 
tuation Liable to sudden outbursts. Gas locked in 

coal seams, mining pressure, structure and physical 
and mechanical properties of coal in seams provide 
for the manifestations of sudden coal and gas 
outbursts. 

A general view, analogous to a statement of 
academician A. A. Skochinsky, the sudden outbursts 
hazard of the coal seams zone B can be demonstrated 
in the following way 

B= Y (P, D, M, CY ) 
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Where 
Y' fimction symbol (sign) 
P gas component 
D rock pressure index 
M coal seam stability index 
B index depending ou inhomogeneous 

properties of coal-bearing thickness and on reaction 
of rock mass around coal face to technological 
action. 

The up-to-day level of development of coal and 
gas sudden outbursts theory as well as analysis of 
introduction of results for practical forecast methods 
in collieries have made it possible to lay foundations 
for the following principles of forecasting of zones 
liable to sudden outbursts. 

As a general expression of theoretical model of 
sudden outbursts hazard criterion (Eq. 1). must 
comply with the physical ideas about the reasons and 
mechanisms of sudden outbursts and determine 
concrete parameters of sudden outburst hazard. 

The forecast is carried out on the basis of 
experimental (instrumental) determination of a 
complex of parameters (or some indirect signs to 
characterise them) or a sum-up of complex parameter 
to represent the theoretical criterion of the model. 

In our case the parameter P of gas component 
may be characterised by the following signs: 

Where 
p gas pressure 
x gas content 
g 
gs specific gas release (per 1 tonne of coal) 

The rock pressure index D can be characterised by 

gas release from a fixed section of borehole 

during advance of development face. 

the following signs: 

Where 

x 
y specific weight of rock 
h 
hi enclosing rock characteristics 
f i i  

stress and strain concentration coefficient 

depth of mining (seams cross section) 

maximum stress and strahi zone 

(4) 

Where 
rn seam thckness 

f fiction coefficient along contacts of seam 
and rock 

V . 1  constants depending on inner friction angle 
k coal adhesion coefficient 

The value In is calculated according to the Eq. 4 
or it is determined experimentally as the distance 
fiom the edge of coal face to the point of maximum 
strain concentration. 

Coal seam stability index M is characterised by the 
following: 

M= % ( k ,  m, C, R )  

Where 
c 
R coal breakability, mm-1 

number of layers in a coal seam 

Where 

pi mass of the i-th fraction 
di average diameter of the i-th fiaction 
Index of inhomogeneous properties of coal- 

bearing thickness as well as reaction of near-face 
mass to the technological effect cr in a generalised 
form is a fimction of In and t (time since the 
beginning of the techiiological cycle). 

Determination of outburst hazard forecast criteria 
is carried out on the basis of complete and final 
number of parameters. 

Experimental study of the complex outburst 
hazard parameters in mine (or indirect signs to 
characterise them) makes it possible to statistically 
choose the values of the parameters fiom the seam 
know1 beforehand as liable to sudden outbursts or 
safe. 

Mathematical statistics methods provide a 
possibility of estimating statistic information 
importance of the parameters with the reliability as 
well as making of final choice of their value. 



The methods of experimental determination of the 
outburst hazard parameters must meet the following 
requirements: 

- fail-safety i.e. a possibility of measuring all 
100% of parameters under various mining and 
geological conditions of the coal seam extraction, 

- stability i.e. repeated identical measurement of 
results at one and the same point (it is estimated by a 
value opposite to the parameter of variation 
coefficient), 

- technological ability i.e. a minimum waste of 
time for the measurement (it is estimated by a value 
opposite to the sum of labour required for the 
measurements in madhour and time of measurement 
in hour). 

The equations to calculate the outburst hazard 
criteria are determined 011 the basis of the 
mathematical treatment of the results of experimental 
measurement of parameters resorting known 
methods of mathematical statistics and the theory of 
image recognition, computer programmes with 
modern computers. 

Objects of the industrial investigations of the 
indices which are included in Eq. 1-5, are districts of 
geological, prospecting operations, development and 
coal faces, drawn fiom both safe seams and seams 
liable to sudden outbursts. 

So investigations on rock samples as well as the 
data obtained fiom the gas-core-samples for 
geological prospecting in the safe coal seams and 
seams liable to sudden outbursts have made it 
possible to determine a complex index of the 
outburst hazard in the following way (regional 
forecast) 

x -x,y B =- ( R  +2.2m + 1.2C +O. 00% +O. 36J) 

( 7 )  
X 

Where 
X,, residual gas content of given type of coal, 

cu.m/t 

x average gas content of given type of coal, 
cu.m/t 

Provided B>15, the coal seams belong to those 
liable to sudden outbursts, but when B<15, they are 
safe (not hazardous) . 

Parallel with it, using geophysical methods of 
investigations for prospecting boreholes made it 
possible to considerably widen and expand our 
knowledge about the difference between the safe 
zones and zones liable to outbursts in coal seams as 
well as to develop a new forecasting method for the 

- 

zones liable to sudden outbursts according to the 
geological and geophysical data of the coal 
prospecting boreholes in the shape of "An 
informational-forecasting systems of coal seam 
outburst hazard! and a package of programmes 
which make it possible at the end to draw the 
forecast-maps of the outburst hazard zones 
automatically. 

In the general task of finding out the outburst 
hazard during forecasting, it is supposed that in the 
area to be investigated there are two or more classes 
of objects described by some complex signatures. 
For example, outburst-hazardous in liable to 
outbursts and safe mine seams as well as the 
dangerous and safe zones in the seams liable to 
outbursts. When finding out and recognising them 
they resort to au optimum complex of geological and 
geophysical indices. Out of the geological 
parameters that gives the most information are 
included in the Eq. (7) .  

Registration and preliminary treatment of the 
geophysical data out of which the indices are formed, 
is carried out according to the commonly used 
methods. 

There are two types of recording of the 
geophysical diagrams; 

general and detailed. 
The general diagrams of the complex with a depth 

scale of 1:200 are to be recorded along the entire 
length of the borehole and are used to point out coal 
seams as well as the lithological division of the 
borehole cross-section. 

The detailed diagrams of the complex with a 
depth scale of 1:20 are to be recorded on the 
intervals of the working coal seams which have been 
pointed out beforehand in the general diagrams of the 
complex, and are used for a detailed study of 
structure, depth of occurrence, thickness, seam 
structure and qualitative characteristics of coal. 

The following basic (most widely spread) 
geophysical methods included in the standard 
complex as well as their diagrams are used: 

- measurement of electric properties by the 
apparent resistance methods KSGZ, KSrz, recorded 
correspondingly with the help of the gradient and 
potential probe (initial diagr. pk and pk type,ohm m) 

- gamma-logging Jy (diagrams of intensive 
natural gamma-radiation) 
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- dense gamma-gamma-logghg (diagrams of 
intensity of scattered gamma-radiation J y p ,  imp/&) 

- cavity-measuring KM (diagrams of borehole 
diameter changes, Adc, mm). 

Analysis of data fiom the general and detailed 
complex diagrams of geophysical measurements 
makes it possible to choose the initial values for 
Werent lithotypes as maximum, minimum, and 
average values of parameters and their range (R) (the 
Werence between the maximum and minimum 
values). So, for a coal seam, roof and floor 20 initial 
indices of outburst hazard for each are determined. 
Additionally by a known method we determine as 
initial indices of the forms (complex of graphical 
image) of logging diagrams. With the help of the 
recognition algorithms, computer builds up a solving 
rule which makes it possible to attribute any object - 
in our case it is a borehole of a group of boreholes 
described by the same complex of indices - to one of 
the classes considered. As solution of the forecast 
tasks is based on resorting to methods of analogy, 
then available standards objects i.e. the data of well- 
studied boreholes undermined with workings, are 
obligatory. A criterion for attributing a borehole 
crossing coal seams to this or that class might be its 
position not far (50-150 m) fiom an outburst or fiom 
an outburst hazard dislocation. The final results are 
printed by a computer as variants for forecasting 
maps of sudden outburst hazard zones. 

When driving the development and mining 
workings the regional forecast results are taken into 
account and a complex of investigating the outburst 
hazard indices after a certain period of time (local 
forecast) is camed out. 

The sudden outburst hazard of the local seams is 
estimated with the help of a certain value of the 
complex index of outburst hazard as follows: 

B=0.5( l + @  tb) 
Where 

cumulative probability integral with tabulated value 
t=tb 

where 
f;: generalised index of strength with coal seam 

layers disturbance taken into consideration, 
bi generalised structural index with seam 

thickness taken into consideration 
and 5 ; q , a ; p, y, a 1  and p l  are empirical 
coefficients to characterise respectllly the seam 
outburst hazard of various deposits, discontinuity and 
seam structure; character of seam friction with rocks 
and between layers. The coefficient values are given 
in the table 1. 

According to the values PA and R/IA there is 
drawn a nomogram to determine the complex index 
B whose value changes fiom 0 to 100. When B < 
22 the seam is safe as far as sudden outbursts are 
concerned. When B 2 22 they are liable to sudden 
outbursts. 

According to the Eq. (8) for the safe seams, it is 
possible to calculate the expected depth of mining 
liable to outbursts. 

Analysis of distribution of 74 seams of Donetsk 
coalfield which has had 624 sudden outbursts of gas 
and coal according to the value B of the complex 
index of outburst hazard as well as the density of 
outbursts (i.e. ratio between the number of outbursts 
(n) and mined - out seam area (S)) indicates that 
there is a close interconnection between B and n/S 
(the correlation ratio exceeding 0.67). Thus, B 
reflects the degree of coal seam outburst hazard. 

Investigation of the gas emission character during 
roadheading operations cycle with the help of the 
methane control instruments (running forecast) with 
a resultant display on the mine computer allowed to 
work out the criterion K of separation of the safe 
and hazardous zones. Criterion K is determined 
according to the formula: 

82 



Table 1 

m e r e  
th cycle of coal seam extraction, cu.m/t, 

gi volume of methane emitted during the i- 

T Q  

" 100 

faces) with a total advance exceeding 7,000 m during 
which there were 13 outbursts provoked by blasting.. 
Error (when in K is in safe zone and there was a 
sudden outburst) reaches 7.7 % while error (when in 
Kv value is in hazardous zone and there was not an 
outburst) reaches 20 per cent. 

gi = c+ci -C,) 
( l o )  

Q, air consumption at the point of measurement 
in working cu.m/min 

CONCLUSIONS Ci methane content in outgoing airflow during 
coal extraction, % 

C @ background methane content,% 
T 

t, runningtime,min. 
g 

n 

time of meaningfd reaction of coal seam for 
mining operations, min 

average volume of methane emitted during 
coal extraction at a interval, cu.m/t 
number of extraction cycles for the interval 
(n=20). 

When W0.7 it is possible to state with a 
probability exceeding 0.98 that the coal face has 
entered the outburst hazard zone. The industrial 
check of the automated method running forecast has 
been carried out in nine Donetsk collieries (in 28 coal 

In conclusion it is to be pointed out that a complex 
combination of the regional, local and running 
methods of forecast proposed by the authors of this 
paper, alongside with other developments 
considerably increase the reliability of safe driving of 
workings in coal seams liable to sudden outbursts. 
Progress of the automated method of forecasting the 
outburst hazardous zones in near future makes us 
sure of a possible automated control of the 
technological processes connected with the coal 
seam zones with different degree of outburst hazard. 
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me structure of fault zones in relation to outburst proneness 

John Shepherd 
Shepherd Mining Geotechnics (Aust) Pry. a d ,  Kiama Downs, NSW, Australia 

ABSTRACT: This paper examines some new aspects of normal and strike-slip fault zone structure in relation to 
gas outbursts. Worldwide experience has shown that faults formed by crustal contraction in essentially 
compressive stress regimes can be the loci for outbursts. Such faults are typified by strike-slip, re-activated 
normal in strike-slip and thrusdreverse movements. Depending on the tectonic setting of these faults, they may 
also be earthquake prone and rockburst prone in deep metal mines. Fault zones are segmented, each segment 
has an end (tip) point with a stepover to another across an intervening relay ramp. Various features can be 
mapped along strike-slip fault zones including conjugate shear planes, bends, joints and bedding (seam) dip 
changes. Displacement-distance (d-x) graphs can be plotted to characterise faults. High displacement gradients 
in some segments can be related to relay ramps and reactivated movements. A structurally-based outburst 
proneness index on a scale of 1-5 is proposed related to these features. Detailed mapping is essential to identify 
fault zone structures and assess outburst proneness. Research is needed close to faults to measure the stress and 
gas regimes in the structural context of the site. 

1 INTRODUCTION 

Worldwide and local experience has shown that 
approximately 90% of instantaneous outbursts have 
been associated with geological features of some type 
(Shepherd et al, 1981 and Hanes et al, 1983). 
Recently Hargraves (1993) has also concluded that 
faults and dykes increase outburst proneness. In 
Australian coal seams, contractional faults have been 
especially prone to outbursts. This paper attempts to 
explain some features of fault zones that have been 
identifed in the last decade of geological research and 
that are deemed to be relevant to an improved 
understanding of outburst proneness and mechanism. 
In particular, variations in  the detailed structures 
along the length of strike-slip faults are discussed in 
relation to outbursts. 

2 NATURE OF FAULT ZONES 

Faults are universally segmented at all scales (eg. 
Tchalenko, 1970 and Walsh, Watterson & Yielding, 
1990) and generally form zones. Isolated faults are 
relatively rare and in most eastern Australian 
coalfields normal and strike-slip faults far outnumber 
thrusts, although there are some notable exceptions. 
The analysis in this paper applies to normallstrike- 
slip fault systems. However, both thrusts and strike- 
slip faults have proven to be outburst-prone (Figure 
1). 

THRUST FAULT STRIKE - SLIP FAULT 
NON-OUTBURST 

PRONE SEAM WITH 
NOFMAL FRACTUYES 

-\ OUTBURST / 
PRONE COAL WITH 
NUMEROUS FAULT 
RELATED SHEARS 

Figure 1. Contractional faults commonly associated 
with coal and gas outbursts. 

In Sydney Basin coalfields there is widespread 
evidence of the interaction of normal and strike-slip 
faults. Mapping results have shown that multiple 
movements have occurred in fault zones (Shepherd, 
1990; Lohe et al, 1992 and Peacock and Shepherd, in 
prep.). Numerous normal faults have been 
reactivated in strike-slip motions and there is also 
evidence of later reverse movements on some normal 
and strike-slip faults (Poppitt, 1992 and Shepherd 
and Gordon, 1993). 

The principal parameters of fault zones are given in 
Figure 2. Recent work both locally and overseas has 
shown how faults vary along strike (Swanson, 1990; 
Peacock and Sanderson, 1991, 1994). Faults are 
also related to bedding (coal seam) dip changes 
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caused by associated deformation across the fault as 
well as along it (Figure 3). 

I 

OF SETS 

S 
ORIENTATION 

Figure 2. Fault zone parameters. L is segment length, 
S is spacing, D is dip angle direction and 
displacement, R i relay ramp, T is tip (end) point,@ 
is left overstep, 8 is right overstep, P is pitch angle 
measurement for fault plane striations and 0 is 
segment overlap (may also underlap). 

FOLDED SEAM 
ONTOUR LINES 

I \- TIP LINE 
\ 

\ 

Figure 3. Block diagram of overlapping (normal) 
fault segments and a relay ramp displacing a coal 
seam (the seam dips down the relay ramp). 

At segment transfer localities (relay ramps), rapid 
changes in vertical displacements occur termed a 
displacement gradient. At some point along a fault a 

maximum displacement is reached ( d m x ) .  Faults 
can be analysed using displacement-distance data and 
d-x graphs drawn. Such graphs show different 
profiles and Peacock and Sanderson (1991, p.1027) 
have classified these into 5 types. Generally, when 
this is performed, the data are normalised by plotting 
displacement at a point, divided by the maximum 
displacement versus distance from an end point 
divided by the total distance (length). All the values 
then lie in the 0- 1 range for comparison purposes. 

Vertical displacement (also termed throw) can be 
formed in several ways. It should not be 
automatically assumed that it is caused solely by a 
normal movement. It may have formed by a 
combination of vertical and horizontal (oblique-slip) 
motion or almost strike-slip. If the latter is the case, 
then the horizontal displacement can be easily 
calculated: 

estimated horizontal displacement (h) = v/sin9 

where v = measured vertical displacement, and 
0 = measured pitch angle of the fault plane striations 
in degrees, 

The recognition of this is important for outburst 
assessments, because if faults are incorrectly 
identified there may be hazardous consequences. 

2.1 Fault displacement-distance data 

The use of this information depends upon the full 
length exposure of a fault in the workings from tip to 
tip. In many cases one end point is never mined and 
is out in the virgin coal. If the data sets are 
incomplete, one end of the fault can be used from the 
tip to the point of dMa.  For this study some fully 
exposed faults from West Cliff and Metropolitan 
Collieries have been re-analysed from data in 
Shepherd et al(1989). 

In Figure 4a, the raw displacementldistance (d-x) 
data is plotted for two West Cliff NW trending, 
normal faults that disrupted longwall extraction. The 
first point to note is the huge disparity in lengths. In 
the case of the Sawpit Fault where d-= 21m, there 
is a long segment (SI) of low displacement followed 
by three other segments similar to the 1Om fault. S1 
is almost pure strike-slip, whereas S2-S4 are 
oblique-slip. If these data are normalised (Figure 
4b), it appears that both fault segments have an M- 
type profile and a strike-slip “tail” segment on the 
south-east end. 

The faults in Figure 5a show 5 strike-slip 
examples, one showing a D-type profile and the other 
four, E-type profiles (see Figure 5b for explanation). 
dMAX for these faults is <l . lm.  A marked 
asymmetry about dMU is present. It is suggested 
that these profiles represent fairly typical Southern 
Coalfield strike-slip faults. A much larger study is 
underway of d-x data for Sydney Basin coal seam 
faults (Shepherd & Peacock in prep.). 
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Figure 4. Displacement-distance (d-x) graphs for 2 
West Cliff Colliery normal faults. a. true length 
graph and b. normalised graph. Note the high 
displacement gradients of both faults. 

3 VARIATION ALONG A STRIKE-SLIP FAULT 

Detailed mapping carried out in the late 1970's 
together with recent work has enabled a partial 
description of a typical Bulli Seam strike-slip fault 
zone with various features identified and old data re- 
interpreted. Significant features occurring along 
these zones are conjugate faults, variable amounts of 
gouge and shearing, relay ramps at oversteps and 
contractional and releasing bends. 

Overall distribution of these features can be drawn 
as a summary map as in Figure 6. To support this 
model some detailed mapping results are included in 
Figure 7, after Shepherd and Creasey (1977). 

It seems likely that the highest density of shearing 
(minor conjugate, strike-slip fault planes ) occurs at 
relay ramps where the deformation has progressed 
from tips to fracturing (see Figure 6). It follows that 
these areas of the seam will be affected by larger 
volumes of gouge and weaker coal. At intervals 
along a fault segment, small bends occur (generally < 
lm in length) that may be extensional or conaactional 
(Figure 7). 

The configuration of the coal seam and overlapping 
faults at a relay ramp is given in Figure 8. There are 
a number of permutations, some described by 
Peacock and Sanderson (1994). 
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Figure 5. Normalised displacement-distance (d-x) 
graphs for strike-slip faults. a. five faults at 
Metropolitan and Coal Cliff (disused) Collieries, 
central profile is D-type, four outer profiles are E- 
type. b. after Peacock (1991, p.1027) showing the 
classification of d-x profiles. 

3.1 Gouge 

The mechanical structure of gouge is not well 
known. Various British studies (e.g. Evans & 
Brown, 1973, and Pooley, 1968) examined sheared 
anthracite from South Wales, but the geology of the 
sites was unclear. Rixon et al (1984, p.51, Fig. 2), 
counted microfractures in Bowen Seam coal from 
Collinsville close to thrust faulting and showed that a 
dense network of <lmm spaced fractures existed. 
However, in general, the properties of gouge and the 
gas parameters need further research. 
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Figure 6. Features found along a typical Southern 
coalfield strike-slip fault zone useful for assessing 
outburst proneness. 

Figure 8. Generalised sketch map of a segmented 
dextral strike-slip fault and a relay ramp showing 
seam floor level contour ranging from 6 (lowest) to 
10 (highest elevation). 
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Figure 7. Detailed map of a West Cliff strike-slip fault zone based on Shepherd and Creasey (1977). The fauli 
zone illustrates a variety of features and a relay ramp detected from the seam floor levels. 
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4 FAULT ZONES AND OUTBURST 
PRONENESS 

< 

The presence of a strike-slip fault ahead of a blind- 
ended heading produces one of the most complex 
situations to be understood in strata mechanics. The 
environment is subject to higher stresses, a reducing 
‘‘pillar” of cleated coal between the face and the fault 
and interactions of factors influencing the gas 
behaviour including, permeability, porosity, pressure 
and rate of desorption. Just how all these factors 
interact will ultimately explain the outburst 
mechanism at a fault and yet despite decades of 
research, attempts to gather a co-ordinated stresdgas 
data set close to faults has either not been attempted 
or thwarted by lack of foresight and funding. 

The variability of the fault zone itself outlined 
above also complicates a mechanistic explanation, but 
it should provide a “framework” for carefully 
planned research. It is proposed that the features 
along a fault can be used to assess outburst 
proneness (see Table 1). 

‘0.2 

. x  
0.2 

Table 1. Proposed structural proneness index (1-5) 
For a strike-slip fault (refer to Figure 6) 

I Fault proneness index I Drivage into various 
value 

5 (most prone) 
failt features 

relay ramp, conjugates 
and tip 
sheared coal, conjugates 
contractional bend 
releasing bend 
joint-type tip 

Some time ago, Shepherd et a1 (1984, p.97), and 
Blackwood (1984) developed a hypothesis based on 
the “dynamic” concept of outbursting utilising the 
interaction of stresses and gas. The hypothesis took 
account of drivage direction, the fact that at West 
Cliff outbursts occurred 2-5m from a fault, and the 
theory that energy must be stored in the coal “pillar” 
or block ahead of the face for violent failure to occur. 
An energy balance theory was proposed, the details 
of which are given in Shepherd et a1 (1984) and 
Blackwood (1984). To support these ideas the stress 
and gas behaviour needs explanation. 

4.1 Stresses 

Inferred faulting stresses have been analysed by 
Chinnery (1966) and Segall and Pollard (1980, 
p.4342-4345). It is well known that stress 
concentrations occur at fault segment tips and the 
directions of “secondary” or conjugate faults can be 
predicted (see Figure 9). Such stresses would pre- 
date the development of and be modified during 
strike-slip faulting as relay ramps or other transfer 
zones form. A similar pattern is probable if the crust 
is re-loaded in later stress fields depending upon their 
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Figure 9. State of stress (normalised by far field 
average stress) at overstepping faults in plan view 
(after Segall and Pollard, 1980). a. left stepping case 
showing distribution of mean stress 1 / 2 ( ~ 1  + q), b. 
stress configuration c. idealised conjugate 
(secondary) faulting perpendicular to 01. Contour of 
shear failure condition F for left overstep case where 
F = 1.0 and 2.0. 

orientation. It is also instructive to consider 
Isaacson’s (1962) analysis and adapt this to local 
conditions (Figure 10). A controlling factor is likely 
to be the gouge zone along the fault segments. 
Gouge is a very weak, low modulus material 
incapable presumably of transmitting high loads 
without confinement. Therefore, as a heading 
approaches a fault, a substantial (lateral and vertical) 
stress build-up must occur and this has to be stored 
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in the “pillar” or block ahead of the face. A 
concentration factor in the range of 3-4 is probable. 

Gouge can be related to the detailed structure in the 
fault zone (Figure 11). Where relay ramps and/or 
conjugate shears are approached during mine 
development, then outburst proneness will increase. 
This is because at relay ramps and near fault tips, 
stresses will increase. So the stored energy in the 
coal and gas pressures (due to a decrease in 
Permeability) and desorption rate are also likely to 
increase. 

Figure 10. Hypothetical sketch plan of a dextral 
strike-slip fault prone to outbursts. Contours are 
lateral stresses, concentrated as a heading approaches 
the fault. Shaded area is highly stressed, low gas 
permeability zone pre-existing outburst conditions. 

GbS 

SHEAR SURFACE 

GAS 

Figure 11. Sketch diagram (3-D) of a sub-vertical 
gouge zone in a Bulli Seam strike-slip fault (not to 
scale). Gouge has a variable particle size (usually 
<2mm) and contains closely -spaced shear fractures. 
High gas contents are present in gouge, the margins 
of which act as a gas “seal”. 

4.2 Gas behaviour 

The behaviour of gas is crucial to outburst 
proneness. Some worthwhile data have been 
published on increased pressures close to faults 
(Figure 12a) and of high gas flows into boreholes 
through faults (Figure 12b). However, cleat 
anisotropy is also a factor affecting permeability and 
desorption rate at the face. Higher stresses reduce 
permeability by closing cleats (Paterson, 1986, 
p.327). The cleats are usually at an acute angle to the 
fault zone and this produces a face-on or half-on 
zundition. not conducive to gradual desorption. 
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Figure 12. Measured gas regimes near faults. a. 
pressure changes near a strike-slip fault at West Cliff 
Colliery (after ‘Hanes et al, 1983). b. cumulative 
incremental flow curves from Leichhardt Colliery 
(abandoned) after Gray (1982). 
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An important matter also mentioned above in 
section 4.1 is the gas regime in the fault and sheared 
zone itself. For instance, there are a number of 
questions: 

1. Is gouge (mylonite) very porous? 
2. Is the sheared margin of the gouge 

impermeable? 
3. Does the gas migrate readily through the gouge 

along the fault zone segment equally in all directions? 
4. Can lower seams be tapped via fault channel 

ways? 
Some recent work in the oil industry by Knott 

(1994) suggests that (i) fault zone width is 
proportional to zone displacement and (ii) porosity 
and permeability to oil is reduced in a fault zone. 
This supports the idea that a fault is a domain barrier 
to hydrocarbons in much the same way on a much 
smaller scale as shown for CH4 by Gray (1982) and 
in Figure 12b . 

The fact that multiple headings crossing a fault are 
subject to outbursts and gas drainage holes have to be 
drilled at relatively close intervals, suggests that 
lateral gas migration in a fault is somewhat limited 
even during an outburst event. 

ACKNOWLEDGEMENTS 

Research on coal seam faulting progressed over 
many years at CSIRO and ACIRL. I am grateful for 
financial support from the ACA at ACIRL during 
1987-89 for a project entitled “Develop and improve 
methods of forecasting faults to assist underground 
mining”. Later on (1991-93) further support at 
ACIRL was provided under the NERDDP program 
Project no. 1588 with Dr Peter Hatherly and Mr Nick 
Gordon entitled “Integration of methods for the 
prediction of faulting”. Subsequently, during 1993 
financial support for Shepherd Mining Geotechnics 
(Aust) Pty Ltd has been provided by Kembla Coal 
and Coke and BHP Steel Collieries - Technical 
Services and I am especially grateful to Messrs 
Richard Walsh and Jeff Wood. Dr David Peacock 
from the Department of Geological Sciences, 
University of Plymouth (UK) worked with me for 
one month in September 1994 on a “distinguished 
geologists” travel grant from the Geological Society 
of London and to David I especially owe a substantial 
improvement of my knowledge of fault behaviour. 
Strata Control Technology Pty Ltd drafted the 
figures. 

5 CONCLUSIONS 
REFERENCES 

New methods are now available for analysing fault 
zones relevant to assessing outburst proneness and 
making forecasts during development work. These 
include: 
- d-x profiles for fault segments to analyse 
displacement and segment lengths. 
- disposition of segments, overstep relay ramps, 
fault bends and conjugate structures. 
- importance of detailed and regular underground 
mapping to build up a data base. 

Variations along fault zones are caused by the 
spatial arrangement of segments, relay ramps, 
conjugate faults, changes in gouge width and 
bends. 

Outburst-prone areas of a strike-slip fault can be 
classified (i) most prone: the narrow relay ramps 
where conjugate shearing is present. (ii) more 
dispersed conjugate intersections, (iii) and (iv) 
fault bends and (v) least prone, fault end points in 
the form of joints. 

Drivage into the most-prone part of a fault will be 
subject to a range of adverse conditions: higher 
volumes of gouge, higher gas content, higher 
stresses at relay ramps, reduced permeability. 

An experimental, in situ measuring program 
should be designed to obtain stress, geological and 
gas parameters approaching a strike-slip fault as 
the basis for understanding outburst mechanism 
and the design of improved gas drainage 
programs. 

Blackwood, R.L. 1984. The role of stress 
measurement in outburst control. The Coal 
Journal No.6 (May): 25-31. 

Chinnery, M.A. 1966. Secondary faulting I. 
Theoretical aspects. Can. J. Earth Sci. 3: 163- 
174. 

Evans, H. & K.M. Brown 1973. Coal structures in 
outbursts of coal and firedamp conditions. The 
Mining Engineer 132 (4): 171-178. 

Gray, I. 1982. A study of seam gas drainage in 
Queensland. In A.J. Hargraves (ed). Seam gas 
drainage with parh’cular reference to the working 
seam, the Aus. I.M.M. Illawarra Branch Symp. 
(May): 218-231. 

Hanes, J., R.D. Lama & J. Shepherd 1983. 
Research into the phenomenon of outbursts of 
coal and gas. In 5th Int. Congr. Rock Mechanics, 
Melbourne, ISRM: E79-E85. 

Hargraves, A.J. 1993. Update on instantaneous 
outbursts of coal and gas. The Aus. I.M.M. 
Proceedings No.2: 3-17. 

Isaacson, E. de st.Q. 1962. Rockpressure in mines. 
2nd ed. 

Knott, S.D. 1994. Fault zone thickness versus 
displacement in the Permo-Triassic sandstones of 
N W  England. J. Geol. SOC. Lond. 151:17-25. 

Lohe, E.M., T.P.T. McLennan, T.D. Sullivan, K.P. 
Soole & C.W. Mallett 1992. Sydney Basin - 
geological structure and mining conditions, 
assessment for mine planning, CSIRO, Division 
of Geomechanics, NERDDC Final Report 
No. 1239. 

91 



Marshall, P., L. Griffiths & R.D. Lama 1980. 
Occurrence of outbursts at West Cliff colliery. In 
The Occurrence, Prediction and Control of 
Outbursts in Coal Mines Symp., The 
Aus.LM.M., September, Brisbane: 19-39. 

Paterson, L. 1986. A model for outbursts in coal. 
Int. J. Rock Mech. Min. Sci. & Geomech. Abstr. 
23 (4): 327-332. 

Peacock. D.C.P. 1991. Displacements and segment 
linkage in strike-slip failt zones. J. Struct.-Geol. 

Peacock, D.C.P. & D.J. Sanderson 1991. 
Displacements, segment linkage and relay ramps 
in normal fault zones. J. Struct. Geol. 13 (6): 

Peacock, D.C.P. & D.J. Sanderson 1994. Geometry 
and development of relay ramps in normal fault 
systems. AAPG Bulletin 78 (2): 147-165. 

Peacock, D.C.P. & J. Shepherd. Reactivated faults 
and transfer structures in the Southern Coalfield, 
Sydney Basin, Australia. J. Struct. Geol. (in 

Pooley, F.D. 1967-68. The use of the electron 
microscope as a tool in mining research. The 
Mining Engineer 127 (6): 321-333. 

Poppitt, I.L. 1992. Wrench faulting in the Western 
Coalfield, NSW. In Proc. 26th Newcastle Symp. 
Advances in the study of the Sydney Basin, Dept. 
Geology, Univ. of Newcastle. 

Rixon, L.K., R. Botz & J. Eames 1984. The 
relationship between coal microfractures and 
pyrite oxidation in outburst coal from the Bowen 
Seam, Collinsville, Australia. The Coal Journal 
No.6 (May): 55-58. 

Segall, P. & D.D. Pollard 1980. Mechanics of 
discontinuous faults. J. Geophys. Res. 85 (B8): 

Shepherd, J. 1990. Coal seam faults in the Southern 
Coalfield of NSW. In A. Hutton & A. Depers, 
Proc. Southern and Western Coalfields of the 
Sydney Basin Workshop (Feb), Univ. of 
Wollongong: 93-102. 

Shepherd, J., R.L. Blackwood & L.K. Rixon 1984. 
Instantaneous outbursts of coal and gas with 
reference to geological structures and lateral 
stresses in collieries. In. N.C. Gay & E.H. 
Wainwright (eds), Rockbursts and seismicity in 
mines, Sth African Inst. Min. Metall. Symp. 
Series No.6: 97-106. 

Shepherd, J. & J.W. Creasey 1977. A feasibility 
study of some new structural geological 
techniques applied to instantaneous outburst 
prediction at West Cliff Colliery near Appin, 
NSW. CSIRO, Division of Mineral Physics, 
Restricted Investigation Report 9 13R. 

Shepherd, J. & N. Gordon 1993. Geological 
methods of fault forecasting. In Hatherly et al, 
ACIRL Final Report on Integration of methods 
for the prediction of faulting, NERDDC Project 
No. 1588 (March) Chapter 2: 13-94. 

Shepherd, J. & D.C.P. Peacock. Identifying relay 
ramps and their uses in mining prediction. The 
Mining Engineer (in prep). 

13 (9): 1025-1035. 

72 1-733. 

prep.) 

4337-4350. 

Shepherd, J., L.K. Rixon & N.I. Fisher 1989. 
Develop and improve methods of forecasting 
faults to assist underground mining. ACIRL End 
of Grant Report to ACA, (November). 

Shepherd, J., L.K. Rixon & L. Griffiths 1981. 
Outbursts and geological structures in coal mines: 
a review. Int. J ,  Rock. Mech. Min. Sci. & 
Geomech. Abstr. 18: 267-283. 

Swanson, M.T. 1990. Extensional duplexing in the 
York Cliffs strike-slip fault system, Southern 
coastal Maine. J. Stnict. Geol. 12 (4): 449-512. 

Tchalenko, J.S. 1970. Similarities between shear 
zones of different magnitudes. Geol. SOC. Am. 

Walsh, J.J., J. Watterson & G. Yielding 1990. The 
importance of small scale faulting in regional 
extension. Nature 35 1 : 39 1-393. 

Woodcock, N.H. & M. Fischer 1986. Strike-slip 
duplexes. J. Struct. Geol. 8(7): 725-735. 

Bull. 81: 1625-1640. 

92 



Int. Symp.  cum Workshop on Management  & Contro l  of High Gas Emiss ion & Outburs ts  
Wol longong ,  20-24 M a r c h .  1995 

Development of in-seam borehole logging tools for detection of outburst prone structures 

Peter Hatherly 

Wayne Murray 

Glen Stickley 

Peter Eisler and Tseviet Tchen 

CSIRO Division of Exploration and Mining, Brisbane, Australia 

CSIRO Division of Applied Physics, Sydney, Australia 

Department of Electrical Engineering, Universiry of Queensland, Brisbane, Australia 

CSIRO Division of Exploration and Mining, Melbourne, Australia 

ABSTRACT: In-seam drilling for gas drainage and exploration purposes is an essential part of the mining cycle 
in an increasing number of mines. The consequences of inadequate control of gas emissions and outbursts are 
enormous from the points of view of safety and economic viability. In this paper we describe the development 
of geophysical logging tools for use in in-seam drilling to help guide the drilling and to map the geological 
structures which might present in the vicinity of a hole. Radar, radiometric and seismic tools are described. 

1 INTRODUCTION 

The need to improve the technology for in-seam 
drilling for gas drainage and exploration purposes 
was one of the key recommendations of the 
Australian Coal Association's Underground Coal 
Mining Exploration Techniques Workshop held in 
1991 (ACA, 1991). In a subsequent in-seam drilling 
scoping study on the problems and requirements of 
mining operators commissioned by the Australian 
Coal Association Research Program (Hanes, 1993a, 
1993b) short and long term needs were identified. 
The CMTE's research in the development of in-seam 
borehole logging tools addresses two of the short 
term needs, namely: 

- a rooflfloor proximity sensor, and 
- accurate recognition of geological hazards 

preferably while drilling, or alternatively by reliable 
hole logging after drilling. 

We are developing and trialing geophysical tools 
based on seismic, radiometric and radar techniques. 
Between them, they exploit the main geophysical 
properties which have potential use in this area. 
Apart from the radar, there are well established 
equivalents already in use in conventional 
geophysical well logging. Given the amount of in- 
seam drilling that is undertaken in Australian mines 
for gas drainage purposes, there is immense value in 
geophysical tools which could be operated during the 
drilling process to identify geological structures 
which may be outburst prone. 

In the long term, the geophysical tools should be 
permanently attached to the drill string and able to be 
used as a measurement while drilling (MWD) device. 
This is particularly the case for the sensing of the roof 
and floor as a guide to the drilling process. While 
such tools are possible in principle, their design, 

construction and operation are not straightforward. 
Our work at the CMTE is therefore staged so that in 
the first instance, stand-alone pump down tools.. are 
being developed. 

2 RADAR 

Radar offers a significant opportunity for obtaining 
high resolution geological images of structures in the 
immediate vicinity of an in-seam borehole. The range 
of investigation might only be 5 m, but even this will 
have immense practical significance in subsequent 
roadway development. 

The use of radar in mining has been reported 
elsewhere. Hainsworth (1994) reports on the radar 
activities of the US Bureau of Mines which are 
concerned with the measurement of pillar thickness 
and the detection of roof defects. Olsson et al(1987) 
document the use of borehole radar for geological 
mapping. Given that the principles and application of 
radar to this type of mining problem have been 
demonstrated, the task we face is one of developing a 
radar system which is compatible with the 
requirements and the physical constraints of in-seam 
drilling. Under the current project we are developing 
a pump down radar suitable for logging after 
completion of a hole as well as a prototype tool 
suitable for use in measurement while drilling. 

Two probes were designed, at the start of the 
project, for short range (up to 3 metres) and high 
resolution with the aim of showing structure in coal 
seams as well as the roof and floor. The centre 
frequencies chosen, 600 MHz and 800 MHz, are 
much higher than those used by the (non-intrinsically 
safe) commercially available bore-hole probes (20 to 
120 MHz) which are designed for longer range and 
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give less resolution. The probes were 86 in 
diameter - a size suitable for use in MWD. 
~n August 1994, trials were carried out at New 

HOP Colliefies' Swanbank Mine in an in-seam test 
hole drilled 27 m into a highwall face. square section 
fibreglass pushrods were used to push the probes 
along the bore-hole with the antenna lobe pointing 
upwards. The probe was then rotated through 180" 
to give a downwards looking scan. This procedure 
allowed the results to be examined for continuity of 
structure above and below the bore-hole. The initial 
results (see Figure 1) were encouraging revealing 
stone banding which was continuous from the 
upwards looking display through into the downwards 
looking results. These results confirmed that the 
radar had both good directional properties and 
resolution. The coal used in these tests was rather 
dirty and electrically poor, compared to typical coal, 
for example, from the Bulli seam. 

Work is now focused on the development of 
smaller diameter (50 mm) pump-down probes 
suitable for use in NQ and CHD holes. This presents 
challenges in the areas of electronic miniaturisation, 
simple but effective data transmission, the 
development of efficient yet directive antennas 
capable of operation in a small diameter probe and, 
finally, engineering the radar system for intrinsic 
safety approval. 

From the outset of the project, submission for 
intrinsic safety approval has been planned and 
hazards such as high voltage supplies for the 
transmitter avoided by a design suitable for operation 
with reasonably low voltages (< 20 volts). Attention 
has also been paid to low power consumption and 
low energy storage in the rest of the electronics. 

Locating most of the electronics in the probe greatly 
simplifies the data transmission and allows long non- 
critical cable runs to be used. In the small diameter 
probes under development, return data transmission 
is being further simplified to enable a single low 
grade shielded cable to carry all information. 

The design of a suitable probe housing for an 
intrinsically safe system radar has presented some 
problems. The housing needs to be transparent to 
EM radiation yet antistatic and structurally strong. 
Consultation with manufacturers of antistatic tubing 
is underway. Carbon loaded fibreglass tubes of 
various types, carbon fibre matt or carbon loaded 
epoxy, are being investigated. 

The smaller diameter (50 mm OD) of the new 
probes makes wideband directional antenna design 
more difficult. It would be simpler to design for an 
omnidirectional pattern, shown in Figure 2(a), as is 
used in some of the long range bore-hole probes 
which are commercially available. However, this can 
introduce some uncertainty into the interpretation of 
recovered data, which may be difficult to resolve 
without using multiple holes. Idealised radiation 
Patterns for a radar are shown in Figures 2(b) and 
2(c). 

To make full use of a directional pattern i t  is 
essential tO know the orientation of the probe. n e  
design Of a spigot type locking mechanism for 

holding the probe when pumped down is at present 
being considered with the assistance of a consulting 
engineer. This should allow a positive location of the 
probe, plus the ability to rotate the probe as required. 

3 SEISMIC 

The seismic/acoustic approach to these problems 
targets the changes in elastic properties associated 
with changes in rock strength and rock type. 
Observations of seismic waves reflected and refracted 
at rock interfaces can provide a basis for imaging an 
interface - the coal seam roof or floor, or perhaps a 
fault or shear zone in the vicinity of the hole. 
Measures of the speed of the seismic waves indicate 
rock strength. A shear zone intersected by a hole 
would be characterised by lower velocities. 

One of the difficulties in developing a seismic tool 
lies with the logistics of its operation. In particular, it 
cannot be assumed that borehole fluids will be 
present to allow acoustic coupling between the 
transducers and the walls of the hole. Unless fluid 
coupling can be guaranteed, the seismic source and 
receivers need to be physically clamped against the 
walls of the hole. The mechanics of the tool become 
a major issue. 

A sonic logging tool, using individually clamped 
transducers, has been developed for coal in-seam 
boreholes. The tool performed excellently in a 
purpose built test facility and reasonably in in-seam 
boreholes which were known to be badly rifled. 

The sonde is intended to be deployed on CHD76 
drill string after drilling is complete. A 3 mm thick, 
73 mm diameter stainless steel casing provides 
strength and ruggedness. The source and detectors 
are hard coupled to the borehole wall using hydraulic 
actuators. The acoustic source is hydraulically 
powered to provide long lifetime without the need for 
large currents. A high speed (56 kBaud) 
communications link, which uses a single conductor 
threaded through the drill string, allows interactive 
control and full waveform reporting. An hydraulic 
motor, inside the sonde, drives a generator which 
provides electrical power. A rechargeable battery 
pack handles peak loads. A multi-channel digital to 
analog converter system (12 bit and 10 ms sample 
rate) records signals from an array of six detectors. 
Low power solenoids enable electronic control of the 
hydraulic actuators. All electrical systems are 
designed to comply with intrinsic safety or special 
protection standards. The 10 m long sonde breaks 
down into three long modules and two short modules 
for easy transport. Flushed augers are provided on 
the front and rear of the sonde. The five sonde 
modules and many of its subcomponents are shown 
in Figure 3. 

Successful proving trials of the sonde were carried 
out in a purpose built test facility. The test facility 
was made from light-weight concrete using crushed 
Cod with an appropriate size distribution, as the sole 
aggregate. 
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Figure 1. Results of a radar scan along an in-seam borehole at the Swanbank Mine 
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Figure 2. Radiation patterns from a borehole radar antenna 
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The sonde was field trialed at Tahmoor Colliery in 
1992. Coupling of the source and detectors to the 
borehole wall was a major problem in these trials 
because available boreholes were oversized andor 
highly rifled. The sonde was designed for and is 
intended for use in exploration boreholes which are 
typically drilled with CHD rods and downhole 
motors. These systems provide high quality holes. 

A reasonable shear wave velocity log (Figure 4) 
was obtained for a five metre section of one borehole 
where relatively consistent coupling was obtained. 
Independent estimates of shear wave velocity are 
made using the top and bottom detectors. Two data 
sets were recorded at each location in the borehole. 
Typically these agreed well, otherwise the data sets 
with the clearest arrivals were used to estimate 
velocity. 

Maximum likelihood method (MLM) processing 
was applied to the full waveform records from the 
detectors to obtain the velocity estimates. The MLM 
velocity log obtained from the top detectors appears 
consistent and believable. It is not possible to 
conclude whether the variation is caused by 
measurement error or by variability in the coal seam. 
The velocity estimates from the bottom detectors are 
much more scattered presumably due to measurement 
error. 

The error in measuring velocity from in-seam 
boreholes will need to be reduced before the sonde 
can detect the velocity anomalies expected to be 
associated with outburst related structures. This may 
be achieved by using the sonde in smooth, well sized 
boreholes such as those produced with a downhole 
motor. 

Instrument reliability was in general good but some 
problem areas emerged. These weaknesses are 
significant but can be readily overcome. 

4 RADIOMETRIC 

Whilst the main application of the natural-gamma 
radiometric borehole probe in coal mining is that of 
delineating coal seams, if operated in spectrometric 
mode, the probe may provide geological information 
about the seam and surrounding structures, eg roof, 
partings and floor. In general, the roof, floor and 
partings are the main structures containing the 
naturally occumng emitters of gamma radiation, ie 
the radioactive isotope of potassium and the 
daughters of uranium and thorium. Pure coal 
contains little of these emitters. But dirty coal emits 
significant gamma radiation. However, there is 
generally a clear contrast in the radiation log profile 
between the coal seam and the other structures. 

These probe characteristics can be usefully 
exploited, therefore, for detecting the presence of 
these structures from within the coal seam. Thus, 
these characteristics could provide the basis for an in- 
seam drill-guidance system. 

To that end, our immediate objective is to design, 
construct and test a pump-down module which 
contains the required gamma-ray detectors and 

spectrometers. The module will house two detectors 
which are shielded and so collimated that one detector 
scans the matrix above it and the other scans the 
matrix below it. Thus, with the assistance of a 
navigational verticality indicator and of a suitable 
docking mechanism located at the end of the drill 
stem, the module will differentiate between roof and 
floor radiation. The intensity of the detected radiation 
will indicate the proximity of either the roof or the 
floor. 

The identification of the major emitting structure 
near an in-seam monitoring device would be a simple 
matter on the basis of the geometrical configuration of 
the two detectors, if it were not for the partings 
within the seam. They could be identified falsely as 
either roof or floor, depending on the location of the 
module. However, if the partings are of different 
geology to the other structures, the spectrometric log 
provides the key to an unambiguous identification of 
the structures and hence of the module's position 
within theseam. 

Indeed, the geologies of roof and floor for the 
Bulli seam vary regionally. Clarification of most 
ambiguities in regard to identifying the structures near 
the seam may be clarified by analysing all the spectra 
recorded, in addition to identifying which of the two 
detectors is giving the major response at any given 
location of the drill. 

The present project envisages a module which 
would be pumped down the drill stem, from the 
roadway in the mine, to effect a spectrometric 
measurement having a duration of about five minutes. 
The measurement comprises accumulating a 
composite natural gamma-ray spectrum at the 
particular location of the drill in the exploration hole 
and the spectrum could be analysed immediately. 
However, the ultimate objective, if the pump-down 
unit is found to operate satisfactorily, is to construct a 
unit which can be operated continuously while 
logging, ie a measurement-while drilling system 
(MWD). 

The CSIRO - DEM group, within the CMTE 
project have carried out three series of experiments, 
so far. 

The first series entailed interpretation of existing 
logging data obtained in the Appin-Tower region, 
near Wollongong. A three dimensional 
representation of the logs of holes situated in any 
given direction indicated clear contrast between the 
coal on the one hand, and the roof and floor, on the 
other hand. The presence of a stone band was also 
clearly indicated (Figure 5). The second series of 
measurements entailed measurements carried out 
using a coal block and logging instrumentation of a 
similar type to that anticipated for the in-seam 
measurement system. The coal block was 
systematically exposed externally to radiation emitted 
by artificial and natural sources. From the responses 
obtained from the probe located within the coal block, 
it appeared that the probe could detect radiation 
sources located at distances of at least 30 cm. 

The third series of experiments, which is still in  
progress, currently, are borehole logs carried out in 
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Figure 4. MLM estimate of shear wave velocity for a 5 m section of the borehole at Tahmoor. The bottom 3 
detectors and top 3 detectors give two independent estimates of velocity. 
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Figure 5 .  Radiometric profiles through the Bulli seam along a 7 km section. A parting is present towards the 
roof 
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vertical HQ boreholes intersecting the Bulli seam at 
the South Bulli Colliery. The main objective is to 
determine the variation in specific radioactivity of 
roof and floor, in the Bulli seam, over a substantial 
distance, eg 3 km. This knowledge would provide 
criteria for assisting the navigation of the drill stem, 
vertically, within the seam. 

Both dynamic and static logs were conducted, so 
far in one hole (WB25). The static logs were carried 
out at intervals of 5 cm over sections of borehole of 
length 25 cm, below and above the roof and the floor 
respectively. 

These measurements have indicated that within 25 
cm of either boundary, the detecting system is 
sensitive to a change in vertical position of between 5 
cm and 10 cm. 

The dynamic logs, which were repeated three times 
at 1.3 metres/min, indicated that the stone band was 
differentiable spectrometrically from the roof and the 
floor. The roof and floor typically showed a strong 
potassium peak at 1.46 MeV , a strong combined 
thoriuduranium peak (0.55 MeV) and a small, but 
significant high energy thorium peak at 2.6 MeV 
(Figure 6). The parting manifests itself by an 
increase in U and Th activity, together with a 
relatively low potassium activity (Figure 7). 

This result was encouraging in regard to the ability 
of the projected instrument to differentiate partings 
from other major structures. The result also 
suggested that major structures may be detectable 
within the coal seam from distances greater than 40 
cm. However, this conclusion requires verification. 

However, this series must be completed by logging 
three widely spaced holes, to meet the main objective, 
which is to establish criteria for determining module 
position within the seam, vertically. 

5 CONCLUSIONS 

For too long, in-seam drilling has been regarded as 
stand-alone technology. With the pressures now on 
mines to better understand the effectiveness of any in- 
seam gas drainage and the geological conditions 
ahead of the face, it should be obvious that a 
contribution from geophysical logging technology is 
required. The development of radar, radiometric and 
sonic tools at the CMTE is a step in that direction. 
We plan to have the radiometric and radar tools 
available in at least prototype form by the end of 
1995. Further development of the seismic probe is 
dependent upon a current appraisal of the feasibility 
of that approach. 

Bulli Seam 
Roof 

0. ti 

0.6 

a4 
0.3 

0.2 

0 
0.4 0.1 

Energy (Mev) 

I 

2 4  2.6 

Figure 6. Spectrometric response of Bulli seam roof 
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Radar detection of outburst structures 
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ABSTRACT: The application of impulse radar to the detection of coal seam faults and outburst centres is 
discussed. High centre frequencies are required for good detectability of narrow faults but this limits the 
maximum range obtainable with acceptable power levels. Problems associated with the practical use of coal- 
face surface radar and with bore-hole radar are considered. 

1 INTRODUCTION 

Ground probing radar has been used for many years 
to detect objects and geological features in the 
ground. Coal seam faults are dielectric 
discontinuities which should be detectable by radar. 

Pulse radar systems transmit a packet of 
electromagnetic (EM) energy and any reflection of 
some of this energy from a target allows detection of 
the target and its range or distance to be obtained. 
Conventional pulsed radar systems, such as those 
used at airports, by ships, etc., use a large number 
of cycles to form a pulse as in Figure l(a). The 
large amount of energy in a long pulse gives a long 
range but the resolution is limited by the pulse 
length. 

Ground probing radar transmits an impulse, more 
like a single cycle in practice, as in Figure l(b), to 
give short range, high resolution detection and 
ranging of targets. Gbjects in the ground such as 
pipes can be detected by moving the transmit and 
receive antennas along the ground over the target as 
in l(c). Raw data displays such as l(d) are obtained 
and, if required, these are processed to highlight the 
target or give a better likeness to the shape of the 
actual target. 

Impulse radar has a broad frequency spectrum 
around a centre frequencywhich is designated as the 
frequency of the radar. Very short pulses give high 
centre frequencies, high resolution but poor range or 
penetration into the target medium. Low centre 
frequencies are used where long range is of prime 
importance. 

Coal is a reasonable radar medium as i t  transmits 
EM waves with only moderate attenuation due to the 
fairly low dielectric loss in the coal. Good radar 
materials include some hard rock materials, fresh 
water and ice. Poor materials include clays, some 

metallic ores and salty water. The fair to good 
dielectric properties of coal suggest that radar may be 
useful in mining applications such as coal-rock 
interface detection, the delineation of ore bodies and 
the detection of faults, slippages, washaways, etc. 

2 RADAR REFLECTIONS AT INTERFACES 
AND FAULTS 

At an interface of two different materials there is 
likely to be a change in dielectric properties across 
the boundary. This change can produce reflection of 
an EM wave, making it possible to use radar to 
detect layers of material, voids etc. in the ground. 
The magnitude of the reflected wave depends on the 
dielectric contrast at the boundary of the layers. 
Figure 2(a) shows the E and H components of an 
EM wave in a medium of dielectric constant &rl and 
normally incident on a layer of dielectric constant &r2 
where &r2 > Erl. 

Faults in a coal seam produce a more complex 
model. Figure 2(b) shows a fault modelled as a 
dielectric layer E C ~  sandwiched between two coal 
layers of dielectric constant ET1. In this case also, 
 ET^ > ETt. Almost total destructive interference of 
the reflected waves from the two layers can occur if 
the phase difference between the reflected waves is 
near 180° that is, if the fault thickness is much 
smaller than a wavelength. So, for layers or faults 
which are very thin compared to a wavelength, very 
little energy is reflected and, under these conditions, 
radar is likely to be ineffective. 

Maximum reflection occurs when the waves 
constructively interfere, that is, when the layer 
thickness is equivalent a quarter wavelength. 
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Mylonite zones can be as thin as 10mm. Zones 50 
mm thick are considered dangerous and 100 mm 
wide zones are very dangerous, because of the 
quantity of explosive gas contained. The optimum 
radar frequency for maximum reflection, that is 
detection, can be calculated for a 70 mm wide layer 
of dielectric constant 5. 

hop, = 4 x 0.070 m 
= 0.28 m in the layer 

h,, = 5% x 0.28 = 0.63 m in air 
optimum radar frequency, 
fopt = C = 2.981 x lo8 Hz 

hair 0.63 
= 473 MHz. 

So a fairly high frequency is required for 
maximum reflection from a 70 mm layer. This is 
much higher than that used in commercial bore-hole 
radars. However, some surface radars are available 
with a suitable frequency although they may not 
penetrate more than, say, 3 to 5 metres in typical 
coal. 

It must be kept in mind that this calculated 
frequency is an optimum frequency for maximum 
reflection. The detectability of a fault will also 
depend on other factors such as the dielectric contrast 
of layers. In addition, impulse radar is very 
wideband - the bandwidth is about equal to the centre 
frequency. This and other factors, such as 
irregularity in the fault, need to be considered. 

Increasing the transmitted power (P) will increase 
the range of the high frequency radar considered 
above, but two points need to be considered. 
(a) range increase =P%, that is, range increases 

very slowly as power increases 
(b) high power transmitters usually have high 

voltage DC power supplies and the latter can 
make mine safety approval difficult. 

So, in designing a radar suitable for fault detection, 
we need to compromise and suggest the following 
design guidelines. 
(a) Centre frequency - about 400 MHz. 
(b) Moderate transmitted power, say 500 W to 1 

kW, preferably generated with reasonably low 
voltage DC supply rails. 

(c )  A receiver with a state-of-the-art noise figure. 
(d) A reasonably efficient antenna system. 

3 MACHINE-MOUNTEDFUDAR 

Whilst a surface radar with the above the 
characteristics could be useful for detection of 
outburst zones, it would be necessary to move the 
antennas along the coal face to couple sufficient 
energy into the coal to obtain the required range (see 
Figure 3(a)). This is not compatible with coal 

production and a different approach is required. 
Various methods have been suggested, including 
mounting the antennas in the cutters and also 
periodically moving the antennas to come in contact 
with the coal-face and produce a sampled result. 
Neither of these methods is particularly attractive. 
The alternative of remotely mounting the antenna and 
producing an air-launched EM wave generally results 
in poor long range performance because: 
(a) a large signal loss occurs at the air-coal-air 

interfaces; and 
(b) extraneous reflections can be a problem. 

To some extent these difficulties can be overcome 
by the use of large high-gain horn antennas, as in 
Figure 3(b) remotely mounted from the coal-face and 
using a position correlation technique to remove 
extraneous reflections. However, this approach is 
unlikely to achieve the desired range. 

To summarise, the problems with machine 
mounted coal-face surface radar are more operational 
than electronic. It should be possible to design a 
radar with good fault detection probability if the 
problem of coupling the antennas to the coal-face in a 
way compatible with production requirements can be 
resolved. 

4 BORE-HOLE RADARS 

The detection of faults well ahead of the mining 
operation should be possible by the use of a bore- 
hole radar. With a surface radar, at best a maximum 
range of say 7 to 10 metres from the coal-face could 
be expected. With a bore-hole radar it should be 
possible to detect faults within several metres of a 
hole drilled over long distances. 

However there are radar performance problems 
introduced by the small diameter of the probes used. 
Figure 4(a) shows a typical antenna shape for 
surface radar. Figure 4(b) shows the best shape 
which could be obtained in an NQ hole at about 300 
MHz. The dimensional constraints make it difficult 
to achieve the wide bandwidth required for impulse 
radar without the use of considerable resistive 
damping and loss of efficiency. Nevertheless it 
should be possible to obtain a 3 metre range from the 
probe without the use of high transmitter power and 
associated possible safety problems. 

There are some long range bore-hole radars on the 
market intended for either single hole or cross hole 
operation (see Figure 4(c) and 4(d). However, 
whilst the low centre frequencies (MHz) used by 
these radars would give good long range operation, 
they would be unlikely, having poor resolution, to 
detect narrow faults in coal. 

Bore-hole radar, however, does seem to have the 
potential to produce fine structure results over long 
distances and is probably a better approach to fault 
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detection than surface radar. CSIRO Division of 
Applied Physics has already trialed some high 
frequency bore-hole probes at Swanbank, with 
considerable success. These probes were built and 
trialed within the ore-body delineation project of the 
CRC for Mining, Technology and Equipment. 
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High resolution electromagnetic imaging for enhanced definition of outburst structures 
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ABSTRACT: Current methods of outburst hazard assessment require extensive exploration drilling and gas 
content sampling. An objective means of evaluating structure beyond the influence of the borehole is required. 
EM imaging at Appin Colliery using existing gas drainage boreholes has established the potential of this 
technique to provide reliable information on potential outburst hazards ahead of development roadways. 

1 INTRODUCTION 

Radio waves are differentially attenuated in rocks 
according to the electrical conductivity of the medium 
between transmitter and receiver. Coal is a 
particularly resistive rock type and provides a natural 
waveguide for the passage of radio waves between 
the confining layers of conductive roof and floor 
material. In areas of homogeneous coal radio waves 
are attenuated at a predictable, repeatable rate and 
variations to the norm can be attributed to changing 
geological conditions. Seam thinning, faulting, 
mylonite zones, igneous intrusions, and roof 
palaeochannels all increase the rate of signal decay 
and are therefore able to be detected remotely by 
radio wave analysis. 

Electromagnetic (EM) imaging is best known in 
Australia as RIM (the Radio Imaging Method). RIM 
has been applied to over 50 individual Australian 
longwalls for the delineation of geological hazards. 
The technique has proved to be the most sensitive 
high resolution geophysical tool currently available to 
longwall mine planners. 

Longwall surveys have mainly utilised loop 
antenna systems from existing mine roadways. A 
borehole system has been available and has been 
extensively applied in metalliferous applications. 
Ongoing technical developments related to horizontal 
hole probe insertion have now enabled the system to 
be applied more readily ahead of the development 
face. 

Recent work in the NSW Southern Coalfields has 
established the potential of the technique as an 
outburst hazard detection tool, and as an indirect 
means of evaluating gas drainage effectiveness. It 
appears that the method can be integrated with 
drilling and gas content sampling to provide a high 
confidence predictive methodology that minimises the 
risk of development roadways intersecting an 
unexpected potentially lethal outburst. 

2 OUTBURST HAZARD ASSESSMENT 
METHODOLOGY 

2.1 Current status 

The greatest single difficulty in assessing the fisk of 
dangerous outbursts is in defining with near absolute 
certainty the presence or absence of outburst prone 
geological structures and their likely magnitude. 

Exploratory boreholes routinely drilled in advance 
of development provide important structural 
information but it has been clearly demonstrated that 
such boreholes do not provide the required level of 
certainty for mine operations. Unexpected, 
dangerous outbursts have occurred in spite of in- 
seam drilling. This is due to a combination of the 
very limited area of influence of drilling, and in the 
subjective nature of the interpretations. 

Because of this, recent developments in assessing 
outburst prone coal place major reliance on gas 
content testing, with the tendency to fix limits for 
mining that reflect the inability to be certain that 
outburst prone geological structures are absent. In 
many cases the uncertainty implies that too much 
caution is exercised and mining is slowed 
unnecessarily. Too little caution puts personnel 
unacceptably at risk. 

Other issues affecting the confidence of prediction 
of outbursts include the uncertainty of gas drainage 
hole direction, and the representative nature of spot 
gas content samples. Gas drainage holes are rarely 
surveyed, and it is therefore never certain exactly 
what areas are being drained (or whether holes are 
draining from the full inbye extent of the borehole). 
In addition, gas samples from poorly draining areas 
have been found to exhibit a wide range of gas 
content values between holes. 
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2.2 The role for electromagnetic imaging 

The objective then should be to achieve a predictive 
methodology which establishes with near absolute 
certainty that outbursts will or will not occur during 
development drivage. It is  suggested that 
electromagnetic imaging can play an important role in 
the process because the method is: 

* sensitive to relatively minor geological 
structures. 

* gives near absolute certainty in assigning an area 
to be free of geological structures. 

* takes measurements that are non-subjective. 
* gives advance coverage of the total area to be 

mined (as opposed to a single borehole). 
* can fit in with the operational cycle. 
The easy to interpret results from EM imaging 

enable operational personnel to more effectively 
target zones of high risk and eliminate those areas 
free of hazards. The geological investigations 
associated with outburst prediction can then be 
focussed on areas most likely to cause problems and 
be less rigorous in established clear coal areas. 

The compelling empirical evidence to support the 
technique's potential role in outburst detection 
suggests that integration into the mining cycle should 
be a high priority for those mines operating in areas 
of significant outburst risk. Currently, trial survey 
programs are in operation or planned at the majority 
of NSW South Coast underground longwall 
operations. 

3 EQUIPMENT AND LOGISTICS OF 
OPEUTION 

In order to create a tomographic image from radio 
wave propagation it is important to get transmitter 
and receiver into a suitable position, ideally in a sub- 
parallel arrangement between mine roadways or from 
boreholes. In order to provide an effective predictive 
tool for outburst detection it is absolutely necessary 
to get the transmitter and receiver ahead of the mining 
face and this can only be achieved through the access 
medium of pre-existing boreholes. 

Those mines which undertake gas drainage 
programs have many in-seam boreholes which can be 
used for electromagnetic surveys, most of which 
have a suitable geometry for undertaking meaningful 
measurements. 

The borehole RIM equipment consists of a separate 
transmitter and receiver unit which is placed in 
opposing holes. The probe diameter is approximately 
48mm. The system utilises ferrite core, copper 
wound, tuned magnetic dipole antennas which have 
synchronous detection and frequency wavebands of 
less than one Hz. The dynamic range of the system is 
more than 150 dB's with threshold levels below 8 
nano-volts. Frequencies available for use in an 
underground coal mine survey are 50, 100, 300, 
520, 700, 800, 900 kHz and 1 MHz. As freauencv 
increases resolution increases and propagation' ran& 
drops off. 

The system utilises an intrinsically safe (IS) 16.9 
volt downhole power supply and data is recorded on 
an IS control unit which is capable of averaging a 
thousand readings per second and storing data in 
memory. Data may be downloaded via a RS 232 port 
at pit top. It is feasible to produce images within 
hours of survey completion. 

Working ahead of the face enables the transmitter 
and receiver probes to be isolated from mine cultural 
influences, so the results are free of deleterious 
effects which have in the past hampered loop antenna 
data collection. 

Efforts to establish the sensitivity of RIM ahead of 
the face from borehole to borehole initially proved 
extremely difficult due to the logistical difficulties of 
inserting a probe reasonable (ie. 200m plus) 
distances up a horizontal borehole. However METS 
have now developed a downhole insertion 
methodology that has enabled cross-borehole 
measurements up to 3001x1 ahead of the face. The 
method remains labour intensive but practically 
effective. 

Typically, cross-hole RIM has utilised boreholes 
spaced 200m apart although closer spacings are 
feasible with higher radio wave frequencies, and 
likely to result in improved resolution. 

Recent commercial surveys at a number of South 
Coast mines have provided promising results but  
more work is required to establish the confidence in 
the methodology and to ascertain the technique's 
rightful place in the production cycle. Aspects of 
logistics are stdl being reviewed, in particular, efforts 
to reduce the dependence upon labour for probe 
insertion, and downsizing equipment requirements. 

4 RESULTS FROM APPIN COLLIERY 

Two major survey programs have been conducted at 
Appin Colliery during March and October 1994, in 
contiguous longwall blocks. Surveys were carried 
out in areas where potential outburst structures were 
expected, and in other areas where no hazards were 
known to exist. Some of the results from these 
programs are presented below. 

The RIM probes were inserted in gas drainage 
boreholes, usually up to 200m inbye. Cross-hole 
tomographic procedures were used to produce 
images of radio wave attenuation over the interval in 
question. The frequency selected was 300 kHz and 
cross-borehole spacing varied from 140-250m. 
Holes were surveyed using an Eastman single shot 
camera. 

The images presented are by necessity grey-scale. 
Improved definition can be gained by coloured 
display, where zones of high attenuation (potential 
hazards) stand out as hot colours in a cool 
background. In the grey-scale images increasing rates 
of attenuation are presented as zones of darker grey. 
Light grey represents low rates of signal attenuation 
indicative of clear coal. The rate of signal attenuation 
reflects the electrical conductivity of the C G ~  between 

108 



transmitter and receiver and is expressed as the rate 
of dB loss per metre. 

In Figure 1 a cross-hole RIM image shows an area 
of high attenuation inbye which can be directly 
related to the trend of a known outburst prone strike- 
slip fault structure (projected strike annotated). The 
outbye zone represents an area of low attenuation and 
minimal risk. It can be expected to be free of 
geological hazards. 

Using a constant attenuation rate scale, Figure 2 
illustrates a zone which is hazard free. The 
consistently low attenuation rates suggest the area has 
been effectively drained and is not affected by 
geological structures. 

In contrast, Figure 3 is from an immediately 
adjacent area (note common boreholes) and clearly 
shows high rates of signal attenuation. This can be 
attributed to the presence of a potentially outburst 
prone strike-slip fault orientated sub-parallel to the 
boreholes (annotated). Later investigation revealed a 
high number of blocked gas drainage boreholes in the 
area. 

Figure 4 is taken from the proposed longwall area 
immediately to the south of the area imaged in 
Figures 2 and 3. Two anomalies can be seen 
extending from upper left to bottom right of the 
image. This corresponds with the common Appin 
structural trend of 110 degrees and can be correlated 
with known strike-slip features mapped in the 
adjoining workings. 

Figure 5 uses a common borehole with the image in 
Figure 4 and clearly suggests an area free of 
geological hazards. The area appears to be evenly 
drained of gas. 

5 CONCLUSIONS 

Recent work in the NSW Southern Coalfields on the 
application of electromagnetic imaging to outburst 
detection shows promise for improving the 
confidence of geological structure prediction ahead of 
development roadways. A strong body of empirical 
evidence supports the association between high RIM 
attenuation rates (high bulk seam conductivity) and 
the presence of potential outburst structures. Equally 
important is RIM'S capacity to establish low risk, 
non-hazardous clear coal ahead of the face and to 
qualitatively evaluate the effectiveness of gas 
drainage. 

In combination with in-seam drilling and gas 
content sampling, electromagnetic imaging can play a 
critical role in an improved predictive methodology 
which will enhance safety in mining, and lower the 
overall cost to an operation of evaluating outburst 
hazards. 

The application of the technique at Appin Colliery 
has established the clear difference in RIM 
attenuation between zones affected by outburst 
hazards and those which are not. Zones where gas 
drainage has been less effective have also been 
iden led. 

The method remains to be fully integrated into the 
mining cycle and regularly applied, in order to 
improve operator confidence and ensure the potential 
of a valuable diagnostic tool is fully realised. 
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The geological prospecting based evaluation method for instantaneous coal outbursts in coal 
seams at depth 

Vyacheslav 1. Murashov, Victor S. Zykov, Vladimir A. Rudakov 
Vostocnny Scientific Research Institute for  Mining Operations Safety, Kernerovo. Russia 

ABSTRACT: The paper introduces the method of determination of critical depth for sudden coal and gas 
outbursts based on the example of Kuzbass mines. 

Prediction of potential outburst hazard of coal seams 
within an independent structure-tectonic elements of a 
mine field or a deposit is carried out based on the data 
obtained at different stages and types of exploration, 
as well as from the samples obtained during mining 
operations at upper levels of mine field and in the 
districts adjacent to the mine fields. 

One of the tasks of estimation of potential outburst 
hazard of coal seams districts is the determination of 
critical depth of appearance of sudden coal and gas 
outbursts. The main aim of the critical depth 
determination is to remove the mistakes of the first 
kind, i.e. when the mining operations are above the 
critical depth, the appearance of outburst-prone 
situation is excluded. 

In Kuzbass the critical depth of occurrence of 
sudden coal and gas outbursts for the coal seams 
within mine field, its wing or a district is determined, 
by the gas factor, which is characterised by the 
following indicators: 
H - seam depth of methane zone from surface, m 
dH - rate of depth increase for the seam between the 
isolines of gas content for 5-15 m3/t 
dx = 103/dH - increasing gradient of methane content 
of seam from 100 metres below surface, m3/t 
Vdaf - average content of volatile content of coal 
seam, % 
F - average content of fusinite in coal seam, %. 

The depth of seam or methane containing zone from 
surface and increasing gradient of methane content 
are determined from the plans of increasing natural 
gas content with the depth. The plans are constructed 
for the coal seam districts within the independent 
shcture-tectonic elements. 

The critical depth for the occurrence of sudden coal 
and gas outbursts is given by the gas factor H k  as 
determined by the formula: 

Hk = H+$$*( (Wd~-10)~+10)~ /~  + 1/3*(Vdaf-22)2 + 
3000/(F+20), m 

The critical depth of occurrence of sudden coal and 
gas outbursts for coal seams within a coal mining 
district or a deposit under extraction is determined 
both by the gas factor and by the factor of strained 
state of rock mass. The factor of strained state of 
rock mass includes rate of present vertical movements 
of the surface of coal mining district and angle of dip 
of coal-bearing strata. 

The rate of present vertical movements of the 
surface is determined from the maps of modern 
movements of the Kuzbass earth's crust or by 
geomorphological data. For the main coal-mining 
districts of Kuzbass the speeds of such movements 
are given in Table 1. 

The critical depth of occurrence of sudden coal and 
gas outbursts accordk,g to the factor of strained state 
of rock mass Hn% is determined by the formula: 

Hn% = 7500/(v+6)2 + 3000/(a+30), rn 

where 
v - speed of present vertical movements of the 

surface of an explored coal-mining district, 

a - main angle of dip of coal seams, degrees. 
The greatest established values of critical depth Hk 

and Hn$ are taken for the coal-mining district. 
For the main coal-mining districts of Kuzbass the 

critical depths of occurrence of sudden coal and gas 
outbursts are given in Table 2. 

For other coal-mining districts of Kuzbass the 
critical depth of occurrence of sudden coal and gas 
outbursts corresponds to the depth, on which the 
seam gas content reaches 10 m3/t. 

mdyr ;  
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Table 1. Speed of present vertical movements of 
surface for the coal-mining districts of Kuzbass. 

Table 2. Critical depth of occurrence of sudden coal 
and gas outbursts for the coal-mining districts of 
Kuzbass. 

District 

Anzhersky 
Kemerovsky 
Leninsky 
Belo vsk y 
Uskatsky 
Prokopjevsko-Kiselevsky 
Bunguro-Chum yshsky 
Baidaevsky 
Tersinsky 
Kondomsky 
Osinovsky 
Tom-Usinsky 

Speed of present 
vertical movements 

of the surface, 
m d y r  

-0.1 
+2.0 
+3.5 
+1.5 
+O. 5 
+2.5 

+2.5 
+2.5 
+1.5 

+2.5 

-0.5 

-0.5 

District 

Anzhersky 
Kemerovsky 
Leninsky 
Belovsky 
Uskatsk y 
Prokopjevsko-Kiselevsky 
Bunguro-Chumyshsky 
Baidaevsky 
Tersinsk y 
Kondomsky 
Osinovsky 
Tom-Usinsky 

Critical depth of 
sudden coal and gas 

outbursts 
appearance, 

m 
500 
250 
340 
300 
200 
150 
220 
300 
300 
300 
300 
200 
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The use of drilling in outburst detection and alleviation 

Ian Gray 
sigra Pty Ud, Brisbane, Australia 

ABSTRACT: This paper reviews present Australian practice and predicts the future use of drilling to detect 
potential outbursts. It also examines the options available through drilling to reduce the risk of outbursts and 
reduce gas emissions. It contains the results of detailed analysis of torque and drag on drill strings used in long 
hole drilling. 

1 SUMMARY 

Drilling is the pre-eminent method by which potential 
outburst zones are detected and by which outbursts 
are alleviated. There is every indication that the use 
of drilling will grow in both these roles, assisted by 
improved technology to detect outburst prone 
structures and in an increasing role with gas drainage, 
the most important method to control outbursting in 
the Australian situation. 

2 DRILLING PRACTICE, PAST AND PRESENT 

2.1 Outburst Proneness Detection 

Drilling is used to detect outburst zones in several 
ways. Drillers' records help provide information on 
changing conditions. These records take the form of 
drilling rate, rotational speed and thrust estimates 
often simply noted as labouring of the drill. The 
ability to judge conditions through such techniques 
does however reduce as hole depth increases and so 
does total thrust and torque. Cuttings also provide 
important information on the nature of material being 
drilled, soft zones often producing far more material 
than normal drilling. Cuttings do however take time 
to reach the borehole collar and care is needed to 
relate the nature of the cuttings and the depth from 
which they were removed. These changes to drilling 
conditions are noted whether using air, water or 
augers to remove cuttings. 
Gas flows may also be noted during drilling to give 

indications of material that will desorb particularly 
quickly. Gas release during drilling has been used as 
a guide to indicate which areas may outburst on 
mining. These may be augmented by incremental 
hole flow testing using a packer that is inflated at 
different depths in a borehole. With increasing depth 
the ability to pick anomalous flow areas does 
however become increasingly difficult. Like torque 

and thrust in drilling the "signal to noise ratio" of 
changing gas flow from different zones of a borehole 
gets worse with increasing depths of the hole. 

Drilling is also used to provide samples of coal. In 
Australia up to 1982 these might have been chips 
flushed out of the hole and then tested for rate and 
quantity of desorption such as by the HargrPves' 
emission value meter (Ward 1980). More recently, 
core may be obtained from the seam in a core barrel 
for the purpose of gas content estimation. This is 
undertaken by placing the core in a canister where the 
initial desorption rate is noted so as to provide a lost 
gas estimation (as per AS 3980) and prior to the core 
being sealed into the vessel. The core is then sealed 
in the canister and removed from the mine for 
crushing so that the total remaining gas content may 
be estimated. The gas content determined by this test 
currently forms the basis in New South Wales for 
assessing whether mining may progress in safety. 
Both tests have limitations as there is an unknown 
quantity of gas lost during the sampling process. 
Currently no geophysics are being used in Australia 
as a part of the drilling process though some attempts 
are being made to probe boreholes after drilling with 
a caliper probe. 

2.2 Outburst Alleviation 

In the 1970's a number of attempts were made at 
drilling short holes to relieve potential outbursting. 
These involved multiple face holes (about 100 mm 
diameter and 20 to 40 m length) and large diameter 
holes of 300 mm diameter. This advance drilling 
appeared to offer some undefined protection against 
outbursting. The multiple hole technique lead to 
reductions in Hargraves' emission meter value at 
Bowen No 2 mine, Collinsville. The large hole 
drilling system caused some definite mini outbursts 
during drilling. With adequate drainage time (60 
days) it seemed to provide some protection from 
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outbursting at Metropolitan colliery (Ward, 1980). 
Drilling large holes at Leichhardt Colliery was not so 
successful in preventing outbursting. Large hole 
drilling did provide significant success as a 
destressing and degassing tool elsewhere such as 
Akabira Colliery in Japan (Gray, 1980). From 1980 
on, rotary drilling capabilities grew significantly with 
100 to 150 m holes being reached regularly. News 
of long exploration holes being drilled in the USA to 
600 m (Richards, 1980) spurred interest in long hole 
drilling in Australia and led to the introduction of the 
Acker Big John drill rig by ACIRL (Hebblewhite et 
Al, 1982). This enabled holes up to 750 m to be 
drilled in-seam using Longyear BQ drill rods. 
Survey revealed no horizontal control existed with 
some holes deviating up to 45 degrees from their 
planned trajectories. 

With the realization that longer holes could be 
drilled then longer drainage lead times could be 
permitted. Drainage operations of several hundred 
days are reported by Marshall et al(1982) while Gray 
(1982) reported from experience at Bowen No 2 
Mine and Leichhardt Colliery that such drainage times 
did indeed lower gas pressures and contents and with 
these reductions in gas pressure outbursts ceased. 
Gas drainage has been the basis for outburst control 
in Australia since that time. 

Drilling practice developed steadily with the 
introduction of positive displacement motors 
(PDM's) since the mid 1980s. These have enabled 
some very long holes to be drilled, 1004 m 
(Hungerford et al, 1988) and recently 1535 m. The 
bulk of gas drainage drilling for outburst alleviation is 
not however of this length, consisting principally of 
rotary holes drilled up to about 320 m and PDM 
drilled holes up to about 900 m length. Holes of 
these lengths are drilled using electro-hydraulic drill 
rigs while shorter gas content test holes are usually 
but not exclusively drilled using small air powered 
drills. 

2.3 The Current Situation 

Three different hole types are being drilled, namely: 
1 .  Long drainage and exploration holes (600 + m) 

using PDM's. These provide gas drainage protection 
for development in virgin areas. 

2. Medium length drainage holes (to 350 m) mostly 
drilled using rotary techniques and relying on the bit 
to bounce off roof and floor to maintain in seam. 
Where roof and floor structure do not permit this 
PDM's and directional drilling techniques are 
required. These holes are used mostly to cover a 
longwall block and the gate roads being developed. 

3.  Short rotary holes (to 100 m) drilled for 
sampling and infill drilling if areas are detected that 
are not adequately drained. 

Drilling with PDM's permits trajectory control by 
continual corrections to the tool face angle (TFA) of 
the bottom hole assembly (BHA) as shown in 
Figure 1. The influence of TFA on build rate can be 
seen in Figure 2 which shows widely varying 
profiles in the same mine with essentially the same 

BHA To maintain trajectory the tool face is switched 
from side to side between approximately 60 and 300 
degrees. The result is an approximately sinusoidal 
curve. Corrections to vertical trajectory are made by 
turning the TFA to climb or drop. 

The roof is periodically touched, either deliberately 
or by chance and the hole is returned to in-seam by 
pulling back and branching downwards or sideways. 
Because current BHA's lack capacity to build angle 
upwards recovery from drilling into the floor is more 
difficult. 

Survey is principally accomplished by Eastman 
single shot photographic survey tools, though other 
tools are now coming on to the market for 
underground use. 

Rotary holes lack directional control, often veering 
by 40 degrees from their planned direction. The use 
of stabilizers can reduce this trend, if however, the 
current trend of using bits that deflect of roof and 
floor to drill in-seam continues there is a limit to their 
use as they stiffen up the rotary BHA vertically as 
well as horizontally. 

3 LIMITATIONS TO CURRENT DRILLING 

Drilling for outburst control is presently limited by 
the lack of application of appropriate geophysical, 
drill monitoring and drilling technology. 

3.1 Rotary Drilling 

Apart from a lack of azimuth control rotary drilling 
does not provide all the information it should because 
full data are not retrieved from the drill rig. It is 
comparatively easy to monitor drilling fluid flow 
pressure and rate and to monitor drill rig torque and 
thrust and drilling rate. This is however not yet being 
undertaken on a regular basis. 

3.2 Directional Drilling Using PDM's 

In an endeavour to predict what distances might be 
drilled and to establish the techniques and equipment 
necessary to drill these holes, an analysis of long 
boreholes that had been drilled at Tahmoor and 
Westcliff (Northcliff) Collieries was conducted. This 
analysis was based on borehole survey and drill rig 
thrust information. 

In the first instance the complete borehole trajectory 
had to be determined from incomplete survey 
information. This was achieved by developing the 
deviation vs TFA relations shown in Figure 2 and 
then using these to calculate the borehole angles 
between survey points. 

Once the borehole angles were estimated at each 
tool face angle change, this information could be used 
in a torque and drag drilling simulator. Given either 
bit or drill rig loading (thrust and torque), coefficient 
of friction between the drill rods and borehole wall, 
and fluid pressure and flow information this 
simulator solves the loading situation at any location 
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Figure 1. Bottomhole assembly as used at Tahmoor Colliery. 
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Figure 2. Build up characteristics of BHA in different holes at Tahmoor Colliery. Note drilling rate 0.5 d m i n .  
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along the drill string. The loads calculated include 
axial load, bending moment due to hole curvature or 
rod buckling, torsion, shear and fluid pressures. 
Unlike the simulators described in oil industry 
literature this is a finite element model that takes full 
account of the stiffness of the drill rods. 

Having solved the loading situation the loads are 
converted in the simulator to stresses in the rod body. 
As multiple stresses exist they are described as a ratio 
of the yield state of the rod body material. This is 
termed the von Mises ratio based on the yield criteria 
of the same name. A von Mises ratio of 1.0 
represents the onset of yield, and numbers less than 
this indicate that yielding has not yet occurred. 

In using the simulator to analyse existing drilling 
results the main unknown being sought is coefficient 
of friction. In the cases examined the drill thrust was 
known at various depths. In the case of one borehole 
the thrust required to slide the rods into the hole as 
opposed to thrust required to drill was recorded. In 
the latter case the friction could be readily calculated 
from the sliding analysis and the drill bit load 
calculated using that coefficient of friction and drill 
rig thrust as inputs to the simulator. In the cases 
where sliding measurements were not taken the bit 
load was estimated while the borehole was still short 
and assumed to be proportional to drilling rate 
thereafter. It is interesting to note that drill bit loads 
were apparently much greater in the hole NC93-5 
drilled at Westcliff than those drilled at Tahmoor (20 
to 28.7 kN compared to 1.3 to 7.0 kN). This does 
not appear to be a measurement inconsistency but 
rather a difference due to bit and coal type. 

The coefficients of friction derived from this back 
analysis for five boreholes are shown in Figure 3. 
The values range from 0.105 to 0.26 with a mean of 
0.17 and a sample mean plus two standard deviations 
of 0.25. What is notable is the consistency of the 
coefficient of friction value over a borehole length. 
This is particularly the case for boreholes 500A19, 
408A9 and NC 93-5. There appears to be a slight 
drop in coefficient of friction after the start of drilling. 
This may be due to some borehole wall polishing. 
The values of coefficient of friction are low for a 
water based drilling fluid when compared with 
published results from the oil industry. This is good 
from the viewpoint of being able to drill longer holes. 

The drill rod stress values calculated were not so 
encouraging as three of the five holes examined 
showed von Mises ratios for the drill rod body that 
exceeded 0.3. In four locations this ratio exceeded 
0.6 and in one location reached 0.79. When the 
weakening effect of the rod joint is taken into 
account, it is quite likely that the rod joint yielded 
locally. This is not a satisfactory situation. These 
zones of high stress were all associated with sudden 
changes of direction, mostly with the creation of 
branches after the hole ran out of scam. 

In an endeavour to determine what distances 
drilling could be taken to using current practice 
borehole 312A17 drilled at Tahmoor Colliery was 
chosen as an example of the best current drilling 
practice as it had no sudden direction changes and as 
a consequence the lowest rod stresses. A simulated 

hole with the same profile as 312A17 was created by 
joining the same survey data end to end with slope 
compatibility at the junction. 

Simulation of drilling with lengths from 200 to 
2000 m using this profile showed some very 
interesting trends. These are that the thrust and 
torque required and the stress that the drill rods are 
subject to increase exponentially with drilling 
distance, bit load and coefficient of friction. The case 
was considered of a Longyear LM 75 drill rig with 
135 kN of thrust and pullout and 1.77 kNm of torque 
with NQ rods in a borehole of 89 mm (3.5") diameter 
and coefficient of friction of 0.17. The depth 
limitation was found to be 1700 m pushing a bit load 
of 8.9 kN, 1550 m pulling the drill string and lo00 m 
while setting the tool face angle. The latter is a drill 
rig torque limitation. If the make up torque of the 
rods is not to be exceeded then this limit reduces to 
600 m. 

Two important points are made in this simulation. 
Firstly that pulling a drill string in a deviated hole 
requires more force than that needed to push it while 
drilling. Failing to take account of this may lead to 
drill string entrapment. Secondly that drill rod joint 
strength is in question, particularly in torsional 
loading. 

3.3 Borehole Stability 

Borehole stability is sometimes a problem in terms of 
drill rod entrapment or in maintaining a borehole from 
the viewpoint of drainage. The areas giving the most 
problems are prone to outbursts and it is therefore 
important that the borehole remains open and can 
therefore drain gas. In some cases successful 
attempts have been made at casing known problem 
areas and drilling on at a smaller diameter. Steel 
casing or screens are however not appropriate in the 
middle of a longwall block. The problem of borehole 
collapse has not been successfully dealt with either. 
The use of drilling fluid additives is not appropriate 
as in current drilling there is no fluid pressure to force 
them against the borehole wall. Fluid flow is out of 
the coal and into the hole at all times. 

4 DEVELOPMENTS FOR FUTURE DRILLLNG 

To be able to get the most benefit from drilling some 
changes need to be made to permit better knowledge 
of gas pressures and contents and improve detection 
of structures that might be outburst prone. Drilling 
technology itself needs to be changed to permit the 
drilling of better controlled longer holes. 

4.1 Sampling for  Gas Pressure and Content 

The use of gas content testing €or outburst control by 
current technology leaves much to be desired. 
Outbursts are a coal failure caused by stress in which 
fluid pressure is a component. Whilst coal failure is 
common in  mining, outbursts are failures with 
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substantial gas energy release most of which comes 
from rapidly desorbed gas. Gas pressure and virgin 
particle desorption rates are therefore a better 
indicator of thelikelihood of an outburst than is gas 
content. 

Obtaining gas content by coring, a process in which 
significant gas loss occurs during withdrawal of the 
core barrel, and during placement of a sample in a 
pressure vessel is less than satisfactory. This gas 
loss is of the order of a quarter of total gas content. 
While estimates of this loss can be made they have an 
mor  also. This combined with uncertainties of the 
sorption isotherm can easily lead to pressure 
:stirnates which are in error by a third. The 
desorption rate of core does not readily reflect that of 
particles in an outburst, first because it is of a 
different size and secondly because it has partly 
degassed on withdrawal from the borehole. In 
addition gouge zone materials that are particularly 
prone to outbursting do not core readily. 

There is a need to either measure pressure in the 
nole or to obtain un-degassed samples. Pressure 
measurement has been avoided in the past because it 
involves the use of packers which have variable 
sealing performance depending on the borehole 
:oughness and the degree to which breakage has 
xcurred around the borehole. Obtaining un- 
jegassed samples involves borehole pressurisation 
with drilling fluid to a pressure level above 
.hesorption pressure. Such a system has been 
lescribed for core drilling by Rahman and Marx, 
1991. A rather more compact device for non core 
killing is being developed currently by the author 
inder project C3072 of the Australian Coal 
4ssociation Research Programme (ACARP). This 
will provide un-degassed chips from gouge or solid 
:oal and permit the direct measurement of the 
iorption pressure. It will also permit testing of the 
*ate of virgin desorption from cuttings. 

1.2 Geophysics 

Seophysical techniques have enormous potential to 
jelineate structures and to provide information on the 
ocation of the bit between the roof and floor. The 
ise of wireline sondes in boreholes drilled from 
;urface is well established in exploration. Their 
ncorporation into directional drilling is becoming 
iractice in the oil industry under the general title of 
Zeosteering tools. These latter use mud pulse or 
.adio telemetry to send information to surface. The 
nformation of significant use is gamma, neutron, 
iensity and resistivity. All of these provide low 
nformation rates and can be sent easily along with 
urvey information. The measurement of sonic 
ielocity and radar have significant potential but 
equire high speed data transmission. This rules out 
he use of mud pulse telemetry or other slow speed 
iystems and requires data transmission by cable or 
)ther means. 
Sonic, resistivity and density essentially require a 

h id  filled annulus for coupling purposes or an even 
lackground. This has not been achieved in 

underground drilling to date but should be with the 
borehole pressurisation tool described in 4.1. 

While not strictly geophysics the measurement of 
torque and thrust near the bit are potentially very 
valuable indicators of the material being drilled. 
Their use will provide instant information on the 
material actually being drilled. The writer is currently 
building such a tool under ACARP project C3073. 

4.3 Surveying 

The single shot survey tools are being replaced with 
tools that supply tool face angle, dip and azimuth in 
real time. This change will greatly facilitate drilling, 
particularly in long holes where directional control is 
required. Survey information is however essential to 
all holes so that the location of degassing sites and 
samples is known. 

4.4 Trajectory Control in Rotary Holes 

Rotary drilling is an efficient means of penetrating a 
coal seam, requiring little expensive equipment in the 
borehole. Vertical trajectory can be controlled 
gradually by variations in thrust and rotational speed. 
Alternatively the bouncing bit can be used where roof 
and floor are hard enough to permit. The advantage 
of the rotary system is the gradual changes in vertical 
trajectory which saves frictional problems. The 
principal disadvantage is the lack of control of 
direction in the horizontal plane. An old technique 
that may be of significant assistance in this instance is 
the use of eccentric jetting nozzles on the bit. The oil 
industry has used this technique (Bourgoyne et al, 
1991). It may also be advanced by the experience 
gained in water jet drilling in coal by Kennerly et al 
(1991). This latter technique has shown some 
promise in drilling straight holes holes but is limited 
by its inability to penetrate hard inclusions in seam. 

4.5 Drilling Longer Holes Using PDM methods 

An indication of the limits of length that might be 
drilled using PDM methods can be gained by the 
onset of helical buckling in a straight, horizontal hole. 
This describes the condition when the drill rods form 
a helix inside the borehole. The consequence of this 
is that the loading and friction between the borehole 
wall and drill rod increase sharply. For the case of 
NQ/NT rods in a 95 mm hole the limit is 6 km with a 
coefficient of friction of 0.17 reducing to 4.1 km with 
a coefficient of friction of 0.25. Using HQ/HT rods 
in a 108 mm hole these distances increase to 8.8 km 
and 6 km respectively. 

In practice the lengths reached before helical 
buckling occurs are far shorter because of deviations 
from the straight line of the actual borehole trajectory 
which increase drag. Drilling straighter holes will 
increase the distance that can be reached. One of the 
prime enemies of reaching long hole lengths is in fact 
the BHA's as used in their current form. This is 
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because the angle build capability of currently used 
BHA's is quite extreme, lying in the range of 0.2 to 
0.5 degrees per metre in the horizontal plane, up to 
0.74 degrees per metre downwards and up to 0.26 
degrees per metre upwards for the cases examined 
from Westcliff and Tahmoor Collieries. 

Simulations to examine the effects of changing 
build-up rate and the interval between tool face angle 
changes were undertaken using the high limit of 
coefficient of friction (0.25) and NT/NQ rods and 
HT/HQ drill rods. The conclusion from this is that 
the loads and stresses decrease dramatically with 
reduced build-up rates and with extended intervals 
between tool face angle changes. In the latter case 
this is despite the larger deviations from the planned 
trajectory that occur with less frequent angular 
correction. The effects on thrust and pullout of build 
up rate (BUR) and frequency with which the tool face 
angle is changed are illustrated in Figure 4. 

Using a BHA with a build-up rate of 0.15 degrees 
per metre or less, and a tool face angle change 
interval of 18 m or greater, will enable current drilling 
equipment to reach 2000 m. The problem is that the 
torque capacity of currently used drill rods is likely to 
be exceeded. The use of larger drill rods absolutely 
requires the use of BHA's with lesser build rates and 
fewer changes of tool face angle than is current so as 
to avoid problems with high bending stresses and 
unacceptable friction. The use of HQ/HT size rods 
would also require an increase in drill rig capacity of 
at least 2/3 and shortening of the rods from 3 m to 
permit man handling underground. 

Long hole drilling from underground has the 
potential to go to 2 km without great changes to 
equipment save the improvement of drill rod torsional 
capacity. What is principally needed is a change in 
BHA so that straighter holes can be drilled with either 
fewer TFA changes or with rotation of the entire 
string. Current BHA's do not permit the latter as the 
BHA on average builds downwards. 

With the adoption of straighter drilling practices the 
problem of keeping in-seam becomes more difficult 
as branching will not be as easy. This-will force 
drillers to rely on geophysics in the drill string to 
detect the location of the borehole in the seam. 

Drilling will need to be undertaken with automated 
monitoring of load and torque at the bit and drill rig 
so as to permit real time simulation of the loading and 
stress situation along the drill string. This will help 
prevent drill string breakage that will become 
particularly costly with the inclusion of geophysical 
tools of between $200 OOO and $750 OOO value. 

BHA's that can be rotated to drill straight segments 
will become essential to very long hole drilling. 

4.6 Borehole Integrity 

5 CONCLUSIONS 

Drilling has been in the past and is now the prime 
means by which outburst risk has been assessed and 
its likelihood reduced. This situation is certain to 
continue with substantial changes to drilling 
technology, geophysics and data acquisition in the 
next few years. These changes will enable improved 
sampling and detection of the material being drilled 
and surrounding the borehole. 

Development is needed for all types of drilling from 
the short holes used for sampling, through the 
medium length rotary to the ultra long holes used for 
exploration and to provide flank drainage for new 
development. 

These ultra long holes will require the development 
of suitable BHA's that will build angle far less 
severely than those currently used. BHA's will need 
to be specifically developed for coal as it is a very 
different medium to most oil or gas reservoirs where 
existing larger, rotatable, directional BHA's are used. 
There is also a need to reduce the number of changes 
of direction and ultimately to drill virtually straight 
segments by rotating the drill string. The reduced 
capability to change direction while drilling will 
require better survey tools and the introduction of 
geophysical tools to provide guidance on roof floor 
proximity. Drill rods with higher joint strengths than 
the NT/NQ wireline drill rods currently being used 
will also be needed. 

While gas drainage is the means for controlling 
outbursts in Australia it should be borne in mind that 
some coal seams do not drain at an adequate rate to 
permit this technique to be used. The permeability of 
these seams is too low. As coal permeability declines 
an order of magnitude with a stress increase of about 
3 MPa, the past lessons learned with in drilling large 
diameter holes which de stress and de gas should not 
be forgotten. 
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If borehole pressure can be maintained successfully 
above seam fluid pressure during the drilling process 
then borehole collapse should be far less of a 
problem. Screen material and placement techniques 
still need to be investigated. 
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Figure 4. Comparison of von mises ratio for NT size drill rods in 2000, borehole with various build up rates 
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Harmonic tremor seismic precursors and their implications for the mechanisms of coal/gas 
outbursts 
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ABSTRACT: Harmonic, monochromatic seismic events showing only a single, emergent seismic phase have 
been observed as precursors to coal and methane outbursts and at times of abnormal gas emission in the United 
Kingdom and Australia. These are considered to be close analogues to long-period volcanic (B-type) events 
and slow volcanic tremor observed before major eruptions, to long period, harmonic events recorded during 
hydrofracture and also to icequakes. They appear to be due to premonitory, dilatant microfracturing during 
which adsorbed gas suffers a rapid change of phase from capillary condensation to free gas. Resonant 
oscillations of slow, dispersive crack-wave modes give rise to the harmonic-tremor like events. An outburst 
appears to be a catastrophic coalescence of these dilatant (Mode I) microfracture events occurring in coal which 
has been weakened by body forces generated by the abnormally high gas pressure gradients. 

1 INTRODUCTION 

Outbursts are catastrophic failures of the coal mine 
structure, characterised by rapid emissions of large 
quantities of finely divided coal-dust and gas 
(methane, carbon dioxide or a mixture of the two) 
from a coal face. Quantities of coal in excess of 
10,OOO Tonnes and gas volumes of 100,OOO m3 have 
been reported. Although outbursts are generally 
associated with coal, they have occurred in other rock 
types, for example in potash at Boulby in the United 
Kingdom and salt in Louisiana (Belle Isle Mine, New 
[beria, Molinda 1988) and in East Germany (Werra 
and South Hartz Districts). Outbursts are particularly 
frequent in coal as a consequence of the complex 
nature of the interaction between coal gases and the 
;oal matrix. Coal gas is generally a mixture of 
:arbon dioxide and methane, with one component 
predominating. The coal and gas system constitutes a 
three-phase medium as coal has the capacity to adsorb 
xormous quantities of methane, carbon dioxide or 
both onto the coal matrix surfaces, in a liquid-like 
rnono-molecular layer by capillary condensation. 
Free gas also exists within the system within the 
pores and a small quantity of gas will exist in solution 
in any water present (Litwiniszyn 1985, Paterson 
1990). As much as 28 m3 per Tonne of methane has 
bcen reported from outburst coal from Cynheidre, 
South Wales (Richards pers. comm.). In the Bowen 
md Sydney Basins in Australia for example, the 
seam gas can range from pure methane to pure carbon 

dioxide. Carbon dioxide is found in the seam gas in 
France, Poland and Czechoslovakia. However, other 
gases are sometimes found in coal seams, such as 
nitrogen and hydrogen sulphide. 

Outbursts involving carbon dioxide tend to be more 
violent than those involving methane although 
methane outbursts are obviously associated with 
extreme ignition risks. The sorptive capacity of coal 
for carbon dioxide is two or three times greater than 
for methane and the desorption rate of carbon dioxide 
is much faster than methane, which implies that the 
pressure gradients are higher when carbon dioxide is 
present, which would explain the greater violence of 
carbon dioxide outbursts. Outbursts are often 
associated with structural features such as faults or 
folds or even microscopic irregularities in the coal 
micro-structure. They may also be associated with 
sedimentary features, for example palaeo-fluviatile 
channels within the coal seam, or with the presence 
of a thick competent sandstone roof although it is the 
stress-containment aspect of this which is critical to 
outburst occurrence. The threshold depth for the 
occurrence shows considerable variation globally 
from c 200 metres to more than lo00 metres although 
at least part of this variation is because COz outbursts 
seem to happen at much shallower depths than do 
methane and many of the Australian and Nova 
Scotian events are of this type. Hargraves (1993) has 
a very full summary of world-wide outburst 
occurrence and Australian incidents in particular. 
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2 MICROSEISMIC/ACOUSTIC EMISSION 
MONITORING DURING OUTBURSTS 

The first acoustic emission monitoring of outbursts 
was carried out by McKavanagh and Enever (1980) 
who recorded signals in the 100 to 5 Khz range prior 
to outbursts in West Cliff Colliery, New South 
Wales. Grezl, Leung and Ahmed (1984) 
subsequently deployed underground systems at both 
Leichhardt and Metropolitan collieries with 
accelerometers in the coal rib with a system 
bandwidth of 2 Hz to 1.5 Khz. They clearly detected 
in-seam Channel waves which gave characteristic 
coal dispersion curves. Leighton (1984) reported 
microseismic monitoring during an outburst at an 
unspecified site but clearly noted that 'the outburst 
was comprised of several failures occurring very 
rapidly...'. Nakajima et al (1984, 1989) have 
reported acoustic emission prior to an outburst during 
a drivage in Sunagawa Mine noting a clear correlation 
between methane concentrations and rate of acoustic 
emission and that the outburst itself was the 
coalescence of a sequence of individual acoustic 
events. 

2.1 Microseismic Monitoring of Outbursts 
at Cynheidre 

In the United Kingdom, outbursts represented a 
serious problem in the anthracite zone of the South 
Wales Coalfield since the last century until 1988 
when Cynheidre Collliery was closed. The outbursts 
were frequently associated with the major Variscan 
thrusting which is present in the Lower Coal 
Measures and generally occurred in the Big Vein and 
Pumpquart seams although others have bcen 
involved. In the Gwendraeth Valley 236 outbursts 
occurred of which 105 were spontaneous, 113 were 
induced by shot firing and 18 were unclassified 
(Davies et al 1986). 

Miners have traditionally reported hearing rock 
noises or 'pounces' prior to these outbursts which 
have been described as the sound of a 'two-stroke 
motorbike engine' and are the audible expression of 
acoustic emission/microseismic (AE/MS) activity 
occurring as failure of the seam occurs. Tapes 
recorded using an underground accelerometer and a 
portable tape recorder showed in-seam micro-seismic 
activity which increased at the time of roof collapse, 
as the powered supports were advanced. 
Subsequently, a spontaneous outburst, during March 
1981 was recorded and although the signal was 
contaminated by crosstalk from the colliery telephone 
system it did show the presence of frequent 
'pouncing' for many minutes prior to the outburst. 

(a) Normal Mining-Induced Microseismic Activity 

Microseismic activity on surface seismometer 
networks deployed over the Cynhcidre workings was 
monitored for a very extensive period from 1982 to 
1989 (Styles 1983, Kusznir et a1 1985, Styles et a1 

1987 and Styles et a1 1991). Using a network of 
eight vertical component seismometers deployed in a 
6 km by 6 km array at the surface of the colliery and 
closely spaced networks over individual panels it was 
possible to detect, identify and locate microseismic 
activity associated with normal mining activity, ie 
extraction of coal and the subsequent collapse of the 
waste and to make preliminary correlations with the 
rate of advance and hence the volume of coal won. 
This activity is characterised by impulsive, 
short-duration events which propagate across the 
colliery at velocities of about 3.5 k d s ,  and show 
clearly distinguishable P and S phases particularly at 
more distant stations. At this colliery they are of very 
low magnitude, generally between -1 and 1 but can 
be very frequent with as many as 800 in an 8-hour 
period. They show normal attenuation and are 
severely reduced in amplitude by the time they have 
travelled 2 km or so. The most telling piece of 
evidence that this type of activity is generated directly 
by extraction of coal is the correlations between the 
rate of extraction and the number of microseismic 
events per shift. Hypocentral locations show that this 
activity is localised around the face, presumably 
close to the front abutment zone. The very impulsive 
nature of the events and the ubiquitous, downwards 
first motions suggest they are generated by an almost 
instantaneous brittle failure, probably fracturing of 
the sandstone roof together with failure in the floor. 
This is confirmed by detailed monitoring of coal faces 
in Staffordshire and W arwickshire from three- 
component borehole sensors (Toon and Styles 1992, 
Styles et  al 1992). 

(b) Outburst Activity 

More importantly a completely new type of seismic 
activity ('0'-type activity) was recognised which 
appears to be associated with the microfracturing of 
the coal and emission of gas during periods of 
abnormal face conditions. This has the following 
distinctive characteristics: 

i) These events appear to be rare during the 
working of a normal face but to increase rapidly in 
frequency of occurrence immediately prior to 
outbursts or outburst-prone conditions. They often 
occur in closely spaced sets with several events 
within a few seconds. They begin to occur several 
days prior to an outburst and gradually increase in 
rate of occurrence until they form a coalescing 
continuum of acoustic activity at the time of an 
outburst. 

ii) They have emergent onsets, durations of about 
600 millisecs, a symmetrical 'beaded' envelope and 
appear to be mono-phasic with a monochromatic 
spectrum with a principal frequency component at 
32Hz. Although they do not show clear P and S- 
phases there is sometimes a short high-frequency 
pulse at the start of the beaded waveform (Figure Id). 

iii) They show little attenuation as they propagate 
across the colliery and have been detected u p  to 
6 kilometres away from an outburst in comparison 
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Figure 1. Harmonic tremor like events ('0'-type) recorded prior to outbursts and gas emission incidents at Cynheidrc. Note the 
consistent waveform and distinctive 30 Hz fiequency. 
a. Event detected at a distance of 6 km. before an outburst on 15 November 1982, b. Event detected before an outburst on 24 June 1985. 
c. Event detected before a gas emission incident on 24 June 1988, d. Event detected during a period of high methane on 20 August 
1987, e. Sequence of c 30 harmonic events occurring in less than 12 seconds and associated with audible 'pouncing' and emergency 
evacuation of a beading on 16 December 1988. 
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with normal events which attenuate rapidly with 
distance. 

iv) The velocity of propagation of these events is 
often very slow and variable with velocities between 
300m/s to 1 Km/s. 

v) There is very little variation in magnitude of 
these events in contrast to normal mining-induced 
activity which can vary over several orders of 
magnitude ( Styles et al1992) 

Although it was initially considered that these 
characteristics were likely to be determined by 
propagation path effects, analysis of their nature over 
a very long period led to the conclusion that they are 
source dependent. These events have been 
recognised during outbursts from both the Pumpquart 
and Big Vein seams at all seismometers within the 
network, from pulsed infusion firings (detonation of 
explosives under water pressure in boreholes) and 
from numerous gas emission incidents which were 
controlled without progressing to an outburst. 
Figure 1 shows a selection of this type of event 
recorded during the monitoring of this colliery. The 
events show a remarkable correlation with the 
emission of methane gas from the face and were used 
for more than 5 years as a precursory phenomenon 
preceding outbursts and a microprocessor-warning 
system based on their occurrence was developed 
(Styles et a1 1988, Styles et  al 1991). Events with 
similar characteristics have now been recognised 
from Tahmoor Colliery, N.S.W and are reported 
elsewhere in this volume (Hatherley et al 1995). 

3 VOLCANIC TREMOR, HARMONIC TREMOR, 

Although seismic events with the above 
characteristics have rarely been reported to be 
associated with mining (Wong et al 1989 recognised 
similar events from Potash Mines), events with 
remarkably similar signatures have been recognised 
for many years from a broad range of diverse seismic 
regimes. 

ICE-QUAKES AND '0'-TYPE EVENTS 

lack clear phases and their spectra are dominated by at 
least one dominant frequency'. 

3.2 Glaciers 

Seismic monitoring of glaciers in Prince William 
Sound reveals seismic events which are characterised 
by 1) an emersive (sic) onset lacking a distinct first 
arrival; 2) a weakly developed P phase; 3) an 
obscured S arrival .... 4) a monochromatic, low- 
frequency (1-2 Hz) signature ...' ( Wolf and Davies 
1986). 

St Lawrence and Qamar (1979) noted the 
similarities between these icequakes and volcanic 
tremor and attributed them both to hydraulic 
transients; in water for glaciers and for magma in a 
conduit for volcanoes. We have also recorded events 
of this type during monitoring of the Bakananbreen 
glacier on Svalbard (Styles 1993). 

3.3 Hydrofracture 

Dobecki and Romig (1983) and Dobecki (1985) 
describe events which were recorded during a 
hydrofracture experiment carried out by Sandia 
National Laboratories at the Nevada Test site. They 
detected events with a single polarisation which they 
associated with resonance within the fracture due to 
pressure-transients within the hydrofrac fluid. A 
subsequent experiment where a previously fractured 
well was remonitored gave considerable acoustic 
emission which was all of the 'single phase/ single 
polarisation type'. Majer and Doe (1986) report a 
hydrofracture experiment in granite where they 
observed two types of seismic event, 'Type-1', 
impulsive events and Type-a', slow or harmonic 
tremor events and recognised the correspondence 
between these and volcanic tremor. We have detected 
this type of event during a hydrofracture experiment 
in a UK Oil field (Bishop 1994). 

3.4 Source mechanisms of Volcanic Earthquakes 
3.1 Volcanoes 

Seismic monitoring of volcanoes has revealed the 
presence of puzzling event types which included 

i) Volcanic tremor, an emergent, low-frequency 
(c lHz), monochromatic oscillation which can persist 
for several minutes or more, (Aki et a1 1977, Fehler 
1983, Hofstetter and Malone 1986), 
ii) Long-Period or 'B'-type earthquakes which 

have 'emergent P-wave onsets, no clear S-phase' 
(McNutt 1986). Figure 2 (from McNutt 1986) 
shows an example of a B-type event from Pavlov 
Volcano (after McNutt 1986). McNutt points out the 
low range of magnitudes (-0.5 to 1.3) observed for 
these events and suggests that both the harmonic 
tremor and the B-type events are related to degassing 
of the magma during eruption. Ntepe and Dorel 
(1990) describe events from Stomboli as 'emergent, 

Many mechanisms have been suggested for the 
source of volcanic tremorllong period events. 
Proposed mechanisms include stimulated resonance 
of rock laminae by magma flow, shock-waves caused 
by supersonic gas-flow phase changes of water to 
steam within magma (Julian 1994) A very large 
volume of work both on volcanic tremor (Aki et a1 
1977, Fehler and Chouet 1982, Ferrazini and Aki 
1987) and hydrofracturing events, (Chouet 1988, 
Ferrazini et a1 1990) has been camed out leading to 
quantitative models of long-period resonant events 
observed during hydrofracturing (Chouet 1986). 
Figure 3 shows the remarkable correspondence 
between volcanic and hydrofracture long-period 
events even though the timescales differ by a factor of 
100. Of particular note is the fact that their model 
shows that the period of oscillation of a fluid-filled 
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crack may be much longer than would be expected 
from the normal modes of acoustic vibration of the 
fluid-filled crack, because of the existence of very 
slow waves which they call crack waves. The actual 
resonant frequency shows a complex dependence on 
the stiffness factor of the crack, its aspect ratio and 
the acoustic properties of the fluid but may be only 
10% or less of that predicted by normal acoustical 
modes. The detailed signature of the radiated 
waveform generated by the resonance is also 
controlled by the position of the excitation which 
triggers the resonance but generally matches the 
character of the volcanic earthquakes well. 

4 MODELS FOR THE OUTBURST MECHANISM 

Although many thousands of outbursts have occurred 
and many field investigations have been carried out 
the mechanism by which they occur is not well 
understood. There are two principal models for the 
process. 

4.1 Structural failure of coal due to anomalous 
pressure gradients 

Paterson (1986, 1990) has suggested that the excess 
stress caused by gas flow within the coal can exceed 
gravitational body forces by ten times and may lead to 
structural failure due to the formation of tensile 
fracturing. Evidence for the weakening effect of high 
pressure gas on the structural integrity of porous 
materials has been shown by Ujihira et al. (1984). In 
addition laboratory work on coal saturated with COz 
has shown a reduction in elastic moduli of as much as 
35% (Ketslakh and Vinokurova 1983). 

Litwiniszyn (1985) has suggested that a rarefactional 
shock wave can precipitate a near-instantaneous 
phase change from the condensed phase to the 
gaseous phase with the associated 'crushing wave' 
causing the disintegration of the coal structure. 

Paterson is sceptical of Litwiniszyn's model 
because of the occurrence of outbursts in salt mines 
where capillary condensation cannot occur. 
However, Molinda (1988) does point out that 
methane bubbles at an estimated 500 to 1000 
atmospheres can occur entrained on halite crystal 
interfaces and within individual crystals. Both of 
these models invoke a very rapid progression to 
failure and associated outburst. However, 
microseismic observations carried out prior to, during 
and subsequent to outbursts demand that the 
development of an outburst is a progressive 
phenomenon which only becomes catastrophic in its 
final stages. He and Shining (1992) also make this 
point. 

4.2 Destruction of the coal integrity due to shock- 
induced phase transition. 
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5 HARMONIC TREMOR EVENTS AND 
THEIR RELEVANCE TO THE MECHANISMS 
OF OUTBURSTS 

Microseismic monitoring during outbursts invariably 
shows that the outburst itself is the coalescence of 
many acoustic emissiodmicroseismic events but that 
the process was initiated much earlier, perhaps 
several days before the fmal catastrophic culmination. 
It is also clear that structural weaknesses within the 
coal control the location of the outburst. The '0'- 
type events which are observed during methane 
outbursts appear to have all of the characteristics of 
long periodharmonic tremor-type events and with an 
apparent resonant frequency of 30 Hz, fall nicely 
between the volcanic events at c 1-2 Hz and the 
hydrofracture events at c 1 Khz. In particular, as it is 
possible to stimulate the generation of the '0'-type 
events by pulse-infusion firing which is carried out 
by detonating explosive charges in a pressurised hole 
in the coal, (in effect a mini-hydrofrac) it certainly 
seems possible that they have their origin in these 
'slow' resonant oscillations of fluid (in this case 
methane) in micro-fractures in the coal. 

The occurrence of the hannonic-tremor like events 
which were associated with gas emission in 
Cynheidre would seem likely to be due to the onset of 
dilatant microcrack development (Brace et a1 1966) 
within the coal probably initiating in the weakened, 
disturbed zones well in advance of the face position. 
As the microfracture opens this may trigger the quasi- 
instantaneous phase change from capillary 
condensation to free gas in the manner described by 
Litwiniszyn (1985) and the gas-filled crack will 
oscillate generating 'slow', crack-waves which will 
radiate harmonic-tremor events with a characteristic 
frequency. As the face then approaches the potential 
outburst zone the degree of dilatancy will increase 
and the associated microfracturing will release more 
gas. The permeability will also rise as the degree of 
dilatancy increases as demonstrated by Majewska and 
Marcak (1989). Shining and He (1991) recognise the 
importance of microcrack development during the 
fracture of coal in the laboratory under tri-axial 
conditions and note that the strength of coal is 
considerably reduced in the presence of high gas 
content. Recent work by Reches and Lockner (1994) 
proposes a model for the nucleation and growth of 
faults in brittle rock based on laboratory monitoring 
of acoustic emissions during the loading of Westerley 
Granite to eventual failure. They suggest that a 
failure nucleates at a point and that the interaction 
between the stress fields of adjacent microcracks can 
lead to the formation of a process zone which will 
eventually propagate towards a free surface as a 
failure surface. It seems likely that this process 
operates in the extremely brittle coals which are prone 
to outbursting and that the stress intensity factor for 
the microcracks is augmented by the pressure of the 
desorbed gas within them. This leads to a proposed 
model for the initiation of an outburst as described in 
Table 1 and summarised graphically in Figure 3. The 
remarkable correlation between event rate and 
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Figure 2. B-type volcanic event detected at Pavlov 
Volcano. Note the pronounced similarity between 
this waveform and those detected during Outbursts 
and gas emissions (Fig 1). (After McNutt 1986). 
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Table 1. Stages of Development of a CoaVGas Outburst 

Stage A. 

Stage B. 

Stage C. 

Stage 4. 

A. 

Figure 3. 

Loading of a structuratly weak zone as extraction approaches leads to limited development of Mode I dilatant 
microfractures parallel to cr, and probably to the coal-face probably some days before an outburst. These 
cause an quasi-instantaneous phase change from absorbed to free gas into the coal smcture.The presence of 
free gas leads to weakening of the coal structure as noted in laboratory experiments probably in a similar way 
to which the presence of fluids in earthquake zones reduce rock strength .The acoustic emission from these 
microcracks is seen as 0-type, emergent, monophasic seismic activity. 

Local stress interactions between microcracks trigger the initation of further microcracks . Additional gas is 
released leading to enhanced microseismicity and further structural disintegration. 

Nucleation and increase in microrack density leads to the formation of a process zone of eventual failure 
(Reches and Loclmer 1994) 

Eventual coalescence of microfractures leads to catastrophic failure of the coal sttucture with associated 
release of absorbed gas as a Coal/Gas Outburst. 
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methane on the face certainly seems to indicate that 
the excess methane is being released by the same 
process which is generating the microseismic activity. 
The fact that is possible to control the rate of methane 
emission by ceasing the cutting and allowing 
microseismic activity to die away seems to indicate 
that the process need not always become catastrophic. 
However, if mining activity proceeds sufficiently 
rapidly it then seems certain that eventually the 
dilatant microfracturing will release sufficient 
quantities of gas that the pressure gradients 
established may participate in the disintegration of the 
coal and produce an eventual outburst. It is clear that 
gas must play some dynamic role in the eventual 
catastrophic failure because if cutting ceases and the 
gas allowed to escape either naturally or by 
stimulation of the coal through pulse-infusion firing 
then it is possible to resume cutting the coal and 
although it  has suffered severe structural 
disintegration it appears to have a reduced outburst 
risk. 

6 CONCLUSIONS 

The seismic characteristics of the emergent, 
monophasic, monochromatic, microseismic events 
observed during methane outbursts and gas emission 
incidents at Cynheidre Colliery, S. Wales suggest 
that they should be classified as Harmonic Tremor 
associated with slow, crack-wave oscillations and as 
such fall into the same category as volcanic tremor 
events (eg Mount St Helens), hydrofracture long- 
period events (eg Fenton Hill) and icequakes. It is 
suggested that they occur during the formation of 
dilatant, tensile microfracturing of the coal in a 
potential outburst zone with adsorbed gas 
instantaneously changing from the capillary 
condensed phase to free gas and triggering the crack- 
wave resonances. The detection of this type of 
activity many days before an outburst and their 
gradual increase in frequency of occurrence until they 
coalesce into continuous acoustic emission at the time 
of the outburst suggests that gas outbursts are caused 
by a progressive but accelerating disintegration of the 
coal structure from a combination of dilatancy and 
abnormal gas pressure gradients. 

Recognition of the onset of occurrence of this type 
of activity may indicate that dilatancy has begun and 
that there is some risk of an imminent outburst. 
Experience from Cynheidre suggests that i f  this is 
recognised and cutting ceases and gas is allowed to 
dissipate the outburst may be prevented. 
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ABSTRACT: Experimental investigations accomplished in Donbas mines allowed to find the relationship 
between spectrum of acoustic signal and state of mining of rock mass. These results are assumed as basis for a 
new method of prognosis of coal and gas outburst prone zone in Donbas mines. 

1 INTRODUCTION 

It's known that mine working leads to redistribution 
of initial stress field and formation of non-resilient 
deformations region. A part of this zone situated in 
front of the face and called as relief zone is 
characterised by not so high quantities of strains. 

Investigation accomplished in Russia and Ukraine 
showed that considerable reduction of size of relief 
zone precedes outbursts of coal and gas when 
compared with zones without outbursts. As long ago 
as sixties, the opinion was expressed that this event 
may be assumed as a basis for prognosis of outburst 
danger. 

It's obvious that formation of non-resilient 
deformations region is closely connected with 
deformations of surrounding rock layers. When the 
size of this zone is high, considerable seam and rock 
deformation occurs. The formation of non-resilient 
deformations region is accompanied, in the first 
place, by consecutive separation of the rock layers 
from each other along the surface of weak contacts 
between them. 

Generally, weak contacts between rock layers are 
represented by layers of coal, clay or mica material 
with thickness from tens of centimetres to some 
millimetres. The presence of such structures and 
weaknesses in the rock mass leads to a breach of 
quality of contacts between rock layers at the time of 
redistribution of stress field. 

By analogy with mechanics of brittle fracture, the 
fracture between the rock layers may be named as 
dislocations. In acoustic they are the surfaces of 
reflection of signal. 

2 RELATIONSHIP BETWEEN SPECTRAL 
CHARACTERISTICS AND STATE OF 
MINING 

The relationship between spectral characteristics with 
the deformation state of rock mass is confirmed by 
the results of experimental investigations conducted 

in 57th limiting conveyer drift of Zaperevalnaya-2 
mine (Donbas). This drift was advanced on the 
Praskovievsky coal seam placed under the extracted 
longwall of Smolyaninovsky coal seam with about 
120 metres of rock thickness between them. 

At the time of investigations in 57th drift it was 
supposed that influence of mined longwall to the 
deformation state of rock mass can be found by 
analysis of dynamics of spectral characteristics of 
acoustic signal. 

Investigations consisted of continuous (as drift 
advanced) observation of dynamics of low and high 
frequency spectrum components of acoustic signal 
appearing at the time of blast holes drilling. 
Geophone and serial transmission apparatus ZUA 
were used for the signal registration. The analysis of 
signal was done on a PC and specially developed 
program. 

The data obtained from experiments is represented 
as a number of a measurements (profile) of some 
geophysical field along the predetermined spatial 
direction (along the drift). Let's number of amplitude 
volumes of the low frequency spectrum part as Al(i) 
and amplitude volumes of the high frequency part as 
Ah(i). 

The method of investigations made the provision of 
selection of Bl(i) and Bh(i) background components 
from initial profile corresponding to the low and high 
frequency parts of spectrum. The method of 
smoothing out of the initial profile by the moving 
average was used for this selection. 

As a result, it was found that the dynamics numbers 
of Bl(i) and Bh(i) had a strongly pronounced 
anomaly in the drift lot between 34 and 131 metres 
from drift mouth (Fig. 1). For the purpose of 
comparison, the position of the mined longwall over 
the Praskovievsky coal seam and the zones of the 
higher rock pressure was constructed from borders of 
rubble filling. This allowed to ascertain that the 
dislocation of the regional anomaly coincide with the 
zone of influence of the mined out space of the 
longwall. 
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3 FIELD INVESTIGATION ON SPECTRAL 
FREQUENCY AND OUTBURST PREDICTION 

The results of investigations accomplished in Russia 
and Ukraine have showed that acoustic signal 
occasioned by percussion action on mining (coal and 
rock) mass is represented by the oscillatory process. 
This process is the result of separate harmonious 
oscillations. The source of such oscillations is the 
resonance of the rock layers, where each of them is 
limited from one side by dislocation and from the 
other side by the exposed surface of mining. It was 
found that resonance oscillations frequency of rock 
layer is inversely proportional to it's thickness. 

As a result of resonance, the dislocations become 
apparent in the spectrum of acoustic signal as an 
amplitude maximums on resonance frequencies. Any 
changes of the character of rock deformations or 
lithology lead to redistribution of amplitudes and to 
replacement of the resonance frequencies in the 
spectrum. 

The following experimental investigations were 
performed on the relationship between spectral 
characteristics of acoustic signal and the size of a 
non-resilient deformations region. 

This idea has led to the following. At a concrete 
moment of time, there is a non-resilient deformations 
region of definite sizes in front of a drift face. A 
definite spectrum of acoustic signal conforms to this 
region. If the size of this region will change (for 
example before an outburst of coal and gas), the 
spectral characteristics of the acoustic signal should 
change too. 

The method of experiments envisaged artificial 
extension of noii-resilient deformations region by 
hydrofracing of a part of the coal seam in front of the 
drift face. The geophone was installed on the face of 
drift for registration of acoustic signal and 
magnetically taped before the beginning and after the 
finishing of water injection. The signal was initiated 
by hitting the rock face. The scheme of the 
registration and the initiation of the acoustic 
oscillations before and after hydrofracing wasn't 
changed and the analysis of magnetic records was 
carried out on a PC and a specially written computer 
program. 

The experiments were conducted in the preparatory 
drifts of Zasyadko and Vostochnaya mines in 
Donbas. During the experiments the effectiveness of 
hydrofracing was controlled in accordance with the 
regulation documents operating in Donbas. 

In all cases after hydrofracing, the increase of relief 
zone size was established from 1.5-2.5 meters to 3.5 
metres and more. That allowed to increase the non- 
resilient deformations region in front of drift face. 
Analysis of results of investigations performed in 
Zasyadko mine showed that the hydrofracing leads to 
the drift of spectral maximum from 380 Hz to 240 
Hz. In that time the amplitudes of the low 
frequencies (lower than 150 Hz) increased in 1.8-2.4 
times on the average. In high frequency spectrum 
part (more than 950 Hz) the decrease of amplitudes 
was 1.7 and 2.1 times on the average (Fig. 2). 

The analogous changes of spectral characteristics 
was observed in Vostochnaya mine where 
hydrofracing has led to the displacement of spectrum 
maximum from 950 Hz to 240 Hz and to the increase 
of middle amplitude volume of low frequency 
oscillations by more than 2.5 times. At the same time 
there was decrease of amplitude of high frequency 
spectrum part by 1.9 times. 

These experiments have allowed to ascertain that 
the increase of a non-resilient deformations region 
sizes leads to: 

1) Drift of spectrum maximum to the low 
frequency side of spectrum; 

2) Increase of the amplitudes of this frequency 
spectrum part; 

3) Decrease of the amplitudes in high frequency 
spectrum part. 

Such changes in the spectral characteristics is 
explained by increasing influence of drift to the 
formation and display of dislocations disposed near 
the drift as a result of greater influence of the 
deformed higher rock layers. 

It's typical that after hydrofracing the spectrum of 
acoustic signal became more intricate. That is due to 
the formation of new dislocations and greater display 
of available dislocations as amplitude maximums on 
the resonance frequencies. 

The selection of the local components Ll(i) and 
Lh(i) was accomplished by subtraction of Bl(i) and 
Bh(i) volumes from the initial Al(i) and 
corresponding Ah(i) numbers. 

The received results allowed to find the periodicity 
of the Ll(i) and Lh(i) changes as drift advance. It is 
more clearly observed by the volumes of low 
frequency local component Ll(i) (see Fig. 3 and 4). 

The performed analysis showed that the more 
settled periods of Ll(i) and Lh(i) changes coincide 
and equal to 7 and 14 meters. This fact is explained 
by a cyclic recurrence of the geomechanical processes 
of mining and rock mass deformations provoked by 
the drift advance. 

It's characteristic that the outburst of coal and gas 
with the 350 tonnes intensity timed to the position of 
the drift, where the coinciding of Lh(i) maximum and 
Ll(i) minimum was observed. In that time the 
periodical character of outbursts in long drifts 
(headings and etc.) and longwalls was often observed 
by the mine workers. This fact showed that the use 
of analysis of the dynamics of Ll(i) and Lh(i) local 
components for prognosis of outburst prone zone is 
one of the more perspective direction of 
investigations. 

The dynamic of the amplitude volumes of the low 
and high spectrum components before and after 
outbursts was investigated in preparatory drifts of 
Zaperevalnaya-2 mine. At the time of their 
implementation, ten outbursts with intensity from 10 
to 850 tonnes occurred. The total advance of drifts 
made was more than 560 metres. The registration of 
the acoustic signal arising in mining mass during the 
blast holes drilling on rock face part by drill-plant 
was made before every advance of face. 
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Fig. 1. The dynamics of the middle amplitude volumes of Bl(i) and Bh(i) as advance 
of the 57th limiting conveyor drift of Zaperevalnaya-2 mine 

. - before hydrofracing 
after hydrofracing 

Fig. 2. The middle spectrums of the acoustic signal before and after 
hydrofracing on 30.05.91 in 7th west conveyor drift of Zasyadko mine 
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Fig. 3. The dynamics of the middle amplitude volume of Ll(i) as advance 
of the 57th limiting conveyor drift of Zaperevalnaya-2 mine 

Fig. 4. The dynamics of middle amplitude volume of Lh(i) as advance 
of 57th limiting conveyor drift of Zaperevalnaya-2 mine 
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These investigations showed that the increase of the 
high frequency amplitudes and the decrease of the 
low frequency amplitudes precede the outbursts of 
coal and gas. It was found that such event takes 
place, as a rule, before 2-3 drift face advances to the 
outburst side. 

The subsequent advance of face to outburst place is 
followed by decrease of amplitudes in high frequency 
spectrum part with almost invariable volume of the 
low frequency amplitude. Such effect is explained by 
the following. 

As the drift advances (before 2-3 face advances) to 
the outburst site, the delay of deformations of rock 
layers occurs starting from a rock layers placed far 
from the drift contour. The decrease of the 
amplitudes of the low frequency spectrum part 
testifies to this event. At the time of subsequent face 
advance, the delay in deformations envelopes rock 
layers placed near the contours of the opening which 
occurs with the gradual decrease of the high 
frequency component amplitude. 

The results of investigation showed that after 
outbursts, the amplitudes of the low frequency 
spectrum part increase to their background values and 
the amplitudes of the high frequency part decrease 
subsequently. Such changes of the spectral 
characteristics may be used as the sign of the drift 
leaving the outburst prone zone. 

4 CONCLUSIONS 

The idea about the relationship between the spectral 
characteristics with the state of mining of rock mass 
and the results of investigation showed the soundness 
of the method of prognosis of outburst prone zones. 
The main information sign is the dynamics of the low 
and high frequency spectrum part of acoustic signal 
arising during the working of machines and 
mechanisms using the force on the drift face. This 
method provides the use of real time relay of acoustic 
signal transmission onto a surface, the analysis of 
signal by a PC, the automatic control of registration 
of quality of acoustic signal and the delivery of 
corresponding recommendations to the operator. 

The idea about the connection of the acoustic signal 
spectrum characteristics with geological structure of 
rock mass opens new perspectives for the control of 
effectiveness of anti-outburst measures, the 
prognosis of the gas breaks in longwalls, drifts and 
etc., the control of state of roof and the determination 
of a coal seam position in the drifts advancing in 
rocks. The results of these investigations are being 
implemented in Russia and Ukraine now. 
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ABSTRACT: JapadChina research cooperation on prevention of gas out burst commenced in the middle of 
1992 and will be continued five years based on the agreement between Japanese and Chinese governments. 
The aim of this project is to establish the prevention technology for gas outburst at a model coal mine in china. 
North Colliery, Zhongliangshon Mining Bureau, Chongqing, Sichuan Province was selected as the model 
mine. The model mine operates several steep coal seams being prone to gas outburst. Countermeasures for gas 
outburst of this mine consist of 1) advanced mining of the protective coal seam, 2) gas drainage, and 3) stress 
relief boring. The project includes some programs such as 1) to introduce computer-based mine monitoring 
system, 2) to improve efficiency of gas drainage and stress relief boring system and 3) to evaluate effectiveness 
of countermeasures for gas outbursts. An outline of the project is described in this paper. 

1 INTRODUCTION 

Over 15,000 gas outbursts have occurred in China up 
to now. In Japan, the first gas outburst was recorded 
officially in 1921, and after that, over 800 gas 
outbursts have occurred. The biggest one was in 
1981 with about 4,000 m3 of coal and up to 600,000 
m3 of methane gas. Disasters associate with gas 
outburst has been a major problem of coal mine 
safety and the establishment of countermeasures for 
gas outburst is one of the principal subject for both 
countries. 

Central Coal Mining Research Institute (CCMRI), 
China and The Coal Mining Research Centre, Japan 
(CMRCJ) have continued information exchange since 
1987. Research cooperation on prevention of gas 
outburst has been examined between CCMRI and 
CMRCJ and this cooperation project was recognized 
by both governments in 1992. It was considered that 
the project was very useful for advancing gas 
outburst prevention technology based on many 
experiments and research work in both countries. 

An outline of the project as well as the statistics of 
gas outbursts in Japan and China are described in this 
paper. 

2 GAS OUTBURSTS STATISTICS 

The number of gas outburst disasters from 1949 to 
1987 in Japan is shown in Figure 1 (Deguchi, 1988). 
Although there is no correct statistics including gas 
outbursts without fatality or injury, it is estimated that 
over 800 gas outbursts have occurred in Japan. The 
Occurrence rate of gas outburst disasters has 
decreased after 60's with the peak in 1963 

considering how deep the mining level got. The 
widespread of countermeasures for gas outburst, 
including wide range mine monitoring, first mining 
of the protective coal seam, gas drainage and stress 
relief, made noted conmbutions to this reduction. Of 
course, it is considered that closing of some coal 
mines which experienced gas outbursts also 
influenced on it. The largest gas outburst occurred 
at Yubari-Shin Colliery in 198 1 with about 5,000 m3 
of coal and perhaps up to 600,000 m3 of methane 
gas. Thiscollierywhich islocated in the southern 

Figure 1. Gas outburst disasters in Japan 
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part of Ishikari coal field, Hokkaido district, was 
closed due to this hazard. The gas outburst occurred 
at Sunagawa Colliery in 1986 and this was the last 
one. 

Chinese statistics of gas outbursts is not clear but it 
is said that over 14,000 gas outbursts have occurred 
up till now. Table 1 shows the statistics in Sichuan 
Province(CCMRI,l990). In this province, 1,796 
events have occurred at coal mines which belong to 
Mining Bureau, Ministry of China Coal Mining 
Industry, since 1951 to 1989. Gas outbursts with 
over 1,OOO tons of coal has occurred 24 times during 
this period. The largest one was with 12,780 tons of 
coal. 

Table 1. Gas outbursts in Sichuan Province, China 

M I N I N G  BUREAU NUMBER OF GAS OUTBURSTS YAXIYUN VOLUME 
OF BURSTED COAL 

( >I,OOO TONS) TONS 

NANTON 1,152 ( 7)  0,765 
T I  ANFU 115 ( 5) 12,780 
ZHONGLIANGSHON 84 ( 7) 1,920 
SONGZAO 273 ( 4 )  1,624 

PANZH I HUA 16 ( 0) 256 

TOTAL 1.796 (24) 12,780 

FURON 156 ( 4 )  1,777 

3 OUTLINE OF THE PROJECT 

The research cooperation on prevention of gas 
outburst is planned to be a five year project. 
Introduction of some hardware and software related 
with gas outburst prevention to a model coal mine 
and establishment of model countermeasures for gas 
outburst based on field demonstration trials are the 
major purposes of the project. 

Japanese side is to provide the hardware and 
software, to plan the field investigation, to analyze 
and estimate the results, and to execute the 
educational program for Chinese engineers and 
researchers in Japan. Chinese side is to conduct the 
field investigation at a model mine and analyze the 
results. 

3.1 Model coal mine in china 

North Colliery, Zhongliangshon Mining Bureau, 
Chongqing, Sichuan Province was selected as a 
model mine. This coal mine is located in south-east of 
Chongqing city and it is about 24 km from the center 
of the city. The mine operates several steep coal 
seams being prone to gas outburst and produces 
about 400,OOO tons of coal annually. 

Figure 2 shows a typical geologic section of the 
model mine. The coal-bearing formation which 
consists of ten coal seams (from K1 to K10) belongs 
to Permian. The Formation forms a domelike 

configuration named Zhongliangshon anticline the 
axis of which runs from north to south. There are 
many reverse faults, specially in the east side of the 
axis. The base rock of the formation is mainly 
limestone. Roof and floor rock strata of the coal 
seams are sandstone or shale. 

Minimum working thickness of nine coal seams 
except K6 is about 70 cm. The thickness of K6 is too 
thin to develop. The average dip of coal seams is 
from 65 to 75 degree. A normal and reverse bench 
cut method with filling is mainly adopted. At present, 
the major mining activity is moving to deeper area 
between +290L and +140L horizon. Overburden of 
these horizon is about 350 m and 500 m respectively. 

Table 2 shows the statistics of gas outbursts at the 
model mine since 1959 to 1992 {including South 
Colliery). The number of occurrence of gas outbursts 
reached to 46 in North Colliery. In this table, it is 
clear that no gas outburst has been experienced in K2 
and K8 coal seam. It is also found that most gas 
outburst, over 70 %, occur at advancing cross cut. 
The maximum value of coal with a gas outburst is 
1,588 tons. 70 % of these gas outbursts had occurred 
before 80's. The occurrence of gas outbursts has 
decreased since early 80's due to the countermeasure 
described in Section 3.2. No gas outburst except by 
induced blasting method has occurred since 1991. 

(EAST) (EAST-OUT) (rn) 
Figure 2. Typical geologic sdction of North Colliery 

3.2 Gas outburst countermeasures in the model mine 

Mining panels are divided into three area based on the 
gas outburst countermeasure. As shown in Figure 3, 
they are pre-mining areas, protective area and mining 
areas. In pre-mining areas, many boreholes are 
drilled and cross gas drainage is carried out. Then 
protective coal seam, K2, is exploited first in the 
protective area. Finally, other coal seams are 
mined out in mining area. 
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The major technical factor of preventive 
countermeasures for gas outburst being adopted at the 
model mine are as follows: 

Table 2. Gas outbursts at Zhongliangshon Mining 
Bureau 

COAL SEAM NUMBER OF GAS OUTBURSTS MAXINUN VOLUME 
OF BURSTED COAL 

( >1.000 TONS) TONS 

SOUTH NORTH (SOUTH NORTH) SOUTH NORTH 

(WEST WING) 
K1 14 14 ( 1 ) 2,214 120 
KZ 4 ( ) 90 
K3 1 1 (  1 115 5 
K4 3 (  ) 80 
K5 4 2 (  1 50 80 
K4K5 3 (  2 )  1,369 
K7 1 f  1 65 
K8 1 ( ) 500 
K9 1 1 (  1 730 120 
K10 5 l ( 1  1 )  1,800 1,282 
K9K10 2 ( ) 900 

(EAST WING) 
K1 
K4 
K5 
K4K5 
K8 
K9 
K10 
K9K10 

2 5 (  1 )  204 1,000 
2 1 (  ) 30 80 
1 2 (  1 20 80 

1 (  1 838 
2 ( 1 44 

3 (  1 )  1,585 
2 1  ( 1  1 1,150 220 
2 ( ) 350 

(EAST-OUT WING) 
K1 4 (  1 )  1,335 
K3 1 (  ) 100 
K4 1 1 (  ) 90 350 
K9 1 (  ) 208 

~~~~ 

(OTHERS) 2 ( 1 40 

TOTAL 46 46 ( 3 6 ) 2.214 1.585 

I. 300 m i 

GASDRAINAGE 
M - - L  

MAIN ROADWAY CROSS CUT CROSC CUI' 

Figure 3. Three areas based on the gas outburst 
countermeasures 

3.2.1 Gas drainage 

Gas drainage method of the mine is based on drilling 
through a coal seam or coal seams from rock 
roadways below the coal seams. Typical layout of 
gas drainage boreholes for mining panel is presented 
in Figure 4. Similar gas drainage methods are also 

applied from a face of cross cut roadway before it 
would reach a coal seam. The diameter of these 
boreholes is 80mm. Over 2,000 m of drilling is done 
per month. 

Although the gas pressure just after drilling is 
extremely high, for example , from 4 to 5 MPa at 
140m level, it is very difficult to drain gas from 
virgin area due to very low gas permeability of the 
coal seam. It is estimated that the permeability is from 
7 to 150 micro darcy. Thus high suction pressure, 
from 35 to 50 kPa, and long term drainage is 
indispensable to reduce gas pressure in the coal seam. 

Methane gas is drained from coal seams by suction 
pump system installed on the surface. The amount of 
pure methane gas drained per minutes is varied from 
20 to 25 m3. On the other hand, the volume of 
methane gas emitted in the ventilating air stream is 
about 25 m3/min. Therefore the gas drainage ratio of 
the mine is in the range from 45 to 50 %. 

The major problem of gas drainage is that there are 
some seams which is too hard to drill drainage holes. 
Such seams often contain small grains or mass of 
pyrites. It is not uncommon to take one shift to drill 
20 cm using more than 10 normal metal bits in such 
a hard rock. Furthermore, it is difficult to drill holes 
below horizontal line due to low efficiency of the 
drilling machines used. If down holes could be 
drilled, mine water flow into bore holes is another 
problem that makes effective gas drainage difficult. 
The model mine is famous as a producer of good 
quality mineral water. 

3.2.2 First mining of the protective seam 

K1, K9 and K10 coal seams are in danger of gas 
outburst because coal is softer than other coal seams. 
K2 and K7 which are mined locally have little 
proneness to gas outburst due to their hardness of 
coal. Accordingly, aftcr the cross drainage, K2 coal 
seam is exploited at first as a protective seam. Other 
coal seams are developed and mined out after stress 
relief and decrease of gas by exploitation of K2 coal 
seam. 

om 

GAS DRAINAGE ROADWAY 

9s DRAINAGE 
r\  BOREHOLE 

L 
a 

MAIN ROADWAY 

Figure 4. Typical layout of gas drainage boreholes 
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3.2.3 Stress relief boring 

It is well understood that stress relief behind a coal 
face is an effective measure to prevent gas outburst 
where gas drainage shows insufficient effect for the 
proneness of gas outburst. Check boring is camed 
out at every advancing face in K2 coal seam and at 
some face in other coal seams. When critical value of 
gas pressure andor gas emission rate into the hole is 
experienced, stress relief boring is performed. Two 
boreholes of 300 mm diameter and 15 m length are 
used as stress relief holes. 

But in some cases, gas outburst result from such 
large diameter borehole itself. Several smaller 
diameter (80 mm) boreholes are drilled for stress 
relief recently (Figure 5). The length of these 
boreholes are up to 30 m. The traditional boring 
machine is compact and is powered by an hydraulic 
motor with maximum rotating torque of 280 Nm. 

Figure 5. Traditional stress relief boring 

Cuttings from the borehole are recovered only by 
rotating auger rods, because using water or 
compressed air results in severe deviation of the hole 
or the danger of combustion in the hole respectively. 
If collapse or jamming occurred in a borehole, it is 
difficult to overcome it due to low capacity of the 
boring machine. It is advisable to drill longer 
boreholes and to use stress relief boring efficiently. 

3.3 Technical aspect of the project 

The aim of the research cooperation is to introduce 
the gas outburst prevention technology based on long 
term experiences and research work in Japan. 
Although the traditional counter measures take effect 
in reducing gas outburst occurrence as described in 
Section 3.2, the efficiency of each countermeasure 
should be increased. 
Technical aspect of the project is presented in Figure 

6. At the fust stage, computer-based mine monitoring 
system is introduced to the mine. Methane 
concentration in the mine air, air velocity and volume 
of gas drainage are monitored at real time in order to 
estimate the condition of mine gas. Then gas 
emission volume from heading and mining faces is 
calculated. Stress change in  coal and rock seam can 
be monitored by this system. Fracture noise 
(Acoustic Emission, AE) monitoring is also appended 
to the mine monitoring system in order to estimate the 
status of stress concentration in a coal seam. 
Furthermore, the result of check boring and in-situ 
measurement for gas content using cuttings is stored 
in the system. The proneness of gas outburst is 
identified by the data base constructed in the 
computer system. 

I 

STATE OF STRESS m 
I 

I ANALYSYS I 
I I 

COUNTR MEASURES 
I r 1 

STRESS RELIEF GAS DRAINAGE 

Figure 6. Technical aspect of JapadChina research cooperation 
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Appropriate counter measures are enforced in 
the area in which the proneness of gas outburst 
isidentified. Gas drainage boring and stress relief 
boring are the major means to reduce the hazardous 
due to gas and stress respectively. The monitoring 
system is also used to estimate the effectiveness of 
these countermeasures and to plan the most suitable 
standard. 

3.3.1 Mine monitoring system 

A block diagram of the mine monitoring system 
introduced in the model mine in 1993 is presented in 
Figure 7. This system consists of three parts. 

The first part consists of two recording and alarm 
units connected with the existing mine monitoring 
system. Each unit has 32 channel data. Although 
North Colliery has installed methane monitoring 
system (60 sets of methane transducers) before the 
project had started, all data from the underground 
was only displayed on the display panel. A recording 
unit consists of three dot printing strip chart recorders 
and an interface board which send digital data to a 
computer system. An alarm or a warning is issued 
according to threshold levels by both alarm units. An 
alarm or a warning is expressed by a LED light and 
sound from a speaker. 

Second unit is a new digital data transmitter and, a 
recording and an alarm unit. In this case, a receiver 
unit of the digital transmitter contains an interface 
board for a computer and D/A converter for a 
recording and alarm unit. Many kinds of transducers 
for underground coal mines such as methane 
transducers can be connect with this digital 
transmitter. Each transmitter installed underground is 
explosion proof, intrinsically safe and takes 8 
transducers. All data, presently 32 channels, can be 
transmitted via only a pair of cable (mine telephone 
communication line). Maximum capacity of this type 
of digital transmitter is 256 channels. 

The last unit is a mini computer system which is 
used to analyze all data from both data transmitting 
systems. The computer system is based on VAX 
4000/60 (DEC) system taking into consideration with 
business and maintenance organization in China. 
Chinese V M S  operating system is selected in order to 
use Chinese characters for the monitoring system. 
Figure 11 presents a block diagram of software used 
for the monitoring system. All software were 
converted or developed for the model mine based on 
Japanese experience. 
Following items were monitored at the end of 1994: 
(1) CH4 concentration in the mine air 
(2) CHq concentration in gas drainage line 
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(3) Flow rate of gas drainage line 
(4) Air volume of auxiliary fan 
(5) Atmospheric pressure 1 
(6)  Gas pressure in a coal seam 
(7) Stress change in a coal seam 

Maximum capacity of data sampling is 256 
channels. All data can be stored on a hard disk of the 
computer system for one year. Real time monitoring 

utility makes it easy to recognize the underground 
condition. Another utility such as making trend 
graph and analyzing gas emission volume from an 
advancing face may be convenient to estimate 
underground situation. 

3.3.2 Improvement of gas drainage boring 

Some field trials have been carried out and more will 
be planned in order to improve the efficiency of gas 
drainage boring, specially in hard rock. A Japanese 
boring machine (THS-70, maximum 200 rpm, 11 
kw) and four kinds of bits, such as flat bits with a 
hard metal tip, double cross bit with hard metal tips, 
non-core bit with diamond grains and non-core bit 
with artificial diamond tips of powder compound 
(PCD), were used to drill gas drainage holes in a 
typical geological condition. 

It was found that the metal bits had much higher 
efficiency compared with traditional bits used at the 
model mine in the normal lime stone. For harder or 
the hardest rock containing pyrites, diamond and 
PCD bits show good results. They could drill from 1 
to 2 m per shift whereas traditional system could drill 
only 20 cm per shift. Core drilling technology 
including wire Line method and reverse circulation 
methods was also tried to estimate their drilling 
efficiency. These methods again presented favorable 
results compared with traditional methods. 

Other trials to drill downward and to increase 
volume of gas emission into boreholes by stimulating 
holes will be planned in this project. At the final 
stage, economic efficiency for improvement of gas 
drainage boring should be estimated, because 
Japanese equipments being used in these tiials are 
very expensive judging from Chinese economic 
standards. 

3.3.3 

A new boring machine (TOP-M) powered by 
hydraulic motor was introduced to the model mine in 
order to drill longer stress relief boreholes effectively 
at the end of 1994. Sealed drilling with outer rods is 
possible by this machine as well as normal in-seam 
drilling. Specifications of the machine are presented 
in Table 3. Rotating torque is up to 3,600 Nm and 
1,800 Nm at 60 rpm and 120 rpm respectively. 
Presently field trial to drill in-seam holes over 100 m 
with 100 mm diameter is being carried out using this 
boring machine. 

Improvement of stress relief boring 

3.3.4 AE monitoring 

It is considered that AE monitoring is effective to 
estimate the proneness of gas outburst in some cases 
(Itakura et al.,1984). A trial of AE monitoring is in 
progress at the model mine to assess its applicability 
for gas outburst. It is planned to monitor AE activity 
after blasting for roadway advancing and during 
stress relief boring or check boring. 
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Figure 7. Block diagram of computer-based mine monitoring system 
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Figurc 8. Mine monitoring systcm ; rcceivc unit of digital 
transmitter (left) and recording & alarm units (right) 

REALTIME JOB 

Figure 9. Mine monitoring system ; computer system 

DATA SAMPLING 

Figure 10. Mine monitoring system ; underground 
cquipments, from left, transformer, power box and 
transmitter 

DATA ANALYZING 

DATA OUTPUT I 

Figure 11. Block diagram of software used for mine 
monitoring system 

Table 3. Specifications of new boring machine (TOP-M) 

Chuck Type 
Spindle 1.0. 170 (nu) 
F w d  Stroke 1.400 (nn) 
Feed Speed 
Rotat ion Speed 0 - 60 or 0 - 120 (rpn) 
Maxinun Torque 3.600 or 1.800 (Nu) 
Maximum Thrust 60 (kN) 
Rotation Motor Hydraulic 
Hydraulic Pressure 21 (MPa) 
E l e c t r i c  Motor 30 (kW) 
Weight 1.200 (kg) 
Oinens ion 2,75O(L) x 700(W) x 1.005(H) (nn) 

Flange (Front) 8 Screw Chuck (Rear) 

0 - 6 (n/nin) 

AE monitoring system consists of four AE 
transducers, a set of analogue data transmitter with a 
telecommunication equipment, AE data sampling unit 
and computer system. AE transducer is an explosion 
proof, intrinsically safe unit and has a sensitivity of 2 
mNG. Frequency range of monitoring AE is from 10 
to 5,000 Hz. The transmitter sends four analogue 
output of AE transducers and one communication 
data via the mine telephone communication lines. 
When an amplitude of output analogue signal of AE 
transducers exceeds the threshold, the signal is 
digitized and stored in  the buffer memory of AE 
sampling unit. Then computer system receive digital 
data from the unit via GP-IB interface. The computer 
system eliminates noise by analyzing the data as well 
as parameter analysis such as SIN ratio, ring down 
counts, accumulated events, amplitude, and relative 
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activity of AE in real time. All AE signal is recorded 
on a hard disk of the computer for detailed analysis 
such as frequency analysis, AE source location 
analysis base on the amval time difference between 
transducers, and AE energy determination. Most of 
the results can be displayed with face advancing or 
boring length. 

4 CONCLUSION 

An outline of JapadChina research cooperation on 
prevention of gas outburst is described. This project 
commenced in 1992 and substantial cooperation at the 
model mine started in 1993. 

Computer-based mine monitoring system installed 
in the model coal mine is effective to recognize the 
underground condition in real time. The data base 
including gas emission characteristic, gas pressure 
and rock stress, results of check and stress relief 
boring has been under construction to identify the 
proneness of gas outburst and estimate 
countermeasures for gas outburst. 
Field trials to improve the efficiency of gas drainage 

and stress relief boring technology have been carried 
out. Increased efficiency of gas drainage boring in 
hard rock would result from the introduction of new 
equipments and drilling methods. Longer and 
effective stress relief boring would be put into 
practice after these trials. 

The close relationship between CMRCJ, CCMRT 
and Zhongliangshon Mining Bureau will contribute to 
the establishment of a model prevention technology 
for gas outburst in China. 
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ABSTRACT: Seismic monitoring of the ground’s response to longwall mining in Australia and the United 
Kingdom has allowed us to characterise events which are due to internal strata failure, falls and gas release. 
The locations of these events can be determined to provide mine engineers and geologists an on-going 
assessment of the effect the mining is having on local strata and whether gas related events which might lead to 
an outburst are occurring. We discuss the results of recent seismic monitoring of longwall operations at the 
Tahmoor, Southern and Gordonstone Collieries in Australia and make comparisons with the important outburst 
detection work undertaken at Cynheidre Colliery in the United Kingdom. 

1 INTRODUCTION 

The rock noises and bumps that occur as mining 
progresses are familiar to all underground miners. 
They are due to the redistribution of stresses and the 
caving process. Outbursts may also be preceded by 
rock noises. 

The rock fioise is an audible expression of the 
release of strain energy within the rock mass. This 
energy is more generally transmitted as seismic 
waves. Monitoring of these waves can tell much of 
the ground’s dynamic response to mining. 

There have been a number of seismic monitoring 
studies in Australian coal mines which include those 
of McKavanagh and Enever (1980) and Grezel, 
Leung and Ahmed (1980). Overseas, the work 
includes that of Gibowicz (1984), Will (1984) and 
Davies, Styles and Jones (1987). However, most of 
the recent work on seismic monitoring has been 
concerned with the deep metalliferous mines of South 
Africa and Canada from which an extensive literature 
has developed (eg Young, 1993). This work has 
capitalised on recent advances in computer 
technology and there are now a significant number of 
metalliferous mines running in-mine seismic systems 
to monitor the intensity and locations of the seismic 
events. The prediction of rock bursts is a prime 
concern. 

In Australia, CSIRO Division of Exploration and 
Mining and Central Queensland University are talung 
a renewed interest in the application of seismic 
monitoring to a number of issues in underground coal 
mining. Recent studies have been undertaken at 
Southern Colliery, German Creek (McKavanagh et 
d, 1993), Tahmoor Colliery (Dixon and Hatherly, 
1994) and most recently at Gordonstone Mine where 
a detailed exercise is currently underway. These 

projects mainly concern the geotechnical applications 
for seismic monitoring - goaf formation, height of 
caving etc, but the Tahmoor work has indicated the 
distinct possibility of outburst prediction. In this 
paper, results of these studies are summarised. We 
begin by presenting results of the most promising 
outburst prediction work at Cynheidre in the UK. 

2 MICROSEISMIC MONITORING FOR THE 
PREDICTION OF OUTBURSTS AT SOUTH 
WALES, UNITED KINGDOM 

In the United Kingdom, outbursts represented a 
serious problem in the anthracite zone of the South 
Wales Coalfield since the last century until 1989, 
particularly in the Gwendraeth Valley where 
anthracite of very high quality is mined, with 
numerous casualties and 6 fatalities in 1971. The 
outbursts generally occur in the Big Vein and 
Pumpquart seams although others have been 
involved. They are frequently associated with the 
major thrusting which is present in the Lower Coal 
Measures. In the Gwendraeth Valley 236 outbursts 
have occurred of which 105 were spontaneous, 113 
were induced by shot firing and 18 were unclassified. 
Further details of casualties, coal dust and gas emitted 
can be found in Davies, Styles and Jones (1987). 

2.1 Surface Seism‘c Monitoring 

Of the spontaneous outbursts, many are preceded by 
audible sounds from within the rock mass. In order 
to attempt to detect this and to evaluate its potential 
for outburst prediction a single channel vertical 
seismometer station with field recording was set up 
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on the surface some 700 metres above a potentially 
problematic area, Panel 99 of Cross-Measures 2, for 
an initial 6-month period. Because of the successful 
detection of events which originated from within 
Cynheidre and the significant correlation between 
seismic-acoustic activity and mining activity a 
permanent seismic outstation was installed during 
August 1982. This system was then expanded to an 
eight channel digital system with recording on digital 
cassette tapes and on-line computer monitoring. 
Monitoring of the microseismic activity on the surface 
seismometer network over a very extensive period 
(1982 to 1989) leads us to some very significant 
observations with relevance to the state of stress 
within the colliery and the imminence of outbursts. 
Two distinct styles of microseismic activity 
originating from within the colliery and generated by 
the extraction of coal were observed. 

2.2 Normal Activity 

This is characterised by impulsive, short-duration 
(typically 0.5 s) events, which propagate across the 
colliery at velocities of about 3.5 km/s, and show 
clearly distinguishable P and S phases particularly at 
more distant stations. They show normal attenuation 
and are severely reduced in amplitude by the time 
they have travelled 2 km or so. The evidence that this 
type of activity is generated directly by extraction of 
coal is the excellent correlation between the rate of 
extraction and the number of microseismic events per 
shift and the hypocentral locations which show that 
this activity is localised in front of the face, 
presumably close to the front abutment zone. The 
very impulsive nature of the events and the 
ubiquitous downwards first motions suggest they are 
generated by an almost instantaneous brittle failure, 
probably fracturing of the sandstone roof (Figure 1). 

2.3 Outburst Activity 

These events appear to be rare during the working of 
a normal face but to increase rapidly in frequency of 
occurrence immediately prior to outbursts or 
outburst-prone conditions. They often occur in 
closely spaced sets with several events within a few 
seconds. They have emergent onsets, durations of 
about 600 milliseconds, a symmetrical 'beaded' 
envelope and appear to be a single phase with a 
monochromatic spectrum with a principal frequency 
component at 32 Hz (Figure 2). They suffer little 
attenuation as they propagate across the colliery in 
comparison with normal events which attenuate 
rapidly with distance. The velocity of propagation of 
these events is very slow and variable with velocities 
between 300 m/s to 1 km/s. We have recognised 
these events during outbursts from both the 
Pumpquart and Big Vein seams, from pulsed 
infusion firings, from a gas emission incident which 
was controlled without progressing to an outburst, 
and on many occasions during the lifetimes of Cross- 
Measures 5 ,  BV26 and Cross-Measures 3 BV15. It 
seems probable that these events originate within the 
coal seam, particularly as they show a clear casual 
relationship to the emission of gas from the face. We 
consider that these events are generated by the quasi- 
instantaneous desorption of methane into the gaseous 
state in dilatant microfractures within the coal (Styles, 
1993). As such they are fluid driven fractures and 
are analogous to the long-period harmonic events 
observed during hydrofracturing ( Dobecki, 1989, 
Pearson and Albright 1984). 

A real-time, on-line microprocessor was developed 
which could discriminate mining-induced 
microseismic activity from background seismic noise. 
It successfully detected the sequence of events 
leading to a gas emission incident on 20 February 
1986, giving an audible alarm before a catastrophic 
incident could occur. The system subsequently gave 

P 'B - 
s o  

-m 
0 0.1 02 0.3 0.4 0 5  0.6 0.7 0.8 

... ..,..: ................ : . 1 ........... 

... ._ ... ... . ... __ ._ 

5; 60- 70 80 90 100 

4 2 , + ,  , ; , , , ', , , , , , 
0.5 1.0 1.5 

Figure 1. An example of a normal mining-induced 
seismic event and its power spectrum 

Figure 2.Outbursl-type event and its power spectrum 
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advance warning of abnormal conditions on 14 
occasions and while it is unlikely that an outburst 
would have ensued on all of these occasions, it 
experienced 114 outbursts from 1962 to 1985, an 
average of five per year, while over the period 24 
June 1985 to the closure of the colliery in March 
1989 no outbursts occurred at all. It seems likely that 
microseismic monitoring played a major part in 
providing this period of outburst-free working. It is 
clear that at Cynheidre 'outburst' related activity was 
present up to 7-10 days before the culmination of an 
actual emission. The onset of this type of activity 
could be followed by the institution of precautionary 
measures, with rapid rises in the rate of activity 
meriting particular attention. 

3 MONITORING AT TAHMOOR 

CSIRO and the University of Liverpool established a 
seismic monitoring station at Tahmoor Colliery in the 
southern Sydney Basin in1992. Only a single triaxial 
seismometer located on the ground surface was 
involved. The initial monitoring (Styles, 1992) was 
made of gateroad development under the station in an 
attempt to detect the same type of events observed at 
Cynheidre prior to outbursting. However, there were 
no outbursts during the one month period of 
monitoring and the results were inconclusive. 

In July 1993, the station was reactivated for one 
week while longwall extraction took place directly 
underneath. As with our other work, there is a very 
strong correlation between the number of seismic 
events and mining activity, Figure 3. There was 
usually 100 events recorded per hour. Figure 3 also 
suggests that there is a cyclic pattern in the events 
over the last few days while continuous extraction 
was achieved. Quite possibly this is an indication of 
periodic weighting. Note also the period of intense 
activity around 10.30 am on 28 July. At this time, in 
excess of 400 events were recorded. All were of the 
beadedemergent form shown in Figure 4 and are 
remarkably similar to the outburst related events from 
Cynheidre, Figure 2. 

Figure 3. Seismic events and longwall activity at 
Tahmoor Colliery. 

I I 

Figure 4. 
Tahmoor. 

A possibly gas driven event from 

At Tahmoor, there was no outburst at the time of 
this intense activity, however, there was an increase 
of about 15% (100 litres/second) in the flow of CO2 
at a gas monitoring station in the panel (Williams, 
pers. comm.). A separate gas driven mechanism for 
the events is clearly possible and the prospect of 
detecting outburst phenomena in the Southern 
Coalfield of the Sydney Basin is raised. We believe 
that further monitoring work is justified but this has 
yet to be undertaken. 

4 MONITORING AT GERMAN CREEK 

In the Bowen Basin of Queensland, our seismic 
monitoring has concentrated on geotechnical 
applications. German Creek is an established mine in 
the Bowen Basin some 80 km north of Blackwater. 
Southern Colliery is mining the German Creek Seam 
by retreating longwall, at depths varying from 120 to 
over 200 m. The first panel to be mined, 601 Panel, 
experienced some difficulty in establishing the initial 
cave under massive sandstone roof, which fell as a 
large block in consequence. The concept of 
monitoring longwall caving characteristics by seismic 
methods from the surface was subsequently trialed by 
Central Queensland University in late 1990, 
(McKavanagh et al, 1993). The surface mounted 
Kelunji digital seismograph gave useful data, 
enabling seismic characterisation of several caving 
sequences as 602 longwall commenced. 

This form of monitoring promises to provide 
warning of longwall caving problems. The seismic 
noises were classified into four types, defined 
principally by waveform analysis. These are: 

1. Strata failure (microseismic noise): ie. the 
internal failure of roof layers, without a subsequent 
fall. These are distinctly impulsive, with an 
exponential-like decaying coda. This is the type of 
event associated with a high confining stress, and we 
found that there was a significant increase in this type 
before the major fall in 602 Panel. This is interpreted 
as the failure of a critical high-strength portion of the 
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roof, after which the main fall can occur without 
hindrance along pre-existing bedding planes, joints 
and newly established fractures. 

2. Falls and associated noises: These include the 
strata breakage, and frictionally generated, shearing 
type noises as the blocks begin to move. These were 
of lower spectral frequency than the microseismic 
noises. There is a large increase in these noises 
during falls at Southern Colliery, and in fact we were 
able to time the major falls to the satisfaction of staff 
working in the Panel. 

3.  Production related noises, such as accidental 
impacts, shearer cutting roof, coal bumps etc. Many 
irregularly shaped waveforms were put into this 
category. 

4. Switching spikes in nearby electrical power 
lines. These are distinctive and easily removed during 
analysis. 

It is apparent from the trend plot of the 
microseismic noise, labelled strata noise in Figure 5, 
that these noises showed a characteristic exponential 
increase in cumulative energy before the largest roof 
fall in 602 Panel. This was also seen in subsequent 
monitoring in 604 and 605 Panel. With this in mind, 
we are currently studying the digitally recorded 
waveforms in greater detail, to determine if there are 
characteristic changes in event magnitude, frequency 
content, or in “signature” with time preceding the 
falls. 

From this monitoring at Southern Colliery, it has 
been concluded that the digital seismograph has 
proven to be reliable, easily operated and installed, 
and of excellent sensitivity for this type of 
monitoring. Falls during initial caving were readily 
recognisable from the recorded waveforms, and 
could be correlated to the extensive observations of 
fall times and character, despite the subjective nature 
of some of this data. Episodes of falls could also be 
recognised in the data, corresponding to cyclic 
loading reported by underground staff. The 
sequences of microseismic noises observed 
to precede the falls would prove useful as an 
objective measure of the amount of roof noise 
routinely heard underground. 

LONGWALL 602, SOUTHERN COLLIERY h , 

SEISMIC NOISE DURING CRITICAL FALLS. 
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Figure 5. Total seismic noise energy and micro- 
seismic noise energy before and after the critical falls 
in the initial cave of 602 Panel, Southern Colliery. 

It is also of some significance to this meeting that 
some emergent waveforms, similar to those reported 
by Styles from Cynheidre, were observed amongst 
the more numerous first two types of waveforms 
discussed above. These were classified as type 3 
waveforms (production related noise), but have 
subsequently been recognised by their similarity to 
those reported as being gas-related. Since Southern 
Colliery does not experience excessive gas content in 
the German Creek seam at the shallow depths mined 
to date, this result is partial confirmation only of the 
observations at Cynheidre. 

5 MONITORING AT GORDONSTONE 

Gordonstone Mine is a new underground mine in the 
Bowen Basin some 50 km from Emerald. The 
German Creek seam is being mined at a depth of 
about 230 m. There is typically 170 m of Permian 
cover with a further 60 m of Tertiary volcanics and 
unconsolidated sediments extending to the ground 
surface. The unconsolidated sediments within the 
Tertiary are highly water charged. Breaching of these 
aquifers is unlikely at Gordonstone but other mines in 
the vicinity have much less Permian cover and the 
possibility of significant water inflows is a concern. 

During the second half of 1994, a seismic 
monitoring experiment was set up at Gordonstone to 
monitor the events associated with the extraction of 
longwall panel 103. More or  less continuous 
monitoring took place during September and October 
during which time there was about 700 m of retreat. 
Measurements were taken using strings of three- 
component geophones grouted down three boreholes 
located in the centre and to either side of the panel. 
27 triaxial geophones were used as well as two 
triaxial seismometers located on the ground surface. 
In all, 1200 events were recorded with 30 to 40 
events being recorded on a typical day. As expected, 
there is a direct correlation between mining activity 
and the generation of the events, Figure 6. Our more 

Qordonltone Ulna - Number of evenls vs mlnlng 
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Figure 6. Seismic events and longwall activity for 
the months of September and October 1994, 
Gordonstone Mine. 
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specific objective is to locate the seismic events in 
space and time and to relate these to the mining 
activity and goaf formation. Preliminary results will 
be presented to the meeting. 

6 CONCLUSIONS 

Seismic monitoring at a number of mines in Australia 
and the United Kingdom clearly shows that seismic 
events are generated by the ground's response to the 
mining. Different types of seismic events are 
generated by internal strata failure, falls and periods 
of increased gas emissions. Real time monitoring 
and event location systems can be employed and so 
there is now the possibility of using the method to 
monitor and study geotechnical aspects of mining and 
to provide a warning of a potential outburst situation. 
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Outburst monitoring using microseismic techniques in the Phalen Colliery, Sydney, 
Nova Scotia, Canada 
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ABSTRACT: The Sydney Coal field in Nova Scotia has experienced outburst activities since the late 70’s and 
early 80’s. The reported cases of outburst in this field are described as resulting from the ejection of finely 
pulverized sandstone into the openings. An “intrinsically safe” portable microseismic monitoring system, 
designed for the Sydney Coal field, was installed in Phalen Colliery at a depth of 695 m. The results of 
several months of monitoring showed the possibility of detecting different sources and their distinction from 
their seismic signals. Of particular interest is an outburst recorded in September 94 which we describe in this 
paper. 

1 INTRODUCTION 

Sudden failure of rock material close to mine 
openings has been a major problem to the mining 
industry for many decades. Such failures fall into 
several categories, among which rock falls (loosened 
rock fall ing under its own weight), rockbursts 
(violent rock failures causing significant damage), 
bumps (violent rock failures with minor damage) and 
outbursts (sudden ejection of rock and/or coal 
material into an excavation due to rapid release of 
gas). As mining depths and extraction rates in coal 
mines increase, the occurrence of outbursts can be 
expected to increase as well. 

Seismic monitoring of outbursts in coal mines 
provides a unique tool in the investigation of the 
process of crack propagation leading to catastrophic 
failures. The origin of such induced failures could be 
related to stress adjustments within a rock mass 
following the removal of large volumes of rock, 
perturbation of the natural hydraulic regime, 
perturbation of rock temperature or gas pressure, etc. 
Large mining events in the earthquake range are often 
called tremors or mine-induced seismic events and 
are usually monitored using a mine-wide seismic 
system. Smaller “microseismic” events are usually 
located close to active workings. The monitoring of 
such events requires a recording system of a much 
higher frequency range and sensors located close to 
mining areas. An abundant literature exists on the 
use of seismic methods in the monitoring and 
analysis of coal mine instabilities, e.g. Nakajima et 
al. 89, Sat0 et al. 89, Revalor et al. 90, GAL 91, and 
Coughlin and Wilson 93; etc. 

Figure 1 - Location of Cape Breton Island and the 
Sydney Coal field, Nova Scotia. 

The two principal underground coal mines in 
Canada are operated in the Cape Breton Island, Nova 
Scotia. The Sydney coal field is located on the east 
coast of the Cape Breton Island and dips gently 
eastwards beneath the Atlantic Ocean (Figure 1). The 
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mines are owned and operated by the Cape Breton 
Development Corporation (CBDC), a Federal Crown 
Corporation. A multi-disciplinary research program 
undertaken by CBDC on outburst phenomena in the 
past has covered several aspects: measurements of in 
situ stresses, simulation of outbursts in laboratory, 
investigations into the potential for destressing and 
degassing of sandstones, and development of 
numerical models to assist in the design of openings 
in outburst-prone ground. Methods of assessing 
potential outburst conditions have been primarily 
examination of probe hole cores for core discing 
(Corbett et al., 1994). 

An intrinsically safety (IS) microseismic 
monitoring system was developed for the coal mines 
of Nova Scotia. The design of this system is based 
on the rockburst monitoring system currently in use 
by the Canada Centre for Mineral and Energy 
Technology (CANMET) in hardrock mines of 
Ontario and Quebec (Figure 2). This system was 
installed in a development roadway at the deepest 
extent of the Phalen Colliery, Nova Scotia in 1993. 
The paper presents a summary of past observations 
of outburst in the coal mines of the Sydney field, 
different approaches in dealing with this problem in 
the past, and the resulting conclusions in terms of 
further research efforts. The microseismic 
monitoring system installed at Phalen mine will then 
be described, followed by the results of the initial 
observations in this first stage of oulburst and 
microseismic monitoring at this mine. 

2 BACKGROUND 

Outbursts of rock and gas in coal mines are often 
associated with the destruction of strata around an 
excavation and release of large amounts of gas. The 
resulting cavity is formed by the ejection of flaked or 
powdered rock displaced into the workings. The 
cavity walls are often described as having an "onion 
skin" appearance. Such outbursts were experienced 
in No. 26 Colliery in the Sydney Coal field in the late 
70's and early 80's. The strata between the coal 
seams in this coal field are sandstones, siltstones, 
mudstones, with minor shales and non-marine 
limestones. In all reported cases of outbursts in the 
Sydney Coal field the ejected material has been 
described as predominantly finely pulverized or 
"flaky" sandstone chip and flake size particles. 
Where coal was ejected, this appeared to be a 
subsequent phenomenon due to rapid stress 
redistribution (GAL 1991). 

The CANMET's Cape Breton Coal Research 
Laboratory, in collaboration with the CBDC, has 
initiated a major research effort to investigate the 
causes of the outburst phenomena in the Sydney Coal 
field and safe mining methods in outburst-prone 
ground. In this section, we review some of the 
results of these investigations. 
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Figure 2 - Schematic diagram of the macroseismic 
system of CANMET (after Hedley, 1992). 

2.1 Review of Outbursts at No. 26 Colliery 

Between 1977 and April 1984 the No. 26 Colliery, 
the deepest mine in the Sydney Coal field at the time, 
experienced 37 rocWgas outbursts. An investigation 
of these events indicated that the majority of the 
outbursts took place in development headings driven 
in virgin coal, that they were initiated by blasting and 
occurred whenever a sandstone erosion channel was 
present either in the face, close to it and/or within 
2.7 m of the top of the coal seam (GAL 1987). 
Sandstone channels are often observed within the 
seams or in their close proximity. All of these 
outbursts occurred between 703 m and 790 m below 
sea level. The frequency and intensity of the outburst 
increased with depth. 

The last two outburst events in the No. 26 Colliery 
(November 83 and January 84) resulted in the 
destruction of 18 m of roadway, the release of 
considerabIe quantities of methane into the workings, 
and the ejection of volumes of rock of about 316 m3 
and 145 m3 respectively (GAL 1990). The outburst 
cavity created by the events were conical in shape. 
At the time of the closure of No. 26 Colliery, as a 
result of an unrelated fire, these outbursts were the 
subject of intensive investigation. 
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The outbursts at No. 26 Colliery were observed to 
have the following common attributes (Corbett et al. 
1994): 

- All outbursts were associated with Paleo river 
channels of sandstone roof where the rock dipped to 
within a height of 2.7 m of the seam. 

- Sandstone interbedded with dark gray siltstone 
was most prone to bursting. 

- The majority of outbursts occurred while driving 
development roadways in virgin ground. 

- All known outbursts occurred at a depth of 
greater than 700 m. 

- AU but one outburst were initiated by shotfiring. 
- Outburst incidence did not appear to be related to 

direction of drivage. 

2.2 Review of the Lingan Colliery 

Following the closure of the No. 26 Colliery, 
investigations intensified in the case of Lingan 
Colliery which was approaching the 700 m depth. 
Based on the available information on the in situ 
stress field, it was concluded that outbursts were 
more likely in Lingan Colliery than they were in No. 
26 if a critical mine geometry and gas pressure were 
encountered (GAL 1991). The report concluded that 
outburst triggering mechanisms should be 
investigated using seismic techniques. Seismic 
research at Lingan Colliery consisted of baseline blast 
monitoring during the limited number of drill and 
blast operations. The objective was to address 
several key issues such as the existence of any 
microseismic activity during or immediately 
following test blasts and the significance of such an 
activity from the point of view of outburst 
occurrence. 

Monitoring was accomplished using a multi- 
channel BMX blast monitor and an MS-3 single 
channel event counter during development blasts and 
machine cutting operations (GAL 1992). No 
microseismic activity was recorded within the six 
second recording window of the blast monitor. 
Events monitored by the event counter seemed to 
correlate with level activity such as moving 
conveyors or setting arches. This experiment 
showed the limitations of the equipment used for 
outburst monitoring, i.e. monitoring window being 
too short, memory being too limited, and particularly 
the equipment not being approved for use in coal 
mines. Although the equipment was operated under 
special exemption from the Coal Mine Regulations, 
the unit had to be shut down and removed from the 
section whenever the methane concentration exceeded 
O S % ,  which happened several times during the 
monitoring. The blast monitor revealed to be simply 
inadequate because it could not be used when and 
where outbursts were most likely to occur. 

The fundamental result of this investigation was 
that a more sophisticated continuous monitoring 
seismic equipment was needed to study the potential 
outburst phenomena. Unfortunately, Lingan Colliery 
was also closed before any further work could be 

done. Attention was shifted to Phalen Colliery which 
was quickly approaching the critical depth of 700 m 
(Corbett et al, 1994). 

2.3 Phalen Colliery 

Phalen Colliery, the newest colliery in the Sydney 
Coal field, lies directly under the Lingan and No. 26 
workings and currently its deepest extent, No. 3 
Slope development, is at a depth of 695 m. The 
geology of the mine is similar to that of No. 26 and 
Lingan Collieries. The method of slope 
development drivage at Phalen is by road header as in 
Lingan. 

A review of the available microseismic monitoring 
systems around the world concluded that no single 
system would adequately fulfil the requirements of 
outburst monitoring in the Sydney Coal field (GAL, 
1990). Systems developed for coal mines in other 
parts of the world tended to be "one of a kind" and 
usually constructed on an "ad hoc" basis by research 
groups. The report concluded that such an approach 
could be adopted for the Sydney Coal field. 

A portable microseismic system, specifically 
designed by CANMET's Rockburst group at the 
Sudbury Laboratory for outburst monitoring in the 
Sydney coal field, was commissioned in 1993 and is 
currently operating at the bottom of No. 3 Slope. 
This system is the product of cooperation among the 
CBDC and CANMETs Cape Breton Coal Research 
Laboratory, the Canadian Explosive Atmospheres 
Laboratory, and the Sudbury Laboratory. 

3 THE PORTABLE MICROSEISMIC SYSTEM 

In this section, we describe the Intrinsically Safe (IS) 
microseismic system installed at Phalen mine. The 
system was installed at the bottom of No. 3 slope at a 
depth of 695 m i n  November 1993. Following a 
period of adjustment, the enhanced prototype of this 
system began to record microseismic waveforms in 
March 1994. 

3.1 System Design Criteria 

The design of the system was based on several 
fundamental considerations. It is accepted generally 
that highly stressed rocks, such as those associated 
with outburst phenomena, generate microseismic/ 
acoustic activity, as shown by the abundant literature 
on the subject. However, within coal bearing strata 
where rock may be broken considerably, high- 
frequency microseismic emissions may not be able to 
travel long distances or to traverse minute fractures 
within the strata around mine opening because of the 
attenuation phenomena. Such a system had to record 
full-waveform signals in order to allow further 
research studies on the causes and mechanisms at the 
origin of outbursts. 
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It became obvious from the above considerations 
that any microseismic system sensor array would 
have to be placed near the emission source, 
preferably ahead of the development face. Because 
of the high advance rate of the mining machine, the 
sensors had to be remountable and the system itself 
had to be mobile to allow the sensor array to follow 
the mining face. Therefore, the system had to be 
portable, compatible with existing coal mine 
equipment and able to operate continuously. Also, 
the intelligent triggering system had to be remotely 
programmable. Finally, the system had to be 
Intrinsically Safe (IS) for use in hazardous 
environments and rugged enough to operate in 
demanding coal mine conditions. 

3.2 Array of sensvrs 

The array of sensors at Phalen consisted of five 
triaxial accelerometers installed in five 6.1 m deep 
boreholes drilled at different angles in one section of 
the excavation tunnel (Figure 3). The sensors 
installed in the rock are triaxial piezoelectric 
accelerometers with a nominal sensitivity of 980 
mV/g and a flat frequency response range of 0.5- 
2000 Hz. Accelerometers were chosen because of 
their sensitivity, frequency range and ease of use. 
Three triaxial accelerometers were deployed in the 
roof stone while two were mounted in the coal - one 
on each side of the heading. The present design of 
the sensor array was partly due to the limited 
capabilities of drilling large diameter boreholes at 
acute angles at Phalen. Moreover, poor ground 
conditions and operational difficulties made it 
impossible to install any sensors ahead of the face, as 
originally planned. Five multi-pair cables connect the 
sensors to preamplifiers, mounted outside the 
boreholes. As the mining machine passes the 
boreholes, cabling would follow behind the machine 
until the sensors would have to be redeployed in new 
boreholes. This approach ensures that sensors 
would never be located farther than 100 m from 
possible sources in front of the mining machine. 

3.3 Hardware 

The portable microseismic system installed at Phalen 
is a derivation of the CANMET permanent 
macroseismic system originally developed as part of 
the Canadian Rockburst Program and currently being 
used in a number of hardrock mines in Ontario and 
Quebec (Hedley 92, Talebi et al. 94). The system 
was modified to make it Intrinsically Safe for coal 
mines according to Canadian standards. 

The heart of this full-waveform 16-channel system 
is a 386 or higher dedicated PC computer. The 
triggering board, A D  board, and a standard modem 
are all housed in a single flame-proof enclosure. 
Connections to external amplifiers and sensors are 
made through shunt diode IS barriers. The external 
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Figure 3 - Location of the microseismic sensor array 
and the "schematic" outburst cavity within the No. 3 
Slope at the Phalen Colliery. 

amplifiers and sensor power level is maintained IS by 
voltage clamping techniques. Data transfer is 
accomplished through a single pair dedicated phone 
line to a host computer on surface. Another modem 
connection on the surface allows the users to call the 
system directly from a remote computer. The system 
is powered by a standard coal-mine rated 110 V 
switched power supply. The system runs 
continuously and stores events on an internal hard 
drive. 

The mode of operation is configurable to cover a 
variety of sampling rates from 600 to 20,000 samples 
per second per channel. The system features 
remotely programmable "intelligent" triggering 
detection circuitry minimizing the need for on site 
configuration or maintenance. 
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3.4 Software 

The operating system of the acquisition computer, 
QNX, provides a multi-user multi-tasking platform. 
It incorporates a user-set time slice parameter which 
allocates processor time to tasks or programs 
according to the priority set by the user. Event 
acquisition is held at the highest priority. 

The data acquisition software consists of three main 
modules: the primary and secondary acquisition 
modules, and the demultiplex module. These 
modules are auto enabled at start-up ensuring that 
acquisition is running unless it is terminated by the 
user. Other associated tasks are also included and 
run as required by the user. A display utility is also 
included. Three acquisition modes are available. 
These software-configurable modes manage memory 
buffers on the A/D board and work in conjunction 
with the trigger board to provide an efficient, 
intelligent seismic recording platform. In modes 1 
and 2 real-time acquisition is interrupted for a period 
of 250 msec following each event. Mode 3, 
however, is unique in that it can achieve continuous 
real-time data acquisition. In this mode two events, 
very close in time to each other, can be chained into 
one single file including both of them. 

4 RESULTS 

4.1 Observations 

The No. 3 Sfope heading at Phalen colliery where the 
portable microseismic system was installed was idle 
for several months following the installation. Except 
for the road header being partially dismantled in the 
expectation for a refit before the heading advances, 
there was no other mining activity within a distance 
of 100 m of the sensors. Consequently, the 
microseismic monitoring system did not record any 
significant events for a while, the area being 
acoustically quiet. Some adjustments to the hardware 
and the recording parameters (e.g. gains of 
preamplifiers) were made during this period in order 
to insure efficient recording of outburst activity, 
should it occur. 

On September 28, 1994 at approximately 1O:OO 
a.m., Phalen Colliery experienced a rocWgas 
outburst in No. 3 Slope at a depth of 697 m. As a 
result of this incident, one miner was seriously 
injured, several meters of roadway were destroyed 
and an estimated 1350 m3 of methane was released. 
The event made a loud bang which sounded like a 
sharp rifle shot and was followed almost immediately 
by an air blast, flying dust and small fragments of 
rock. The force of the air blast was sufficient enough 
to knock over some mine workers close to the 
mining, face. The air in the tunnel immediately 
following the outburst had a very heavy smell, like 
diesel fuel, and contained a fine gray dust making 
breathing difficult. At the time of the outburst, the 
Sensor array was about 30 m from the face, the 

location of the sandstone/gas outburst. Due to 
operational difficulties, only one of the sensors was 
functioning at that time. 

4.2 Signal processing 

For the time period between March and September 
1994, 55 files were recorded by the microseismic 
system at Phalen, of which 27 were due to electrical 
spikes and were thus rejected. The remaining 28 
files formed five different categories: 12 fdes were 
due to noise caused by the operation of the cutting 
machine, 2 were caused by hammer strikes to the 
tunnel wall for test purposes, 7 files were induced by 
blasting operations and 2 files were known seismic 
events. The origin of the remaining 5 files is not clear 
and investigations are on-going. 

The recorded signals were analyzed using their time 
and frequency contents. A Fast Fourier Transform 
(FFT) algorithm included in the CANMET waveform 
processing package was used for this purpose. The 
parameters used in this analysis in the time domain 
were the signature of the signals, their duration and 
amplitude. In the frequency domain, the dominant 
frequency range, the presence of amplitude peaks and 
the ratio of signal to noise were compared between 
different types of events. 

All types of events showed their characteristic 
signatures. Figure 4 shows signals from micro- 
seismic activity recorded while the monitored area 
was seismically quiet since no mining equipment was 
operating in the tunnel. The amvals of P and S 
waves are clear, as it was also the case when signals 
from transient sources such as hammer strikes on the 
tunnel wall or blasts were examined. In the latter 
cases, signal saturation was observed sometimes 
because of the large energy content of the blasts and 
the closeness of the hammer strikes to sensor 
locations. Figure 4 also shows signals recorded 
because of the outburst. The noisy aspect of these 
signals is due to the cutting machine still operating at 
the face when the outburst occurred. The fact that 
this noise is similar in nature to the background noise 
made further analysis of the outburst signals difficult. 

Displacement spectra of the above signals using a 
Fast Fourier Transform (FFT) algorithm are shown 
on Figure 5. The event recorded while the mine was 
quiet shows a high signal to noise ratio and a clear 
separation between the ambient noise and the signal. 
The energy is concentrated in the 100-1000 Hz 
frequency range. As expected, no particular peak of 
energy manifests itself in this case. The examination 
of the other figures shows, however, distinct 
concentration of energy around 100Hz and 3WHz in 
the spectra of the noise caused by the cutting 
machine. The spectra for the outburst shows similar 
features as those of the previous seismic event, but a 
low signal to noise ratio is observed and the 
separation between the signal and the noise is not 
very distinct. A clear difference between the signals 
from seismic events and artificially-induced sources 
of noise reveals to be the presence of distinct peaks 
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Figure 4 - Signals recorded from the triaxial sensor 3 
due to microseismic activity (top traces) and the 
outburst (bottom traces). The high level of noise in 
the latter case is due to the cutting machine operating 
when the outburst occurred. The total window time is 
522 and 682 milli-seconds respectively. 

of energy in the spectra of the latter while seismic 
events have a rather broad frequency content, with a 
concentration of energy in the 100-600 Hz frequency 
range. Signals from blasts show similar features, 
except for the fact that they contain energy below 100 
Hz as well. 

5 CONCLUDING DISCUSSION 

The implementation of the CANMET portable 
microseismic system in the Sydney Coal field 
represents the first of its kind in Canadian coal 
mines. This system, like most of its counterparts in 
other parts of the world, is site specific. The design 
of the prototype system has fulfilled the requirements 
of the project: Le. an intrinsically safe portable 
microseismic monitoring sys tem with a frequency 
range of monitoring, sensor sensitivity, detection 

\ li 
Figure 5 - Displacement spectra of recorded signals 
of the outburst (top), the noise caused by the cutting 
machine (middle) and a microseismic event (bottom). 
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capability and other relevant recording parameters 
adequate for the site. The system is flexible enough 
to be able to be moved to other locations within the 
mine and to follow the excavation face. This portable 
system allows easy set up in any coal mine utilizing 
standard coal mine power supply and its rugged 
design is perfectly suited to the coal mine 
environment. 

The ability of this system to continuously monitor 
the microseismic activity, record full wave forms and 
source locate the events is extremely important to the 
understanding of coal mine acoustic phenomena. 
Although the source location procedure is not 
automatic for the time being, event files are easily 
transferable from the portable system to surface for 
in-depth analysis of the nature of recorded events. 

Much has been learned from this initial experience 
with the system. Improvements are, however, 
required and planned. The sensor array will be 
improved to allow easier mounting and retrieval of 
the sensors and a better coverage of seismically active 
areas within the Colliery. On the other hand, a new 
design of the array of sensors is needed to improve 
source location and seismic parameters 
determinations. An ideal array would include some 
sensors in front of the development face. The 
number of sensors can also be increased to provide a 
better analysis of the seismic activity. Future plans 
are to place the amplifiers on one IC board within the 
flameproof enclosure minimizing the possibility of 
damage to the amplifiers, lowering the possibility of 
electrical noise, and making it easier to guarantee that 
IS is maintained. 

The different types of events recorded at Phalen 
show different signatures, allowing for a strategy to 
be developed for discrimination between different 
types of events in situ. The present waveform 
analysis shows clearly the potential benefit of the 
seismic data processing for further in-depth analysis 
to increase the understanding of sandstone/gas 
outburst phenomena at Phalen. A routine analysis 
process will be implemented in order to increase the 
speed of the response provided to concerned parties. 
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ABSTRACT: During experiments of small scale hydraulic fracturing of coal measures at coal mine, acoustic 
emissions (AE) were measured to estimate the growth of hydrofractures in coal measures. 632 AE events 
were located during an experiment. Results of the AE measurements revealed the following characteristics of 
the AE: (1) the hydrofractures induced by injection of 1.2 m3 of high pressurised water propagated to the 
depth of 25 m from the wellbore, (2)the spatial distribution of AE hypocentres is of a fractal structure, and the 
fractal dimension of the distribution is 2.08, (3) the plane of AE hypocentres distribution is approximately 
perpendicular to the direction of the minimum principal stress. 

1 INTRODUCTION 

Fractures,either natural or induced, can be the most 
important feature controlling the methane gas flow 
through coal beds. Hydraulic fracturing technique 
has been adogted to form fiactures in coal beds and 
to raise their permeability (Holditch et al., 1989; 
Abass et al.,1991; Palmer,1992). 

Many methods have been developed to model or 
measure the characteristics of hydraulically induced 
fractures (Ecomides & Nolte, 1989). These includes 
in situ stress studies, pressure-decline analysis, 
laboratory experiments on cores, and comparison of 
such pre- and postfracture log as borehole images, 
temperature, and sonic. Most of these techniques 
investigate the fractures in the near-wellbore region 
and are successfd only in open holes contained in 
the fracture plane. 

The acoustic emission (AE) technique has been 
used for mapping the hydraulically induced fractures 
(Pearson, 198 1 ; Albright& Pearson, 1982; Fehler et 
al.,1987; House,1987; Talebi and Cornet,1987). 
Acoustic emissions may be thought of as 
microearthquakes, or microseismic events caused by 
brittle fracture in a region surrounding a hydraulic 
fracture. They are believed to be caused by a 
combination of stress release in the zone of high 
pore pressure surrounding the fiacture and the 
presence of imhomogeneities in the formation. 
Laboratory experiments show that these events arise 

from discrete ruptures on the fiacture plane (Seto et 
al.,1993a). If these microseismic events can be 
located, the strike and dip of the fiacture far from 
the borehole , can be determined. 

Fluid injection experiments were undertaken in 
coal measures together with AE measurements. 
The objectives of the experiments were to determine 
the path of fluid flow away fiom the borehole and 
the orientation of hydraulically induced fractures in 
coal measures. By monitoring the seismic activity 
generated by the fluid injection and locating the 
events, fiacture orientation and propagation length 
could be determined. 

2 EXPERIMENTALMETHOD 

2.1 Hydraulic Fracturing 

Experiments of hydraulic fracturing were carried out 
at Mitsui Ashibetsu coal mine, Hokkaido, Japan, 
which was closed in 1993. The experimental site 
was located at the deep gallery. The depth of the 
site is about 900 m from the surface. Fig.1 shows 
the experimental site (plan view). The hydraulic 
fracturing experiments were performed in a borehole 
drilled from the gallery called as “-695L oku-NT2”. 
The diameter and length of the borehole were 80 
mm and 17 my respectively. Fig.2 illustrates the 
method of 
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Fig. 1 Experimental site (plan view) 

hydraulic fracturing. The procedure was to first 
insert the high pressure-resistant pipes into the 
borehole. Next, these pipes were grouted with 
cement slurry. The water for fracturing was then 
sent to the bottom of the borehole through pipes. 
Coal and rock were fractured at a pumping rate of 
20 Vmin. 

COAL 

Fig.3 Mounting method of AE transducers 

underground experiment consists of six channels of 
pUMpAE sensors and 20 dB preamplifiers, feeding into a 

Fig.2 Method of hydraulic fracturing 

PCM data recorder and a videotape recorder 
(Fig.4). The transducers and preamplifiers are 
explosion-proof. The analysis and the source 
location of recorded events were conducted in the 
laboratory. 

2.2 AE Measurement 

Six boreholes were drilled for the instrumentation of 
AE transducers. The AE transducers are 
accelerometers, with the frequency response of 300 
to 5000 Hz. The transducer was placed at the 
bottom of each borehole. Fig.3 shows the mounting 
method of the AE transducer. The signals from the 
transducers were amplified 20 dB by pre-amplifiers 
between 300 Hz and 10 kHz and were recorded on 
a data recorder. AE recording system used in the 

A E  A M P  

V I D E O  

RECORDER 

13t 
141 R E  C O R D E R  

Fig.4 AE measuring system used underground 
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3 EXPERIMENTAL, RESULTS 
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Fig.5 AE event rate detected by AE3 transducer and pressure versus elapsed t h e  

Fig.5 is the rate of AE activity and pumping 
pressure versus elapsed time, The AE events shown 
in this figure were detected by AE3 transducer 
shown in Fig. 1. In this hydraulic fracturing the total 
of 1.2 m3 of water was injected. AE activity 
increased with pressure and there was significant 
activity in coincidence with the drastic pressure 
drop. However, AE activity continued after “shut- 
in” (at about 80 min). The continuing activity after 
shut-in may be related to the large amount of well- 
bore and hc tu re  storage built up during the 
pumping, since AE activities stopped when pumping 
was terminated in small scale laboratory experiment. 
The continuing AE activity in this case may also be 
due to a fiacture storage effect from a zone of 
fracture, possibly pre-existing cracks surrounding 
the hydrofracture zone that have been influenced by 
the pressure. The increase of AE activity was 
consistent with the rapid pressure drops which 
occurred at about 45 and 60 min. These AE 
increases may be caused by the formation of larger 
fracture due to the combination of small cracks. 

Fig.6 shows the AE hypocentres distribution in the 
hydraulic fracturing. 632 AE events’were plotted in 
this figure. The hypocentres of AE events 
distributed downward from the hydrofracture hole 
to the depth of around 25 m from the hole and 
moved across “Torashita 2-shaku seam” in almost 
perpendicular manner. The field experimental site 
was located under the active mining face and the 
rock mass in the experimental site was densely 
fractured. The downward migration may be due to 
the pre-existing fracture system. 

The correlation integral C(r) for the hypocentres 
distribution (pi,p2, ...,p N) shown in Fig.6 was 
calculated in three-dimensions. They are given by 

. .  

s“ L 5. 

Fig.6 AE hypocenter distribution during hydraulic 
fracturing in coal measures. 632 AE events 
are plotted in this figure. 

C(r)=ZNr(R<r)/N(N- 1) (1) 
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where Nr(R<r) is the number of pairs (pi,pj) with a 
distance smaller than r, and N is the number of 
hypocentres. If the distribution has a fractal 
structure, C(r) is expressed by 

where D is a kind of fractal dimension called the 
correlation exponent (Grassberger and 
Proccacia,1983) that gives the lower limit of 
Hausdorf dimension. The correlation integral versus 
the distance for the hypocenter distribution shown in 
Fig.6 is plotted on a double logarithmic scale in 
Fig.7. The data remarkably fall on a straight line. 
This indicates that the spatial distribution of AE 
hypocentres during the field hydraulic fracturing has 
an obvious fractal structure. The fractal dimension 
estimated from the slope is 2.08. The fractal 
dimension obtained here indicates that the 
distribution of AE events during the hydraulic 
fracturing was planer. 

In this experiment the stress measurement was also 
conducted by overcoring technique using the 
hemispherical-ended strain gauge (Sugawara and 
Obara, 1986). The stress measurement was 
performed in the “stress hole” shown in Fig. 1. 

Fig.8 shows the pole plot of principal stresses on 
the Schmitt net. The maximum, S1, the 
intermediate, S2, and the minimum, S3, principal 
stresses are 20.4 MPa, 8.0 MPa and 3.9 MPa, 
respectively. These values are plotted by solid 
circles. 
The distribution of AE events was approximated as 

a plane using the least square method and the 
normal line of the approximate plane was calculated. 
The direction of the normal line is 

C(r)-P (2) 

Strlke 
4 N 

. 5 1  2 4 8 1 6  
r ( m )  

Fig.7 Correlation integral versus d~stance for 
632 AE hypocenters determined. 
Fractal dimension is 2.08. 

illustrated as a “star” mark on the Schmitt net 
shown in Fig.8. The direction of the normal line is 
exactly the same as that of the minimum principal 
stress. This result indicates that the approximate 
plane of the distribution of AE events is 
perpendicular to the direction of the minimum 
principal stress. In other words, hydrofractures in 

Principal stress (MPa) 
Maximum S1=20.4 
Intermediate S2= 8.0 
Minimum S3= 3.9 

Fig.8 Pole plot of principal stresses (a) 
and the normal line to AE hypocenter 
distribution @). 
(upper reference hemisphere) 
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Fig.9 Variation of AE hypocenter distributions (section view) in stages 

of A to C shown in Fig3 and after shut-in. 

this field experiment were formed as a plane, which 
is perpendicular to the direction of the minimum 
principal stress. This dependency of the extension 
of hydrofiactures on stress distribution has been 
confirmed in the laboratory experiments (Seto et 
a1.,1993a,b; Majer and Doe,1986). In the present 
study, we confirmed in the field that the 
hydrofiacture in coal measures extended in the 
direction, which is perpendicular to the minimum 
principal stress. 

The change of AE hypocenter distribution in this 
experiment is shown from Fig. 9. The results shown 
in the figure are the section-view distributions in 
stages A to C and after shut-in. In stage 4 
hypocentres of AJ? events distributed randomly 
between two seams. In stage B and C, AE events 
were concentrated on and around the Torashita 2- 
h k u  seam. It may imply that the extension of 
hydrofractures and the surrounding zone started not 

from the hydrofiacture hole but from the Torashita 
2-shaku seam. This fracture extension process 
could be attributed to the effect of pre-existing 
fractures in the coal measures. In the stage after 
shut-in AE occurred in the region where AJ? 
occurred actively during the water injection. 

The results described above indicated that a 
network of fractures could be made up of around 
the borehole by the hydraulic fracturing treatment 
,although the hydraulic fiacturing process itselt is a 
complicated phenomenon, and that the fracture 
network could be the way through which methane 
gas flows out. And, the distribution of AE 
hypocenters revealed clearly that the direction of the 
hydrofiacture growth in the coal measures was 
strongly influenced by stress conditions in the same 
manner as the results shown in laboratory 
experiments (Seto et a1.,1993a,b; Majer and 
Doe, 1986). 
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4 GAS FLOW FROM THE HYDRAULICALLY 
TREATED BOREHOLE 
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Fig. 10 Accumulated methane gas volume versus time after the completion of drilling 
(after Kiyama et al.,1992) or hydraulic fracturing (Ashibetsu coal mine) 

In these experiments the measurements of methane 
gas flow were not made well due to the mechanical 
trouble caused by the invasion of water into the gas 
meters. 

After these experiments, however, the joint 
research program between NIRE and Coal Research 
Center of Japan, of which name is “Application of 
hydraulic fracturing technique to methane gas 
drainage fiom coal seam”, started in 1989. In this 
program the measurements of gas flow fiom the 
boreholes were conducted and the gas flow from 
hydraulically treated boreholes were compared with 
that from non-treated boreholes. 

In the experiment undertaken at Ashibetsu coal 
mine in 1990 (Kiyama et al.,1992), eight boreholes 
were drilled into the coal seam and hydraulic 
fiacturing technique was applied to three boreholes 
of them. Fig. 10 shows the variation of accumulated 
gas volume drained from the boreholes after the 
completion of drilling or hydraulic treatment. In the 
figure hydraulic fracturing technique was applied to 
the boreholes of No.5, 6, and 8. Although there 
was no marked difference between the accumulated 
gas volume from No.5 and 6 boreholes and that 
from non-treated boreholes, the common feature of 

the gas flow from the hydraulically treated boreholes 
is that methane gas kept on coming out from the 
seam even after that the gas flow from non-treated 
holes stopped at around 60 days d e r  the 
completion of drilling. The gas flow fiom No.8 
hole, in particular, was much more than others and 
continued at the highly constant rate for more than 
90 days after the completion of hydraulic treatment. 
This result means that the gas drained from 
hydraulically treated boreholes could be coming out 
fiom the much larger fractured zone surrounding the 
borehole than that surrounding the non-treated 
borehole, and that hydraulic fracturing technique 
should be effective way to control the high gas 
emission and gas outbursts in coal mines. 

5 CONCLUSION 

Our experiments shows that there is a significant AE 
activity associated with the hydraulic fracturing 
process. The AE activities indicate that the 
formation of hydrofractures in coal measures was 
explicitly associated with the stress condition, and 
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that hydrofractures in this field experiment extended 
downward due to the pre-existing fractures in the 
rock. It was confirmed that the distribution of AE 
hypocentres in hydraulic fracturing has a fractal 
structure. Fractal dimension was 2.08, which 
indicates that the hydrofractures distributed on a 
plane. The hydrofracture plane was perpendicular to 
the direction of the minimum principal stress. 
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ABSTRACT: The reasons for low productivity obtained from high powedweight ratio of modem home made 
and imported equipment is lack of fundamental rock mass properties. The author presents a concept of regional 
monitoring of rock mass properties using computer assisted data processing covering a wide variety of 
properties essential in mine design and production. 

1 INTRODUCTION 

In spite of the fact that mining industry of the CIS 
countries nowadays achieved great success in 
technical development, underground coal mining is 
beset with high level of occupational injuries and 
accidents. 

Reconstruction of mines and use of new high 
efficiency equipment didn't increase labour 
productivity and mining cost of coal produced has 
grown from year to year. 

Little attention was paid to the study of the 
properties and conditions of the coal mass and its 
influence on the technological process. 

Till presently, all investigations were concerned 
with the development of high efficiency heading 
machines with high power-to-weight ratio and 
mechanised coal-mining complexes with a high 
dynamic impact on mining medium. 

Because of the weak points in mining technology, 
productivity of modern high production home 
produced and imported equipment has not been more 
than 20-30%. This is due to the shortcomings of 
existing methods in designing and driving 
excavations without taking into account mass 
properties and conditions. 

The main shortcomings are: 
- insufficient geological data of a cod field; 
- imperfection of existing methods and means for 

the defining of dangerous zones of a coal seam, its 
surrounding mass and localisation of their harmful 
consequences before driving excavations; 

- lack of standard methods for geological- 
geophysical investigations of the coal seams prepared 
for exploitation. The investigation methods should 
present forecast maps which expose different degree 
of danger (coal field regions with high stress, gas 
pressure, strong roof, small amplitude tectonic 
disturbances, etc.) 

- lack of geological-technological model of a coal 
field and lithological strata that should allow to work 
out more detailed optimum stripping schemes and 
preparation for the development of the deposit; 

- lack of monitoring, property testing and checking 
of materials under technogenic influence, zones with 
high rock pressure and protected zones; 

- absence of control over geornechariical processes 
depending on the method of driving ell‘ excavation in 
SeaIIls; 

- inadequate information about the mass 
geodynamics for the solution of the multi-variant 
tasks in order to adopt the optimum variant in the 
deposit preparation €or putting it into operation and 
solving tasks of current and future planning; 

- substantial labour input and subjective errors in 
the process of preparation of design and engineering 
specifications at prospecting stage, deposit design 
and operation; 

- insufficient study of the problems concerning 
preliminary techtical support for the safe driving of 
excavations; 

- lack of optimisation of the technological- 
economic variants acceptable in the processing of a 
field, block or section. 

Most of the design of mines, nowadays is done on 
the basis of the information on physico-technical 
properties of rock and coal mass obtained by drilling 
wells and further core testing. These results 
characterise the mass only at the drilling spot and 
don't characterise its change in the area. The modern 
mining practice uses mean data for the whole section. 

The existing specifications for coal deposits allow 
to reveal no more than 10 per cent of the zones with 
small amplitude tectonics disturbances of the 
investigated deposit. 

Therefore up to 90 per cent of the tectonics 
disturbances is revealed during preparatory 
development and that entails creation of emergency 
situations. 

These unpredictable emergency situations are 
accompanied by grave after effects and stop 
technological process for a long time. All this results 
in sufficient expenses aimed at the normalisation of 
the situation. 
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2 REGIONAL MONITORING 

In view of the above, we feel certain that insufficient 
information about the properties and state of the 
medium, the geodynamic processes depending on the 
procedure of driving excavation are the main reason 
for many project changes that greatly influence the 
expected results and creation of safe conditions in 
developing coal deposits. 

In order to solve the problems we have developed 
"Regional monitoring conception of mass properties 
and conditions" which will be implemented and will 
create systems of management and control after 
geodynamic activity of a coal mass. 

The regional monitoring system allows to develop a 
computer program integrated complex aimed to 
collect, store and process the data and graphic 
information to check condition of the rock mass and 
help develop optimum technological decisions for the 
project. 

Alongside the development of the information data 
base it is scheduled to organise geophysical 
investigation in the drill holes from the surlace. The 
choice of the necessary equipment for the conditions 
of the coal field is done on the basis of the regime, 
observation of the changes in geophysical data 
(electromagnetic activity, etc.) and results of express 
analysis of the existing geophysical equipment to 
control geodynamic mass activity. 

It is planned to carry out regional geodynamic 
zoning in several stages. At the first stage, the 
analysis of aerial, geological-geophysical and other 
data is made. On the basis of the data we can 
formulate a network of the frame of gas-geochemical 
sounding of the area using adsorbed gas in rock. The 
relationship of zones of geodynamic activity with the 
zones of tension and compression is also formulated 
there. 

Next stage deals with geological, geophysical and 
geochemical justifications of the structures on the 
basis of geological and geochemical coal field 
reconn.aissance and gas testing of wells. Gas- 
geochemical survey is done in one of the following 
stages and it allows to zone the coal field area 
according to quality and quantity indicators of the gas 
field. 

When the work is under way it is planned to 
improve the methods of gas field investigation 
required for the specific tasks because the adsorbed 
gas study is an absolutely new information which 
wasn't used in the world practice before. As a result 
of the survey the regional gas zoning maps will be 
developed. 

Geodynamic activity of the former blocks is defined 
by a detailed analysis of the aerial survey and special 
geophysical study of the block borders and is also 
controlled by the observation of the regime with the 
help of special equipment. 

Geological anomaly of the studied object will be 
determined by solving taxonomical tasks using 
information data with the help of prognostic mapping 
and packaged computer programs. 

We also plan to work out a system of expert 
systems implemented in the "man-machine" dialogue 
regime where knowledge and experience in 
exploitation of the basin deposit will be widely used. 

On the basis of the knowledge so obtained, we are 
going to develop computer packaged programs for 
techno-economic choice of optimum variant in 
carrying out the development excavation in 
lithological strata and to output the design plans and 
engineering specifications. 

This will give a common approach for development 
and implementation of the results of fundamental 
research, which will increase the level of engineering 
confidence, will make available routine monitoring of 
the conditions and creation of the safe conditions for 
the mining of the high gas and outburst coal seams. 

3 CONCLUSIONS 

There is a need to develop a comprehensive regional 
monitoring system and expert systems that can help 
design engineering of efficient mining based upon 
scientifically collected information and continuous 
update of the information. This will increase level of 
engineering confidence and creation of safer mining 
conditions. 
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Prediction and Prevention of Outbursts 
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Prediction of possible parameters of sudden coal and gas outbursts on the basis of mining 
and geological data and estimation of risk of state of part of a face-adjoining seam owing to 
gas emission in working 
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Institute of Coal, Siberian Division, Russian Academy of Sciences, Kemerovo, Russia 

Valentin P. M a s h  
Joint-Stock Company "Leninskugol", Leninsk-Kuznetsky, Russia 

ABSTRACT: In the present paper we consider prediction of maximum possible parameters of sudden coal and 
methane outbursts under certain mining and geological conditions, automated control of gas-dynamic state of 
the face in the seam during development work. Deepening of mining operations influences unfavourably on 
mean size of sudden,gas outburst. During the years 1965-1970, it was equal to 51 tons, during 1971-1975 
years it grew to 177 tones. According to L. D. Lidin and V. G. Vershinin's data, the gradient of increase in 
mean size of outburst is 0.3 t/m at the mining depths of 150-350 metres and 0.7 t/m at 400-700 metres. 

The growth in the size of sudden coal and gas 
outburst has also resulted in increase in dynamics of 
phenomena. From N. E. Voloshin, A. E. 
Oljhovichenko and V. A. Voronin's data on the 
relationship between the duration of coal and gas 
outburst and its size, it is seen that with increase in 
the size of outburst from 20 to 200 tons, its mean 
intensity has also increased from 3 t/sec to 6 t/sec. 
According to I. V. Bobrov's data, even when 
outburst power is rather small, the travelling speed of 
coal particles reaches tens of metres per second. 
Only seconds are needed for methane concentration to 
reach the danger level in the part of a working. S. A. 
Christianovich, S. V. Kuznetsov, B. N. Onopchuk 
and V. A. Bobin show in their analytical calculations 
that the speed of propagation of methane and air 
mixture is 40-60 d s e c .  Broken coal fills worked out 
space and makes the escape of people to fresh air 
difficult even if they are already in special stables or 
in rescue and refuge chambers. In a short period of 
time, escaping gases spread into the workings. This 
results in casualties either from suffocation, or from 
fire damp explosion if there is a source of 
combustion. This risk is very great, especially at 
reversal of the ventilation flow, when methane 
emitted spreads to the places which aren't foreseen by 
the "Emergency control plan". It is well known from 
the contemporary records, that when mean size of 
sudden outburst reaches 150 tons the probability of 
disastrous effects sharply increases. 

In order to ensure the necessary level of reliability 
of calculations of methane emission regimes in mine 
workings, ventilation, prediction and prevention of 
gas-dynamic phenomena, it is necessary to develop 
scientific, well founded, approaches for the 
estimation of the reaction of coal-gas medium to 
technological perturbations for variable properties of 
rock mass. Such approaches, which facilitate quick 

consideration and prediction of results of 
technological decisions in space and time give a sure 
estimation of situations that are formed in 
multicomponent medium with variable rock mass 
characteristics. 

As a result of arralytical investigations and natural 
observations, it has been found that there are 
quantitative dependences of parameters of gas- 
dynamic phenomena on the basic natural properties of 
coal-gas medium and certain features of technological 
operations. For their determination, the following 
model has been ised. 

The process of coal and gas outbursts begins with 
the formation of gas-filled fractures in the seam, 
parallel to the face, caused by the rock pressure. 
Together with the fractures, there is a surface on 
which gas pressure is acting and it serves as a barrier 
(slice) between the fracture and the workings. If the 
barrier doesn't bear, crushed coal is thrown by gas 
into the workings. Then the next barrier collapses, 
i.e. avalanche of coal takes place. It stops at the 
expense of coal filling the working or the outburst 
cavity, or when the front of slice separation reaches 
hard, stronger coal. 

The circumstances become complicated with the 
exit of separating slice into the high gas pressure 
zone. At this point, the second wave (more 
dangerous), Christianovich wave, appears which is 
characterised by crushing of coal particles by gas. 

In accordance with the increasing volume of 
loosened coal, the necessary condition during an 
outburst is the transportation of a part of the coal 
mass into the working. It is done by the more active 
part of gas, contained in coal. 

Together with the growth of necessary range of 
coal transportation from the continuously moving 
contours of the cavity into the working, now filled by 
coal, the "coefficient of transportation" decreases and 
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gas pressure which is necessary for the support of 
coal gas flow behind the front of the wave of 
fracturing increases. On reaching the critical limit of 
gradient of gas pressure of the wave front, the 
process ceases. But the wave front of separation of 
the slice goes on until its selfhealing takes place, i.e. 
the process of necessary mass extraction stops. At 
this stage the speed of movement of the outburst 
waves and strain become equal. 

The strain, by its characteristics, corresponds to 
non-outburst-prone conditions, but the formation of 
fractures, parallel to the contour of the outburst cavity 
goes on. As a result, in the vicinity of the cavity, 
there is a zone of intensive gas impoverishment. The 
regime of gas impoverishment is close to usually one, 
during mining with blasting operations. 

One should note that the outburst cavity is in the ply 
of dislocated coal. The overlying hard coal caves and 
its broken pieces are also transported with gas into 
the working. 

Gas filled fractures, parallel to and close to the 
workings are found from experimental investigations 
based on initial speed of gas emission and electrical 
resistance of unworked coal. In the outburst-prone 
zone, the initial speed of gas emission has its 
maximum value near the face. The ply of the seam in 
this zone if found by anomalous changes in electrical 
resistance. 

The building of an appropriate mathematical model 
is based on the above described concepts about the 
physical occurrence of gas-geomechanic processes in 
rock mass during the drivage of development 
working. Taking into consideration the gas-dynamic 
aspect of the problem, the following main 
assumptions are made. 

1. Only a part of seam along the drivage axis is 
considered (single measured task). 

2. The speed of geomechanic strain redistribution 
is higher than the rate of change of gas pressure in the 
seam. 

3. In the process of winning of coal, it is possible 
that 

- the opening of a zone in the seam, the crushing 
wave "starts" from the boundary of a part of the seam 
opened. 

- the fracturing of part of the face in a gas- 
dynamic state exposes dangerous zones. 
4. The transition from such phenomena as 

crumbling and caving-in, to an actual sudden outburst 
is possible only when there is coal-mass 
transportation with extending gas flow along the 
working, excluding "selfbreaking" of the front of the 
collapsing wave. 

5 .  Gas-kinetic properties of the medium must be 
sufficient for the formation of gas-coal flow partially 
in gaseous conditions. 

6. Gas emission process out of broken coal on the 
road way floor depends not only on its residual gas 
content, but also on gas pressure in this cross- 
section. 

7 .  The extent of coal collapsing in front of the 
stress wave must provide the possibility for 
transportation of a part of its mass into the working. 

8. The process is neither actuated nor comes to it 
end if one of the above mentioned conditions isn 
fulfilled. 

The mathematical model is a system of equations c 
conservation of mass and impulse and is closed b 
the equation of correlation of coal mass and gas in th 
"active cross-section" of ilow accounting for the fa 
out of the part of broken coal out of the flow regime. 

For simplification of the mathematical model of th 
formation of gas-dynamic risk, enormous empirici 
material was used. This allowed to find the mea 
space-time parameters and to use the items of th 
theory of pneumatic transport. 

The scheme of the process singles out three mai 
components: free gas, loose coal, and coal which fe 
down out of the flow. Loose coal is as a monoflol 
of spherical particles with mean frictional parameter, 
deformation, crushing and particles collision ai 
absent. Fallen coal is considered as "bin" of weighe 
coal, bringing to the change of cross-sectional area ( 
a working. Mass of retained gas isn't accountec 
Desorbting gas, out of loose and fallen out of tk 
flow coal particles, which has mean desorptic 
properties defines the "source" characteristics of frc 
gas in this part of the working. 

The model of perfect gas is taken as a basic on 
The effects of viscosity are taken into consideration 
the interaction processes of gas and particles. TI 
movements of two components of the flow, gas ar 
coal, are considered as united whole, but wil 
consideration of flow phase shifts, which are calk 
"phase sliding". Besides, the empirical coefficient I 

hydraulic resistance to the flow is accounted in tl 
model. The coefficient charac terises friction alor 
the working boundary. 

The process of the development of sudden outbur 
is adiabatic, as at high speed of its development ar 
low coefficient of coal thermal conductivity, one mr 
ignore heat exchange of gas and environment. 

The kinematic variable quantities in the equation 
describing the process there are: 

- volumetric coal share in the flow; 
- gasdensity; 
- speed of gas movement; 
- working ventilation section. 
All the variable quantities are the functions of tin 

and space co-ordinates. Together with stri 
analytical investigations, an approximate solution 
the considered task was found. This solutic 
provides an opportunity to obtain main characteristi 
of gas-dynamic phenomena dependent on rock ma 
properties. 

- maximum range of coal transportation wi 
extending gas flow; 

- expected outburst power; 
- duration of outburst main phase; 
- outburst intensity; 
- gasdischarge; 
- possible volume of gas emission. 

Acceptability of this approach for the estimation 
maximum possible parameters of coal and g 
outburst in this mining and geological condition 

As a result of calculation we have: 
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proven by the comparison of maximum of rated mass 
of fallen coal and actual one. Comparison was done 
for the coal seams of Kuzbass. The results of 
calculations of the approximate solution are given 
below for the data received. 
H = 400 - depthofseam bedding,m 
P = 3.0 - gas pressure in the seam beyond the 

V = 10.0 - volatilecontent, %; 
A = 13.0 - coal ash content, %; 
X = 20.0 - natural coal methane content, m3h; 
Wm = 8.0 - maximum moisture-laden coal, %; 
W = 2.0 - seammoistureofcoal,%; 
a = 10.0 - angleofdipofseam, degree; 
S = 10.0 - cross-sectional area of a working by 

f = 0.3 - Protodiakonov hardness coefficient 

1 = 0.5 - depthofmachinecut,m; 
v = 20.0 - average daily speed of face 

m = 1.0 - thickness of the softest coal slice, 

zone of working influence; 

coal, m2; 

of the least hard coal slice; 

advance, m/d; 

m. 

V 

20 
20 
20 
20 
20 
20 
20 
20 
20 

Table 1. Dependence level of gas-dynamic risk on 
coal properties and technological parameters 

1 f P X w L 
0.5 0.3 3.0 20.0 2.0 24.5 
0.5 0.3 3.0 20.0 4.0 18.7 
0.5 0.3 3.0 20.0 6.0 11.9 
0.5 0.3 1.5 15.0 2.0 23.0 
0.5 0.3 3.0 20.0 2.0 24.9 
0.5 0.3 4.5 25.0 2.0 95.0 
0.5 0.4 3.0 20.0 2.0 17.6 
0.5 0.5 3.0 20.0 2.0 13.5 
0.5 0.6 3.0 20.0 2.0 9.5 

By changing some parameters in the table while the 
others were remained equal to initial values, the 
estimation criterion of level of danger is the maximum 
range of L-coal transportation from the most distant 
point of outburst cavity boundary. 

On the basis of the worked out models there is a 
possibility to solve the actual tasks for the mining 
practice, which can define the critical depth of the 
origin of sudden coal and methane outbursts and 
potentially outburst-prone zone with the consideration 
of changeable rock mass properties. As a result, the 
necessary amounts of rather laborious and dangerous 
mining and experimental operations are essentially 
reduced. The preliminary analysis of worked out 
models allowed to get hopeful results for their use in 
the definition of the parameters of sudden coal and 
carbon dioxide, rock and gas, salt and gas outbursts. 

These results of investigations have become the 
base for the decisions to be applied in the creation of 
the automated method of the control of gas-dynamic 
activity of the seam, and also have a classification of 
all kinds of risks during the development workings. 
The method is based on the analysis of the schedules 
of methane concentration change, in which the 
simplified dependences have been already used. 
These dependences allow to appreciate the dynamics 
of gas emission and to judge about the extent of seam 
activity. 

The prediction may be realised either by an operator 
using the data about the air consumption and readings 
of methane control sensor installed at a distance of 
25-30 metres from the face, or automatically by 
sensork connected to the computer, having a suitable 
program with signal filtration and data processing. 

Examining the test results, on the whole, one can 
note the following peculiarities of control method of 
outburst hazard. 

At the approaching of the working to the zone the 
gas emission into the heading gradually grows. But, 
as a rule, first the growth occurs at the expense of gas 
emission through free seam surface. Then if gas 
content and speed of face advance remains practically 
fixed, the gas emission out of loosened coal sharply 
increases. When all the indicators are included, the 
prediction method reaches the critical limits and the 
situation becomes most dangerous. It so happened at 
the mine "Birulinskaya" of the "Severokuzbassugol" 
(Russia). The gas emission from the seam surface 
pointed at the place of outburst 10-15 metres from it, 
and gas emission out of loosened coal 3-4 metres 
from it. 

The estimation of characteristics of every source of 
gas emission allows to avert the mistakes in the 
control of a situation and during the entry of 
workings into the seam zone with substantially other 
filtered properties. For example, at the entry into the 
zone with reduced permeability, it is inevitably not 
only the reduction of gas emission into the working, 
but also the increase of residual gas content at the face 
surface. Hence gas-kinetic indicators of loosened 
coal are increasing. In the zones with increased 
permeability the indicators of loosened coal are 
accordingly reducing, and increasing of gas emission 
through seam surface is going on with lower rate of 
reduction after the completion of extraction. This 
allows to foresee the phenomena, which are close by 
their nature to blow outs. If during the last situation 
the rates of driving are rather high and gas content at 
the seam edge remains dangerous, the process is 
going on within the seam as well as gas emission out 
of rock mass has essentially larger power. 
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ABSTRACT: The paper presents data on safe gas content threshold values for the safe mining of the Bulli 
seam with rapidly advancing development headings. The proposed threshold values based upon total gas 
content are 9.4 m3/t for pure methane and 6.4 m3/t for carbon dioxide under conditions of mining close to the 
structures with a linear change for a mixture of seam gases. When the occurrence of minor outbursts (<20 
tonnes) is accepted, these threshold values for the Bulli seam could be raised to 12 d / t  for methane and 10 m3/t 
for carbon dioxide at the prevailing depths up to 500 m. The data is compared with actual observations to 
support its validity and it is shown that this has a fair margin of safety factor to cater for inaccuracies in gas 
content estimation. The threshold values are compared with some overseas data using a simple outburst 
coefficient and it is shown that these threshold values are much safer than used overseas. 

1 INTRODUCTION 

The phenomenon of outbursts has been occurring in 
the Bulli seam for almost 100 years. The first 
recorded Occurrence of an outburst was in 1895 at 
Metropolitan Colliery which resulted in the death of 
three people. Since then 461 ( a t .  1994) outbursts 
have occurred in 12 mines. Details of the 
occurrences are given in Table 1. This table shows 
that all outbursts have occurred on structures and in 
places where there was no substantial drainage of 
gas. A vast majority of outbursts have O C C U K ~ ~  in 
West Cliff Colliery, followed by Tahmoor, 
Metropolitan and Appin. Other mines have 
experienced a much smaller number of outbursts. 
The effect of five fatalities in the Bulli seam in the last 
three years has changed the concepts of safety and 
has resulted in great changes in the mining of the 
Bulli seam under high gas conditions. It has spurred 
development and application of management systems 
to overcome the problem. It has also put severe 
strain on the economics of many operators. Unless 
this problem is satisfactorily solved, the viability of 
mining of the Bulli seam is greatly in doubt. Old 
principles of localised measures for outburst control 
are no longer applicable under intensive longwall 
operations which form the backbone of underground 
mining of the Bulli seam. Solution of the outburst 
problem requires use of techniques which can prepare 
retreat longwall blocks for safe mining sufficiently in 
advance. As such removal of gas by gas drainage 
and reducing gas content levels to such a value that 
safe mining can be conducted has been uncritically 
accepted by the mining industry. This paper outlines 
the developments in the area of defining those 

threshold values which have now been accepted by 
most mines mining the Bulli seam. 

2 MECHANISM OF OUTBURSTS 

Though some of the earliest attempts to explain 
outbursts related to high gas (Briggs, 1921; Ruff, 
1930), in modern theories three factors, gas pressure 
gradient and gas quantity, rock pressure and strength 
play a dominant role (Khodot, 1961; Christianovich, 
1953; Christianovich and Salganik, 1985; 
Skochinski, 1954; Petukhov and Linkov, 1983). 
The role of each of these factors may vary from place 
to place. Laboratory studies where micro outbursts 
have been induced in artificially prepared briquettes 
from coal and saturated with gas clearly show that 
both gas pressure gradient and stress play their role. 
These studies show that gas pressure gradient 
required to initiate an outburst depends upon type of 
gas and coal porosity, the higher the porosity, the 
lower the gas pressure (Bodzony & Nelicki, 1990). 
Projection of laboratory data to conditions occurring 
in the Bulli seam indicates that for carbon dioxide gas 
pressure of 0.35 MPa would be needed. The process 
of destruction of the coal is in multiple steps 
producing discing as in drilling in high stress zones. 
The thickness of the slice is determined by the gas 
pressure gradient and the tensile strength of coal 
(Ding Xiaoling, 1988), coal porosity, gas viscosity 
and filtration coefficient. The rate of destruction of 
the sample under laboratory conditions has been 
found to vary between 5-22 m / s  in coal briquettes 
with high porosity and 5-15 m / s  in coal briquettes 
with lower porosity (Bodziony, Nelicki and 
Topolnicki, 1990). The speed of propagation 
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Table 1. Outbursts in the Bulli seam 

Max. size 
of outburst, Type of gas Fatalities Association with 
coaVtonne geological structure 

100 Mostly CH4 All associated with 

polished coal, etc. In two 
cases no info. some 
association with stress? 

All outbursts on mylonite 
except one on jointed coal - 
suspect, possibly a rock- 

(One with C02 faults/dykes/rnylonite, joints 
on dyke 

C02 = 76%) 

80 CHq 

I 
Gas drainage status 

All at no substantial 
drainage, one suspect 

All at no substantial 
drainage 

Tower 

400 

400 

19 
(5 

suspect) 

c02 + cH4 1 All associated with All at no substantial 
(1986) dykdfaults drainage 

1 All associated with shear All with no substantial 
(1994) zones or fault/dyke drainage 

CHq + West Cliff 

120 South Bulli I 13 Mostly C02 3 With thrust Faults, 5 cases Nodrainage 
but also some (1991) suspect, Perhaps not 

CHq outbursts 

conimal 

30 

==+- 

CHq Fault No drainage 

DarkesForest I 2 

250 

I 
I 

20 

Brimstone + 
w e  I 2 

Mostly C02 7 Dykedfaults on thrust No drainage 
some CHq (1895 = 3 zones. Also associated with 
(520%) 1925 = 2 blasting. 

1954 = 2) 

CHq Dyke Nodrainage 

40 CH4 +CO2 Fault No drainage, non- 
violent outbursts 

I I I Mylonite and shear 
I I 

I NO drainage 40 CHq 

4 100 CHq 
I I I I 

10 I CHq+C02 I I Dyke I N o m  e 
I I I I 

increases with gas pressure and size of the openings. 
C02 gives higher speed than CH4and N2 (Famin, 
1959). The higher destructive effect of C02 is not 
only due to higher quantity of C02 that coal is 
capable of sorption and higher rate of desorption, but 
also its effect on reducing the strength of coal by as 
much as 30%. CO2 also has lower diffusion 
coefficient, higher viscosity and all this leads to 
higher free gas pressure gradients. At high pressures 
(20-30 atm), velocity of propagation in strong coals 
under high stress may reach 100 m/s  (Kravchenko, 
1955). Projection of the data to natural coal porosity 
levels of the Bulli seam indicates that the propagation 
rates would be of the order of 5 m/s. A large 
outburst of 200 tonnes reaching a depth of 35 m from 
an advancing face would thus be precipitated in 7 
seconds. When stress plays a dominant role, the size 
of the outbursts may be small and the location may be 
governed by the stress directions and direction of 

drivage. When gas plays a dominant role, the 
geological structures with reduced coal strength will 
control the location and direction of propagation of 
the outbursts. Under high stresses associated with 
structures, the size of an outburst may increase 
dramatically. 

Free gas is an essential element in an outburst. 
This provides the energy for the ejection and 
transportation of the broken mass. The rate of 
desorption where sorbed gas changes into free gas is 
much higher for finer particle sizes. For example, for 
90% free gas to be liberated from a particle, the time 
required is as follows (assuming defusion = 10-lc 
cm/s): 

0.001 mm = 1.6 s 
0.1 mm = 13s 
1 mm = Onemonth 
10 mm = 15 years 
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As such for an outburst to occur, there must be a 
large percentage of fine coal and high gas present. 
The larger the percentage of fine coals, the greater the 
severity and size of an outburst. Similarly, if high 
moisture is present, it will decrease desorption rate 
and hence the probability or the intensity of an 
outburst. Coal seams that have well developed 
micro-crack structure (lower strength) and lower 
permeability are thus much more liable to outbursts. 
Studies based upon data collected from Lower 
Silesian coal field on correlation of various factors 
and the degree of influence they exert on outbursts 
shows that the factors associated with gas (desorption 
rate, gas pressures, type of gas - C02 or CH4) 
together influence 68% followed by seam thickness 
18% and strength and stress 10%. 

3 THE OCCURRENCE OF OUTBURSTS IN THE 
BULL1 SEAM 

The minimum depth of occurrence of the outbursts is 
reported at about 200 metres though this figure is 
suspect (depth is possibly 350 m). The largest 
outburst occurred at West Cliff and Tahmoor 
Collieries where 400 tonnes of coal were thrown out. 
The outburst at Tahmoor occurred in association with 
carbon dioxide and at West Cliff with methane. Five 
outbursts have resulted in the deaths of 11 mine 
workers. All deaths have been associated with 
carbon dioxide outbursts and all these fatal outbursts 
occurred at places without any gas drainage. Fig. 1 
shows the frequency distribution of the size of 
outbursts in West Cliff and Tahmoor mines where 
together about 70% of total outbursts have occurred. 

In workings to date, West Cliff, which has 
experienced the largest number of outbursts, (55% of 
the total) had a gas composition basically methane 
which is now changing rapidly into carbon dioxide. 
Tahmoor, which has experienced approximately 20% 
of the total outbursts has gas composition varying 
between 30% methane to 70% methane. 
Metropolitan Colliery, which has experienced about 
11% of the total outbursts has gas content varying 
from 70% C02 to 95% C02. In other mines, 
outbursts have been associated with high proportions 
of methane and carbon dioxide has been limited to 2- 
5% in general, though close to dykes high 
percentages have been recorded in outbursts. 

Analysis of outbursts shows that these have always 
occurred in development headings. No outbursts 
have occurred on the longwalls in the Bulli seam. 
One outburst has been reported which occurred in a 
pillar panel during the drivage of a split at Tahmoor 
Colliery (splitting in the Bulli Seam is very akin to 
development). This outburst occurred on a faulddyke 
face, when the structure was just penetrated, 
throwing out about 8 tonnes of coal with some 
release of gas. Another occurred during pillar 
extraction (Metropolitan Colliery - details not 
available). Most outbursts occur during actual 
extraction of the face without any time delay. Some 
outbursts 3-4 minutes after stoppage of cutting have 

been reported. Hargraves (1975) reports an 
occurrence during lunch break in a development 
heading. 

Further analysis of outbursts in the Bulli seam has 
shown that as long as minimum distance from the 
structure is maintained, an outburst will not occur. 
Site studies of a number of outbursts at West Cliff 
showed that this minimum distance is 2.5 metres. 
Study of some outbursts which occurred from the 
side also showed that when the barrier width of solid 
coal and the rib line of a heading was reduced to 
under 2.5 m, an outburst precipitated. At South Bulli 
Colliery, where the gas content was about 12 
m3/tonne (mostly COz), this barrier width was close 
to 0.8 m. At Tahmoor, the width of this barrier was 
found to be just under 2 m. 

Onsite studies also indicated that there were no 
signs of any induced stresses in coal in areas of 
outbursts. In the Bulli seam coal is highly fractured 
(pulverised) in places where shear zones are present. 
The low strength of sheared coal with fineness of 
coal particles present an ideal case for outbursts to 
occur at such structures. The outburst cavities at 
places of larger outbursts extend up to 30 m deep. 
Those structures when intersected at different angles 
to the axis of the headings precipitated outbursts 
which follow the structures quite independently of the 
stress distribution. 

Studies also indicate that almost 98% of outbursts 
have occurred on structures. Only 6 outbursts (5  at 
Appin and 1 at Tower) have been reported not to have 
occurred directly on the structure. A small outburst 
that occurred at Coal Cliff (Darkes Forest lease) 
occurred close to a dyke. All these outbursts were 
small in size with the amount of coal thrown out less 
than 2 tonnes. There is a great doubt whether they 
were really outbursts, though existence of type of 
cone is reported in some cases. 

Based upon these studies, the mechanism of 
outbursts in the Bulli seam has been postulated, 
Fig. 2 shows a generalised concept. The 
phenomenon of outburst Occurrence in the Bulb seam 
is placed in the third quadrant (high gas, low 
stresshtrength ratio). As a structure is approached, 
the free gas pressure gradients close to the structure 
are high. This is the case both when shear zones are 
present or when a dyke or a fault exists ahead of the 
face. The shear zones are zones of low strength, 
high desorption rate due to the presence of very large 
pulverised material and high permeability and as such 
when intersected, they result in much high gas flows. 
The dykes and faults influence decrease of fracturing 
ahead of the face and lower permeability resulting in 
the build up of higher pressure gradient. The effect is 
that as the face approaches the structure and the 
minimum distance (thickness of barrier) is breached, 
the higher gas pressure displaces the material from 
the face and high flow rate provides the energy 
resulting in the initiation of an outburst. 

The material thrown out in the case of a shear zone 
is highly pulverised fine coal, but in the case of dykes 
and faults, it is more akin to normally fractured coal 
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Fig. 1 Size distribution of outbursts at Tahmoor and West Cliff Mines 
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Fig. 2 Effect of stress and gas on stability 
of excavations 

without any great differentiation from coal under 
normal mining. 

The strength of the Bulli seam is placed somewhere 
in the middle of the band of coals strength around the 
world. The stress levels occurring in the seam are 
medium and since there is no indication of the role of 
stress, it is concluded that induced stress is not 
playing any important role in the outbursts in the 
Bulli seam. Ejection of coal in outbursts in the Bulli 
seam is all gas controlled. This is also supported by 
the fact that many structures have been mined through 
without outbursts in areas where gas content has been 
not so low though the depth of mining has been no 
different than usual depths. 

Figs. 3a and 3b show outbursts that have occurred 
in the Bulli seam. For comparison purposes Fig. 3c 

which shows an outburst in Leichhardt Colliery is 
given to illustrate the difference. The Leichhardt 
outburst is a typical stress related outburst. The 
effect of stress is virtually absent in the Bulli seam. 
Some outbursts that have been reported at Tower and 
Appin may fall into this category, but these are 
suspect. The amount of material thrown out in these 
outburst has been very small. 

The phenomenon of discing has been observed in 
high C02 areas in the Bulli seam when coring for 
measurement of gas content. This occurs when gas 
content exceeds 16 m3/t. The thickness of the disc 
varies depending upon the type of coal 5-10 mm in 
strong dull coals and -1 mm in bright softer bands 
(Fig. 4). Discing has not been noticed in areas with 
methane up to 16 m3/t. It is felt that besides high 
desorption rates, the effect of COz on strength of coal 
plays an important role. Decrease in shear strength of 
coal by 30% has been measured under laboratory 
conditions (Fig. 5). 

It can also be concluded that virtually all outbursts 
in the Bulli Seam are gas controlled and associated 
with structures, mostly shear structures, dykes and 
faults and that the safe zone varies from 1 m to 
2 . 5  m. 

4 MECHANICAL AND GAS PROPERTIES OF 
THE BULL SEAM 

The Bulli seam forms the top most part of the Sydney 
Sub-group of the Illawarra coal measures. Its depth 
varies from outcrop to 700 m and thickness from 
1.8 - 4.5 m. The present depth of workings is 
approximately 350 - 570 m. The dip of the seam 
varies from 2 - 5" with a regional structure of a 
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Fig. 3 Outbursts of cod and gas 
(a) Methane outburst at shear zone, West Cliff Mine, NSW 

(b) Carbon dioxide outburst at Tahmoor Mine, NSW 
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Fig. 3 (c) Outbursts of coal and gas 
Stress controlled outburst 

at Leichhardt Colliery, Qld. (now closed) 

Fig. 4 Discing in coal core from the Bulli seam (465 m depth, 98% CO2, 18 mVt) 
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Fig. 5 Effect of carbon dioxide 
on the shear strength of coal 

shallow syncline superimposed with additional 
synclinal and anticlinal structures trending north- 
west. The seam has been intersected by a number of 
major faults running north west with some minor 
faults trending north east, with some rotation of the 
structure clockwise towards the north and west. 
Igneous activity in the form of dykes has affected the 
margins of the basin and as a result some mines 
experience high C02 gas levels. The Bulli seam has 
a hard coking coal with medium volatiles. The 
volatile matter of the seam varies between 18 - 3 1% 
and ash content 8 - 23% with an average of 11.5%. 
The strength of the coal varies from 8 - 21 MPa and 
stress measurements show the ratio of the two 
horizontal stresses varying from 1.6 to 2.4 and the 
intermediate principal stress 1 - 1.6 times the vertical 
stress. The effect of high horizontal stress is to 
increase the depth of the fracture zone and cause a 
decrease in pressure gradients on the sides of the 
excavation. 

The gas content and gas composition of the Bulli 
seam over the area varies within wide limits. In the 
seams closer to the outcrop, the gas content is very 
low. As the distance from the outcrops increases, the 
gas content increases. The maximum desorbable gas 
content as measured in the coal seam approaches 
about 20 m3/tonne. The composition of this gas 
varies widely too. Change in gas composition can be 
very rapid, C02 up to 85% has been measured within 
10 metres of the faults in a predominantly CH4 West 
Cliff Mine. There are areas where almost 95% of the 
gas contained in the Bulli seam consists of carbon 
dioxide (Metropolitan Colliery) while in other areas 
98% of gas is methane. Fig. 6 shows changes in gas 
composition on a regional basis. Composition of 
mixed gases (C02 and CH4) is very difficult to 
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Fig. 6 Composition of gases in the Bulli seam 

measure. Changes in gas desorbed occur when CH4 
is released first from a core, followed by increased % 
of C02 from the samples. In boreholes, it may be 
quite different, with a decrease in CH4 with time. 
The state of the core (fracture density) plays a 
dominant role. Gas compositions assessment is, 
therefore, not easy. 

Results of studies conducted in the laboratory on 
adsorption of C02 and CH4 gases in coal samples 
taken from wide areas of the Bulli seam are given in 
Fig. 7. Gas pressure measurements in the mines 
vary from place to place. Highest gas pressure 
measured is 4,600 kPa. Table 2 shows gas property 
data in various mines on the South Coast. Fig. 8 
shows gas content changes as function of depth of 
the Bulli seam. Obviously, gas content at depths 
below 350 m has been very low and as such methane 
outbursts have not occurred at these depths. 

5 OUTBURST PREDICTION CRITERIA AND 

(40% - C02) 

SAFE THRESHOLD VALUES 

The prediction criteria that a particular seam is liable 
to outburst or not is not simple. Attempts have been 
made by a number of authors using criteria such as 
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Fig. 7 Methane (left) and carbon dioxide (right) isotherms for the Bulli cod samples 

Table 2. Summary of gas pressure measurements in the Bulli seam 

Colliery 

Appin 

West Cliff 

North Cliff 

Darkes 
Forest 

Tahmoor 

South Bulli 

Tower 

cordeaux 

Dominant 
gas 

Methane 

Methane 

Carbon dioxide & 
methane 
(25:75) 

Methane 
(90: 10) 

Carbon dioxide & 
methane 
(@:a) 

Carbon dioxide & 
methane 
(80:20) 

Methane 

Methane 

465 2800 - 4200 

460 1530 

450 I 1830 

430 1285 - 2200 

370 2500 

450 - 500 5800 
2000 

450 900 

Ratio of Remarks on 
(gas pressurel gas pressure 

Hydrostatic head) measurement 

0.81 underground 

0.60 - 0.91 Undergnxlnd 

0.33 underground 

measurements 

measurements 

measurements 

0.30 - 0.51 
measurements 

I 
0.59 underground 

measurements 

I 
* Surface boreholes 

measurements 

underground 
measurements 

0.42** **Underground 

Permeability 
m 

-2 - 5 

- 0.5 - 2.5 

-2.5 

-3 - 5 

- 2.5 - 4 

4 - 5  
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gas content, rate of desorption, coal strength, coal 
cuttings volume from drill holes, phenomenological 
criteria, etc. Some of the work done in Australia and 
comparison of the parameters with conditions in other 
seams have lead to the suggested criteria given in 
Table 3 (Lama, 1980). 

Table 3. Criteria for prediction of outburst conditions 
in mines 

Uniaxial compressive strength 
Vertical stress 

ratio 

I Fracture surface energy of coal, egs/cm2 I C1.5 X I ) ratio Apparent porosity 
True porosity 

I 
~ _ _ _ _ _  I Rate of change of gas desorption rate -7 >0.75 

The above criteria can be used for defining the 
proneness of a seam or a part of the seam prior to 
mining, but this is only a descriptive method and 
does not help in forecasting an outburst condition. 

A number of different predictive methods on the 
occurrence of an outburst have been used in various 
countries. Some of the most commonly accepted are 
(Lama, 1991): 

(a) Measurement of quantity of cuttings collected 
during drilling ahead of the face (Poland, Germany, 
China, Russia). 

(b) Rate of flow of gas from boreholehnit length 
(Poland, Russia, Czech Republic). 

(c) Temperature changes (-ve) in boreholes 
(Poland and Russia). 

(d) Over pressure CH4 (0.8 atm), C02 (0.3 atm) 
(Poland). 

(e) Desorption intensity (120 mm H20) or 1.44 
m3/g depending upon the equipment used (Borowski, 
Poland and Somnier in France). 

(8) dP,-6 value >15 (Germany). 
(h) Reduction in E (by a factor of 2), UCS (by a 

factor of 1.4), deformability increase (by a factor of 
3) in lignite mines in Valenic - Slovenia. 

(i) Gas content values (8-16 m3/tonne depending 
upon local situation) (Poland, Russia, China). 

Safety baniers used in different countries vary from 
2.5 to 5 m depending upon the seam thickness and is 
taken as approximately 2 times the seam thickness. 

6 EARLIER WORK IN THE BULL1 SEAM 

The earliest attempts to develop safe threshold values 
were based upon measurement of gas emission rate 
practiced in many overseas countries in the late fifties 
and early sixties. A version of the French, Belgian 
and Polish emission meter was introduced to 
Australian mines by Hargraves (1962, 1963), 
Hargraves et a1 (1964) where a 4 g sample of -14 to 
+25 mesh (-0.047 in to 0.0236 in) fraction is taken 
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and gas emission over a period of 2 - 6 minutes is 
measured. Certain indices were developed which 
showed that if the gas emission is more than 1.5 cc/g 
for methane and 1.2 cc for carbon dioxide, then the 
face is liable to outbursts. Drilling of large diameter 
holes (up to 300 mm) was tried to release stress (and 
gas content) as both stress and gas content were 
considered as the main reasons of outbursts. These 
indices were changed to suit local conditions 
particularly in COz areas where the value was 
dropped to 1 cc/g equal to the index suggested in the 
late fifties in French mines. 

Several problems existed with the determination of 
this index which are well documented by  
investigators who have used it both in Australia, 
France, Belgium and Poland. These include effect of 
moisture, variability of coal ply, location (face or 
comer), depth of hole, etc. With the introduction of 
high performance machines and particularly longwall 
mining, this method which requires frequent 
measurement in hole depth of 2 - 3 m, was found to 
be unsuitable and fell into disrepute as it greatly 
impinged upon the productivity and was at the same 
time unreliable. 

Studies using large diameter holes (4 - 6 holes up to 
300 mm) apparently designed for stress relieving 
(Hargraves et al, 1964) were used in Metropolitan 
Colliery. These holes effectively drained gas and 
were successful in lowering gas emission values. 

Preliminary studies at West Cliff Mine in the late 
seventies showed that areas where shear zones have 
been drained and flow rates from holes have dropped 
to ~ 2 . 5  Ymidm, these could be mined without the 
occurrence of an outburst. A major shear zone which 
has been the locii of a number of large outbursts was 
drained and mined through without any violence with 
only slumping of the coal and tripping off thc miner. 

Colliery 

Metropolitan 

West Cliff 

Analysis of locii of outbursts on shear zones and their 
relationship with elapsed time the spacing (Fig. 9) 
showed distinctly the effect of face drainage, gas 
content and outbursts (Lama, 1982). Similar work 
on gas drainage at Tahmoor showed that when an 
area had been drained to gas levels between 9 - 10.7 
m3/t with C02 percentage 40 - 45%, there were no 
violent events even when structures such as dykes 
were present in the area. When the gas content was 
between 11 - 12 m3/t with gas pressure of 1700 kPa, 
outburst mining precipitated an outburst with the 
emission of almost 3000 m3 of gas. When gas levels 
were dropped to 6 m3/t, no outbursts occurred. At 
Metropolitan Colliery which has experienced a 
number of fatal outbursts, the seam had been 
successfully mines with E, values (Hargraves 
emission meter) below 0.6 and desorbable gas 
content of 4 m3/t in 90% CO2 areas. 

A general summary of observations on gas content 
and gas pressures from direct observations and 
indirect method is given in Table 4. 

Desorbable Gas pressure, 
gas content, Wa  

m3/tonne 

< 4 m 3  350 * 
-6m3 475 * 

10 * 1100 
10 * 1 loo 
8 *  600 

11.5 * 1350 

7 RECENT STUDIES ON THRESHOLD VALUES 
- DESORBABLE GAS CONTENT 

Tahmoor 

Based upon these studies and comparison with 
overseas data, threshold values for the safe mining of 
the Bulli seam were proposed in 1991 (Table 5 ) .  
These threshold values took into consideration the 
differences in the initial desorption rate of methane 
and carbon dioxide as well as the effect of carbon 
dioxide on the strength of coal. Data on carbon 
dioxide and methane from Bulli coal samples shows 
that the 15 second desorption rates at 4 m3 of C02 is 
almost equal to that of methane at 8 m3/t and C02 
decreased the shear strength of coal by 30%. 

6.5 500 * 
2.4 250 * 

9-10.7% 700 * 
7 m3/t 600 

11-12 m3/t 750 * 

Table 4. Experience on the control of outbursts in the Bulli seam 

Gas type 

90% c02 
50% CO? 

>95% CH4 
>95% CH4 
>95% CH4 
>95% CHo 

C02 - 40-45% 
C02 - 40-50% 

CO2 - 42% 

CO;! - 40% 
CO2 - 60% 

Remarks 

No outbursts - shear zone present 
No outburst 

No outburst - thin shear zone present 
No outbursts - shear zone present 
No outbursts - shear zone present 
Minor outbursts - shear zone 

No outbursts - dyke/fault present 
No outbursts - dykelfault present 
Several peaks of gas emission but no 
outbursts - dykdfault present 
No outbursts - dyke and fault zone present 
Outburst 
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Table 5 Threshold values for safe mining of the Bulli 
seam (Lama, 1991) 

Desorbable gas Gas pressure, 
content, m3/t. kPa (gauge) 

Methane Carbon Methane Carbon 
dioxide dioxide 

10 7 1,000 700 

8 4 700 400 
A 

These values were conservative and were proposed 
to take into account high rates of development of 
headings. Mathematical modelling had shown that 
the difference between high rates of development (75 
m/day) and low rates of development (25 m/day) the 
gas pressure ahead of mining in the zone within 5 m 
of the face would be higher by a factor of at least 1.2. 
The above threshold values thus proposed included 
this factor. 

Mining operations require that an answer to the gas 
content be available quickly so that mining can 
proceed. This has resulted in changes in the method 
of estimation of gas content. Instead of desorbing 
gas over longer periods, the core samples are crushed 
and total gas content values are measured. This does 
not allow separation of desorbable and residual gas 
content. The above threshold values need to be 
changed to total gas content values. 

8 COMPARISON OF THESE THRESHOLD 
VALUES WITH OVERSEAS DATA 

It is now accepted that the factors that influence an 
outburst are 

(i) Tensile strength of coal 
(ii Gas emission ratc 
(iii) Gas pressure gradient 
(iv) Moisture level 
(v) Depth or stress levels 
Stress controls fracturing, and hence initiation of 

rapid desorption. The equilibrium between 
desorption and dissipation, when disturbed, leads to 
excessive build up of the free gas (static pressure 
gradient) and is the result of dislodgment of the coal 
and precipitation of an outburst. Threshold values 
based upon desorbable gas content, used in different 
countries depth of occurrence and strength values are 
given in Table 6. The relationship between tensile 
strength, gas content and depth was graphically 
established by Chernow and Puzyriew (1979) based 
upon data from Siberian coal fields. The outburst 
coefficient (OB Coeff) is calculated using the 
relationship suggested by Tarnowski (1990) 

Depth x THV 
4000 x ucs OB Coeff = 

The table shows that the suggested threshold values 
for the Bulli seam give minimum OB Coefficient and 
is lowest compared to that suggested and used in 
other overseas countries and is much safer even when 
high rates of advance of faces are considered. 

If an outburst was to occur in the Bulli seam 
without the presence of a structure, the gas content 
value will have to be at least 13 m3/t of desorbable 
gas, or 15.5 m3/t of total gas. Studies on failure of 
bore holes have shown that gas content is 18 m3/t 
(total) where outbursts in bore holes have occurred in 
CO;! areas. 

9 THRESHOLD VALUES USING TOTAL GAS 
CONTENT 

The total desorbable gas content data at atmospheric 
pressure, by definition, means the amount of gas that 
shall be liberated from a cod  sample when allowed to 
desorb with time under one atmospheric pressure 
conditions. 

The process of desorption however is very 
complex. It is associated both with the flow of gas 
through the crack system as well as the diffusion of 
gas from the coal matrix into the crack system. Flow 
of gas through the crack system with the open space 
at standard pressure temperature (unit atmosphere at 
20°C) will stop as soon as the equilibrium between 
the pressure in the open cracks and the space 
surrounding the sample is established. The diffusion 
process however is not (only) pressure dependent, 
but concentration dependent. As such if the 
concentration of gas (CO;! or CH4) molecules in the 

185 



Table 6. 

strength, 
MPa 
I 

co2 m 

Australia 
Structure 
No structure 

coking 
coking 

Poland (i) I (W 

4 - 30 350 - 550 4 
350 - 550 7 

I Russia 

coking 
coking 

Germany 

Bulgaria 

2 - 4  400 ~ 600 8 
10 - 20 400 - 700 

I China 

Coking & 
Anthracite 

coking 

Cokine 

Range of Thresh01 
Typeof I uniaxial I Depthof I TE 

coal compressive occurrence, cc/ (de: 

2 - 7  600 - 1,300 

6 -  10 800 - 1,300 

1.2 - 7 250 

Coking & 
Anthracite 

1 - 1.1 >10,000 

1 I I 

space surrounding the sample falls below a certain 
level (0.7142 g/l for CH4 and 1.964 gll for COz), the 
diffusion of gas from the coal into the surrounding 
space will continue with the exchange of air 
molecules penetrating the coal matrix. The diffusion 
process is very slow and this takes a long time, but 
theoretically, if a coal sample is allowed to desorb in 
an open space, it will slowly lose all the gas. 

It is therefore obvious that if the volume of coal 
enclosed in a canister is small compared to the 
volume of the canister, allowing sufficient time with 
frequent emptying of the canister, the residual gas in 
the sample will be lower than if the canister volume 
was much smaller. 

AS 3980/91 and also methods used in USA 
(USBM) do not define the size of the container and 
its relationship with the sample size. There are no 
prescribed procedures which state when the 
desorption is complete for the determination of 
desorbable gas, except that the tests should be 
continued till "no" gas is liberated. The question of 
"no" gas depends upon the accuracy of the system 
and the methods used. Certain publications suggest 
that these should be continued till there are no 
emissions over the next 48 hours (or less than 0.01 
cc/g over the 24 hour period or at least one negative 
value) or that the change in weight is less than 0.01 g 
over the 24 hour period when gravimetric methods 
are used. 

In the tests conducted by the author the general rule 
followed is that desorption is complete when there is 
no gas emitted over the next 48 hours or there is at 
least one negative value observed as a result of minor 
pressure and temperature changes causing resorption 
of gas from the surroundings into the coal sample. 

j values, Muimum 
v, OB Coeff. 
orbable) 

CH4 co2 CH4 

8 0.13 0.175 
10 0.22 0.28 

0.4 0.40 
0.16 

10 -12 0.90 

8 
16 

9 I -  ] 0.30 
1 

The sample is then removed from the canister and 
crushed to measure the residual gas. The sum total of 
the desorbable gas and the residual gas gives the total 
gas. 

For the purpose of modification of the threshold 
values from desorbable gas to total gas liberated on 
crushing the core, the data from the following tests 
has been used. 

1. Results of tests carried out on core samples 
taken from surface boreholes over large areas of West 
Cliff mine. 

2. Results of samples taken from underground 
drilling at West Cliff and Tahmoor. 

3. Results of laboratory studies on sorption of gas 
into coal samples. 

4. Data obtained by other independent laboratories. 
Results are given in Table 7. 
Obviously, the above mean values are influenced 

by higher values obtained from the laboratory 
sorption data. High laboratory sorption data is due to 
high vacuum and time applied particularly for dry 
samples and carbon dioxide gas. If the value for C02 
(dry) is halved the means values for residual gases 
are as follows: 

For CH4, Residual gas, cc/g, si; = 2.01 (a = 0.21) 
For C02, Residual gas, cc/g, si; = 2.4 (o = 1.14) 
The recommendation for the new threshold values 

based upon total desorbable gas at one atmospheric 
pressure after crushing of coal cores (Q1 + Q2 + 4 3 )  
is, therefore, as shown in Table 8. 
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Table 7. Residual gas in Bulli coal samples 

100% CHq 100% coz 
SWTl m3/t m3/t 
status [(QI + Qd +Q31 [(QI + Qz) +Q33 , 

No structures 
present 

Presence of 8 + 2 = 1 0  4 + 2.4 = 6.4 
structure 

10 + 2 = 12 7 + 2.4 = 9.4 

I Residual gas, 1 

Moist 

Laboratorysorption Dry 
(J = 0.32 - X = 1.67 
CJ = 0.29 

x = 3.72 
CJ = 0.45 

U.G. sampling 

Surface borehole sampling 

Other independent labs. 
(underground sampling from 
KCC operations) 

Mean 5? 

Q 

x = 2.01 
CJ = 0.20 

x = 2.13 
CJ = 0.85 

x = 2.0 

K = 1.96 
(J = 0.20 

x = 1.09 
(J = 0.55 

x = 2.90 

- - 

- - 

2.00 3.27 
(0.09) 
0.2 1 2.14 

Over the last three years, gas contents of sites which 
have been mined through have been monitored and 

Table 9. 

the data so obtained has been analysed. The data 
from the sites where headings have been driven 
through the structures (geological discontinuities 
prone to outbursts) with or without outbursts is given 
in Fig. 10. The threshold lines plots (solid for 
structures and dotted without structures) clearly show 
that these values are safe and that a safety factor of 
19% (1.1 m3/t) which is higher than the errors in the 
gas content measurement using coring methods. A 
number of points lying between the two threshold 
lines (with structures and without structures) show 
outbursts occurring on structures. These outbursts 
are really small. Details of the tonnage is given in 
Table 9. As seen from this data, the size of outbursts 

I Point 
A 1 

(This point represents four 2 
outbursts) 3 

4 

(This point represents three 

(This point represents two 2 

(This point represents six 2 
outbursts) 3 

4 
5 

outbursts) 
D 1 

6 
E 

I G 

I 

~~ 

Remarks 

Reclassified as no outburst 
Material thrown out = 1/4 of a car. 
Material thrown out = 1/3 of a car. 
Material thrown out = 1 car 

Material thrown out = nil 
Material thrown out = nil 
Material thrown out = nil 

Material thrown out = 1 & 1/3 cars 
Material thrown out = nil 

~ 

Material thrown out = 1.2 cars 
Material thrown out = 1/3 of a car 
Material thrown out = nil 
Material thrown out = nil 
Material thrown out = 3 cars 
Material thrown out = 1 car 

Rollout, number of cars thrown out = nil 

Rollout, number of cars thrown out = nil 

Rollout, number of cars thrown out = nil 

Violet outburst, but only three tonnes of material thrown out 
Outburst occurring due to the presence of thrust fault 
immediately in the roof of the heading 

Number of cars thrown out = 4 
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lying between the threshold value for structure free 
and structured coal area resulted in outbursts which 
were too small to cause any major damage or 
endanger life of personnel. The lower threshold 
values of 6.4 m3/t and 9.4 m3/t for C02 and CHq are 
definitely safe under all circumstances even when the 
rate of advance is raised to 50 m/day. If the rates of 
advance are lower, and in the range of 10-12 d d a y ,  
the above values should be multiplied by a factor of 
1.2. 

I5 
2 14 
E 13 

4 

0 10 20 10 40 50 60 70 80 90 100 

Oh Carboo dioxide 

Fig. 10 Total gas content data close to structures*, 
Tahmoor and West Cliff Mines 

CONCLUSIONS 

Threshold values for safe mining of the Bulli seam 
occurring in the Illawarra region of NSW have been 
forecasted. The proposed threshold values based 
upon total gas content using coal sampling from 
underground are 9.4 m3/t for methane and 6.4 m3/t 
for carbon dioxide under conditions when mining 
close to geological structures and high rate of advance 
(25 dday) .  These threshold values can be raised to 
12 m3/t for methane and 10 m3/t for carbon dioxide 
when it is known that no geological structures are 
present within 5 m of the excavation during 
development of headings in the virgin areas. These 
threshold values have proven to be safe where a 
number of structures have been mined through over 
the three year period. The suggested threshold values 
present outburst coefficients for the Bulli seam that 
are safer when compared with those used in many 
overseas countries. 

* Structure is defined here as a discontinuity which 
is prone to an outburst. The size of the 
discontinuity is difficult to determine with the 
present technology. 
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Using a relief slot for prevention of sudden outbursts in longwall stopes 

I. I. Balinchenko and E. I. Timofeev 
Mining Safety Research Institute, M W I I ,  Makeevka, Donerz, Ukraine 

ABSTRACT: The paper describes the use of slotting of the longwall face as a means of controlling outbursts. 
The method was successfully used in seam g2H in "Khartsyzskaya" Colliery of Oktyabrugol Coal Production 
Association in Donetz coal field of Ukraine. The design parameters of the slot are described together with the 
method of operation on the longwall face. 

1 INTRODUCTION 

Slot formation in a coal seam along the whole of the 
stope (longwall) length is an effective method of 
relief and methane drainage of face area for sudden 
coal and gas outburst prevention. Its main 
advantages in comparison to other methods are: 
possibility of full operation by stoping mechanisation 
with safety, technological compatibility with coal 
winning and applicability practically in any mining 
and geological conditions of the seams. As a result, 
this method is applied even under severe stoping 
conditions where other anti-outburst measures are 
ineffective. It is conf i ied  in the mining of outbursts 
prone seam g2H at "Khartsyzskaya" Mine of 
"Oktyabrugol" Production Association. 

The seam has a three-band structure. The angle of 
dip varies from 16 to 36 degrees. Extracted thickness 
varies from 1.0-1.17 m. Natural methane content is 
25-28 m%on of combustible mass. The coal is of an 
"A" type. It is hard, brittle and fractured. Seam 
hypsometry is wavy and contact with the adjoining 
rock is clear with a strong bond. Shallow amplitude 
tectonic disturbances in the form of microfaults with 
amplitudes up to 0.25 m are quite common. In these 
zones the coal has faulted structure and gas dynamic 
phenomena may take place during mining. 

Longwall mining is camed out at 520 m depth in 
18th west and 18th east with longwalls developed on 
the strike. 

Advance longwall method with haulage gates 
drivage ahead is used. Roof control is by caving. 
Stables and drifts are driven by shock blasting 
method. 

With the introduction of the 18th east longwall into 
operation the stoping was carried out with current 
outburst hazard prediction methods based on initial 
gas emission rate from boreholes. During mining in 
geological disturbance, zone, a sudden coal and gas 
outburst took place, its intensity was about 100 t and 
distance from the haulage gate was 12-15 m. After 
this, the existing prediction method was rejected and 

hydraulic seam ripping was introduced as an anti- 
outburst measure. The experimental water infusions 
showed that effective hydraulic seam treatment was 
impossible due to its low water absorption. During 
the third cycle of coal winning with hydraulic ripping 
near the cavity of the first outburst the second 
outburst took place with an intensity of about 8 t. 

2 DEVELOPMENT OF PREVENTIVE 
MEASURES - PREVIOUS STUDIES 

For development of preventive measures with further 
mining, experimental evaluation of outburst hazard 
zones at the face area based on gas-dynamic condition 
and microstructural coal discontinuity characteristics 
was conducted. 

Gas-dynamic seam condition in stopes was 
evaluated on the value and dynamics of the initial gas 
emission rate from 3.5 m deep borehole. They were 
drilled into the thick upper and middle seam bands at 
20 m distance along the length of the longwalls. 
Initial gas emission rates measured in each 0.5 m 
borehole drilling were used for outburst estimation 
using the current prediction procedure. Depth of 
relief zone, as the distance from borehole collar to the 
point where increase of emission rate starts to drop 
off was determined to establish change in dynamics 
along the borehole. The coal structural discontinuity 
was determined on iodine index AJ and initial gas 
emission hp measured in coal samples taken from the 
seam at 20 m intervals along the length of longwalls. 
The specified indices were determined during 3 
advance stope cycles. 

Based on gas emission dynamics from the 
boreholes, it was determined that the value of natural 
relief zone of the upper seam band was not less than 
4 m; the maximum gas emission rate (gH max) did 
not exceed 1 Vmin and mostly it was 0.25 Vmin. 
Relief zone in the middle coal band was less safe in 
25% cases and did not exceed 2 m. The critical gH 
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max value for the given mine seam was 4.5 Vmin. 
Therefore, we may say that the middle coal band is 
more prone to the gas dynamic activity, but the 
evident connection of this activity with particular 
stope sections has not been discovered. 

Results of analysis of the structural coal 
discontinuity determination showed that with critical 
values AJ = 3.5 mg/g and AP = 14 arbitrary units, 
when exceeded, it is a sign of potential outburst 
hazard. Only in three samples the values measured 
were comparable with critical values. This indicates 
absence of local zones of structural coal 
discontinuity, but does not exclude their appearance. 
The location of these zones and their outburst hazard 
is accidental in nature and hardly revealed in stopes. 
To guarantee stoping safety, continuous application 
of local anti-outburst measure recommended was 
relief slot formation along the stope length. During 
further working of the 18th east longwall and after 
introduction of the 18th west longwall into operation 
the stoping was carried out by this method. Its 
parameters and technology are specified in the 
"Temporary instruction for relief slot application for 
coal and gas outburst prevention in stopes". 

3 SLOTTING OF THE FACE 

The slot was formed by "Ural-33" shearer equipped 
with the unified G-405 unit moving along the face 
conveyor frame. The relief slot parameters, its 
formation following coal extraction, include: slot 
height, its depth, constant advance and junction angle 
of slot side face with stope line. 

Slot height for effective relief of the face area is to 
be no less than the deformation sum of coal seam's 
elastic restoration and to prevent its closing and 
shearer cutting head jamming. As it known, coal 
deformation depends on its rank, characterised by 
volatiles matter Vdaf. Taking into account the latter, 
we may determine the slot height (h): 

h = 0.89 Vdaf - 0.018 (VdaQ2 + 0.72, cm 

For this mine seam, slot height characterised by 
volatile matter Vdaf = 9%, according to the formula, 
is not to be less than 7 cm. But taking into account 
the limiting regulation governed by number of cutting 
lines and installation angles of shearer picks, 12 cm 
slot height was taken as the minimum possible. 

Slot depth should not be less than coal web width, 
extracted per a cycle, and a constant slot advance 
which equals 0.2 m. In view of 0.8 m web width 
and 0.2 m required constant slot advance, its depth 
with allowance for possible face irregularities was 
taken 1.25 m. With such penetration depth of a slot 
cutting head it does not jam, potential energy is 
released smoothly and, as a result, gas dynamic 
phenomena probability is reduced and shearer 
stability on the conveyor is preserved. Slot depth 
increase by two extraction cycles (up to 2 m) was 
accompanied by coal squeezing with increased gas 
emission, rock falls in unstable roof places, shearer 

rollings off the conveyor as a result of high jib 
divergence to the seam bottom or roof. 

Corners and places of face junctions with gates are 
known stress concentrators and most prone to 
outbursts. The greater the junction angle, the less the 
concentration stress. For stress reduction in the slot 
corner and hence probability of gas dynamic 
phenomena during slot formation, the shearer jib is 
installed at an angle of 115-135 degrees and thus the 
corresponding junction angle is provided. 

Gas dynamic seam activity is also reduced in 
intensity by reduction in penetration speed of cutting 
head into rock mass. In the process of formation of 
relief slot in the fault zones expressed in the form of 
bending of the seam or displacement, change in its 
thickness or structure, the shearer advance speed was 
reduced to 0.7 m/min and behind these zones the 
speed was not limited. 

For personnel safety in the case of an outburst 
during slot formation the shearer control (switching 
on and off) was made from 30 m distance on the 
fresh air side. 

4 FACE OPERATION 

Stoping with relief slot formation was made in the 
following sequence. Combine and the shearer 
(slotter) were in initial position in the lower stable 
(tail gate) with conveyor pushed in and face area 
supported. The shearer was above the combine. 
Shearer jib was installed at 135 degrees angle and the 
slot was cut during its advance from dip to the rise 
along the fresh air course. After the slot formation 
along the full stope length, the shearer was parked in 
the upper stable and then coal was extracted by the 
combine. After this, the combine and the shearer 
were moved to the initial position to the lower stable 
with synchronous face cleaning up; conveyor and 
support were advanced and the operations were 
repeated in the same sequence. 

In the slot formation process the undercut part of 
the seam, as a rule, falls down and coal is loaded to 
the conveyor and only the lower layer needs to be 
extracted. As a result, the power required is greatly 
reduced and output of the most valuable middle size 
anthracite is increased. 

To avoid additional roof exposure and caving, coal 
extraction in such face areas was permitted without 
slot formation, but with control of natural relief zone 
of the face based on boreholes gas emission 
dynamics. As safety measures against caving in 
areas with unstable roof, the support was 
strengthened by tight roof lagging and reduction of 
props spacing to 0.8 m. Combine was controlled at 
5-10 m distance from the supported face area. 

During two years of stoping with slot formation, 
gas dynamic phenomena in longwall did not occur, 
though tectonic fault zones prone to sudden outbursts 
were encountered more than once. Stopes advanced 
during this period by 250 m in the 18th west longwall 
and 245 in the 18th east. As the observations 
showed, no more than 3 hours were spent for slot 
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formation on a 180 m longwall face. In view of time 
for development and final operations, combine and 
shearer movement to the initial condition, conveyor 
and support advance, one extraction cycle required no 
more than two production shifts. As up to 15% of 
coal is extracted in the slot formation process, this 
outburst measure is a component of coal winning 
cycle for which a separate shift is not required. 
Longwalls work 3 shifts (one shift for maintenance 
and two for production). Shift intervals (two-three 
hours) were used for shock blasting in stables and 
development workings. 

The use of relief slot as a method for outburst 
prevention in stopes reliably improves operations 
safety without substantial reduction of technical and 
economic indices of coal winning. 

5 CONCLUSIONS 

Use of relief slot on longwall faces which forms an 
integral part of the mining cycle can be successfully 
used under conditions of outbursts in longwall 
advancing. The important design parameters of the 
slot are its thickness and depth. The slot thickness 
should be such that it does not close on the shearer 
causing its jamming as well as limit high gas 
emissions. In an anthracite seam of 1-1.2 m 
thickness, 120 mm slot with a depth of 1.2 m when 
the web thickness was 0.8 m has been successfully 
used to solve the problem of outbursts on longwall 
faces. 
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Area prediction of danger of coal and gas outburst - example of application in Jiaozuo 
mining area in China 

Guangde Zhang 
Ministry of Coal Industry, Beijing, China 

ABSTRACT: Production practice has confirmed that gas outbursts in mining area are irregular and have zonal 
characteristics. Geological condition has evident control function on zonal coal and gas outburst. Based on 
geological index and aggrcgative indices D and K-values, we can conduct forecast of gas outbursts in coal 
seams, outline the distribution ranges of dangerous and threatening areas of gas outburst to provide scientific 
basis for practising zonal and classified management of gas in operational underground mines. 

1 INTRODUCTION 

The Jiaozuo mining area is situated in northwest part 
of Henan province. Coal-bearing strata in the area is 
the Pcrmo-carboniferous system containing three coal 
seams that are mined or partly mined. According to 
the data, two coal seams in Taiyuan group of upper 
Carboniferous series are non-burst coal seams. Only 
21 coal seam in the bottom of Shanxi group of 
Permian system has the dangcr of coal and gas 
outburst. The 21 coal seam is the main minable seam 
in  the whole of the mining area with stable 
distribution. Coal thickness is 0-20111 and an average 
thickness is about 6m. The coal is anthracite. 

Currently, Jiaozuo mining area has 13 underground 
mines working at 300-450m of mining depth. Coal 
and gas outbursts occur in 11 mines during 
production. By the end of 1992, a total of 268 coal 
and gas outbursts occurred in the mining area, among 
these 9 were with intensity equal or more than 500t. 
The maximum was 1,500t and the average was 79t. 
The distribution of locii of outbursts is evidently 
irregular in the mining area. The area in which 
outbursts occurred is only 20% of the total mining 
and opening areas. Moreover, locii of outbursts are 
concentrated in some working areas and banded 
distribution has emerged (see Fig. 1). 

After a comprehensive analysis of geological 
structures, variation in coal thicknesses, coal mass 
structure, feature of surrounding rock and gas 
content, it is seen that coal and gas outbursts in 21 
coal seam have a close relationship with distribution 
of geological structure, fracturing degree of coal mass 
structure and gas pressure in coal seam. 

2 CATEGORY OF FAILURE ZONE OF 
GEOLOGICAL STRUCTURE FOR COAL AND 
GAS OUTBURST 

Jiaozuo mining area is located in east wing of south 
end of Taihangshan anticline. The stratigraphic strike 
is north east. Dip is south east with 10-15' of 
gradient. The structural feature is mainly rift and has 
gently dipping folded relief. Based on directional 
distribution, the main rift structure in the mining area 
is classified into three groups, i.e. north east, near 
east west and minor north west direction. 

Study indicates that the coal measure strata in the 
mining area experienced at least four ages of actions 
of tectonic stress field. These are: Indosinian age 
near north south compression, Yanshan middle and 
later age north-west compression, north north-east 
horizontal torsion in later Yanzhan and the early 
Himalayas age and north-east east horizontal torsion 
since Neogene period respectively. Due to variation 
in regional tectonic stress field, multi ages movement 
of rift structure has emerged in the mining area, 
especially under the action of recent north-east period 
of stress field. North-east rift was intense and 
consequently compressive sheared. The drag fold 
developed early in two walls. It had inherited a fault 
plane tightly closed and caused gas accumulation. 
Gas-bearing coal mass moved toward the direction 
favourable to outburst. But under the action of recent 
period of tectonic stress field, it shows that the near 
east-west and north-west rift that is tension-sheared 
and stretched forming a stress relaxed and gas relief 
belt, outbursts occur only in a certain range along the 
two sides of the rift. 

Based on stress condition of rift in different 
direction in mining area combined with feature of coal 
and gas outburst in mining area, three categories of 
outbursts can be classified. 
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Fig. 1. Geological map of Jiaozou mining area 



(1) Serious coal and gas outburst in coinpression- 
shear zone of north-east strike fault 

North east strike fault is most developed in mining 
area. Mainly these are F3, F4, F5, F6, F7 and F12 
faults with throws of 50-500m. This group of 
structure is not only the natural boundary which cuts 
the coal seam and limits mine field, but is also the 
controlling structure of coal and gas outburst. 

Based on information and analysis of 268 outbursts 
that have occurred in the mining area, 213 outbursts 
occurred within north east fault influence belt and 
account for about 80% of total outbursts in the 
mining area. Among these, 139 outbursts occurred 
within 0-250m to the fault and account for 65% of the 
outbursts in the belt. 67 outbursts occurred within 
250-500m of the fault and account for 31%; only 7 
outbursts occurred in the range more than 500m away 
from the fault and account for 4%. Thus, it can be 
seen, that the distribution of locii of outbursts has 
close relationship with relative position of fault strike. 
Outbursts most seriously occurred in the range within 
0-250m to the fault, next 250-500m to the fault, but 
outbursts in the range of more than 500m away from 
the fault are less. There are three main reasons for 
this controlled banded distribution of locii of 
outbursts by large strike fault: 

(a) The existence of large strike fault cuts off 
escape of gas along dip direction of coal seam. It has 
good conditions to confine gas and thus cause gas 
accumulation. For example, gas content measured 
near F4 and F6 is mostly more than 2Om3/t, the 
maximum is 30.73m3/t which is the maximum even 
in the mining area (gas contents are on dry ash free 
basis). 

(b) Due to two walls of fault sliding along dip 
direction and torsion along strike direction, drag folds 
were produced in the coal seam and the occurrence of 
rapid change formed stress concentration zone. For 
example, drag syncline are mostly developed between 
F3 and F4 faults and on the hanging wall of F5 and 
F6 faults. Outbursts have concentrated distribution in 
the structural belt of drag syncline near the large 
strike fault. 

(c) Due to torsion and sliding of faults, the 
thickness of coal seam changed, coal mass structure 
was destroyed. It formed a soft slice which is liable 
to be outburst. For example, near F3 and F6 faults, 
thickness of most soft slices is more than 2m, 
outbursts occur with high frequency and strong 
intensity during winning and opening of thc seam. 

(2) Gas release belt of near east west oblique fault 

The features of near east west rift structure in mining 
area consist of large scale, elongated fault plane that 
is tensile or tensional-shearing. It is stress relaxed 
and is favourable to gas drainage. East west rifts in 
the mining area mainly are F1 and F2. The throw of 
F1 fault is 800-1,200m. East west prolongation has 
reached to more than 200km. South west side to the 
fault has loose sedimentary layers of tertiary and 

quaternary system. Their thickness reaches to several 
thousand metres that has made Fl fault a good gas 
channelling fault and a boundary for gas diffusion 
from south west of mining area. Outbursts have not 
occurred near F1 fault. Gas discharge in working 
face is small, most are less than lO3/t. The width of 
this gas releasing belt from fault is 500-1,500m. 

(3) Gas release belt of north west dip fault 

The north west fault in the whole of the mining area 
is not well developed. It is only distributed in parts 
in the east of the mining area. The features of this 
group of faults is that the fracture plane is flattened 
along the dip of the coal seam. It mostly cuts through 
the outcrop of coal seam to the surface and is covered 
with alluvial deposit of the quaternary system. 
According to the analysis of regional tectonic stress 
field, north west rift mainly experienced action of 
tensile stress in the evolutionary process of the 
geological period. Underground engineering also 
verified this point. For example, the F11 fault, when 
roadway passed through this fault, open fracture 
plane appeared and the width of tension crack reached 
0.1-0.5m. 

The tension structural plane of faults and its special 
azimuth in coal seam, made north west dip fault a 
good channel for gas movement from deep to 
shallow. For example, between fault F10 and F11, 
although mining depth exceeded 250m, gas discharge 
is small. The absolute gas discharge when driving 
roadway is less than 0.5m3/t, the relative gas 
discharge in working face is less than 5m3/t and is 
1/3 to 1/4 of normal gas discharge. 

3 THE MINIMUM GAS PRESSURE OF 

IN JIAOZUO MINING AREA 
OUTBURSTS OCCURRED IN 21 COAL SEAM 

Gas pressure and gas content in coal seam are 
important factors that determine danger of outburst 
because these determine the storage quantity of gas 
energy in the coal seam. A certain gas pressure and 
gas content is an essential condition for outburst 
occurrence, i.e. for outburst, it is necessary to have a 
certain lowest gas pressure and gas content value. 
Based on gas information measured in drill holes on 
surface and underground in Jiaozuo mining area, 
adopting interpolation and analogy method, gas 
content and gas pressure for 166 outbursts can be 
calculated. Results indicate the following: 

(1) As seen by gas pressure and gas content, 
outbursts started in 7 underground mines of the 
mining area where most gas pressure values are 0.6- 
0.7MPa and gas content 16-20m3/t DAF. 

(2) From statistical analysis of information of 166 
outbursts, it can be seen that the minimum gas 
pressure of outbursts that occurred in Jiaozuo mining 
area was 0.61MPa among which 79 outbursts were 
with 0.6-0.74MPa of gas pressure (the minimum gas 
pressure of outbursts occurred in most other mining 
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areas in China is 0.74MPa) and accounts for 48% of 
the total outbursts. The maximum intensity of 
outburst was 297t, the average intensity of outbursts 
was 54t. They were mainly small outbursts. 87 
outbursts occurred where gas pressure was more than 
0.74MPa and account for 52% of the total. The 
maximum intensity of outburst was 1,50Ot, the 
average was 14% and most of these are large and 
middle size outbursts. 

Based on the above analysis, we hold that the 
minimum gas pressure for an outburst to occur in the 
coal seam in Jiaozuo mining area should be 0.6MPa. 

4 THE AGGRJ3GATIVE INDEX K-VALUE FOR 
PREDICTING DANGER AREA OF 
OUTBURST 

K-value is the important index of coal quality that 
reflects an outburst danger in a coal seam. It is 
calculated from the formula 

K = APIf 

where Ap = initial speed of gas desorption from 

Talking about the role played by coal in outburst, 
the nature of coal mainly phys part in two ways. 
One is the strength of coal (indicated by f-value - 
Protodiakonov index), coal as a stress-bearing mass, 
the less the strength, the easier the coal breaks. 
Secondly, its capability to desorb gas fast (indicated 
by Ap - initial speed of gas desorption from coal), 
under the condition of same gas content, the, faster the 
initial speed of gas desorption from coal, the more 
favourable the condition for outbursts occurrence. 
The K-value index comprehensively reflects that the 
two basic features of coal directly relate to outburst. 
It indicates the degree of danger of outburst 
Occurrence of coal itself. 

To determine the K-value index for area prediction, 
we conducted systematic observations and studies on 
coal mass structural feature in upper and lower 
ventilation ducts in No. 11091 working face of 
Giulishan mine in Jiaozuo mining area. We collected 
34 representative coal samples and measured 
parameters of cod  quality and studied the relationship 
between gas outbursts and coal quality. 

21 coal seam is mined in No. 11091 working face. 
The degree of fracturing of the coal seam has evident 
distinction. The coal seam in the upper ventilation 
duct in No. 11091 working face has clear 
stratification and coal is harder, most of it is non- 
fractured coal, outbursts have not occurred during 
mining and opening. The coal seam in lower 
ventilation duct in No. 11091 working face has 
disordered stratification, coal mass structure is mainly 
particulate, powdery and scaly. The primary 
structure of coal is seriously destroyed, the thickness 
of soft slice is 0.8-1.5111. Nine outbursts have 
occurred during drivage, the maximum intensity or 

coal; 
f = factor of solidity of cod. 

outburst is 540t. Why the difference of outbursts is 
so large under relatively close condition of crustal 
stress and gas condition in upper and lower 
ventilation duct of the same working face? We think 
the main reason is different degree of destruction of 
coal in upper and lower ventilation ducts. According 
to tests and calculations of samples collected from 15 
spots in upper ventilation duct, the average K-value is 
13, the maximum value is 29.8. According to tests 
and calculations of samples collected from 19 spots in 
lower ventilation duct, the average K-value is 162, 
the maximum is 398. The difference of K-values in 
upper and lower ventilation ducts in No. 11091 
working face is distinct. Based on the above 
analysis, we defined the K-value index for judging 
the danger of regional outburst in coal seam is 30, 
Le. when K230, coal seam has potential danger of an 
outburst. 

In order to further study whether the K-value index 
determined is correct or not, tests were conducted for 
30 coal samples collected from spots of outbursts and 
nearby cones. The test results indicate that the 
average K-value for spots of outbursts and nearby 
cones is 134, the minimum is 57, this shows that 
based on the maximum K-value of non-outburst 
region, 30 is correct. 

5 THE AGGREGATNE INDEX D-VALUE FOR 
PREDICTING DANGER OF REGION 
OUTBURST IN COAL SEAM 

Based on measured data from coal seams in more 
than 10 mining areas such as Beipiao, Chongqing, 
Meitian, Baisha and Jixi, the Fushun branch of the 
Central Cod Mining Research Institute proposed the 
formula for calculating aggregative index D-value for 
the danger of an outburst in coal seams. Based on 
the result of research conducted by Fushun branch 
and combined with the minimum gas pressure value 
of outbursts that have occurred in Jiaozuo mining 
area, we revised the relevant parameters in the 
formula for calculating D-value proposed by Fushun 
branch. The revised formula is: 

D = (0.0075Wf-3) (P-0.6) 

where H = mining depth in coal seam, m; 
f = the average strength of soft slice of coal 

seam (Protodiakonov index); 
p = coal seam gas pressure, MPa. 

D-value index comprehensively considers three main 
factors (crustal stress, gas and coal structure) which 
determine outburst occurrence. When D 2 0, coal 
seam has potential outburst danger; when D < 0, coal 
seam has no outburst danger. When figures inside 
the two brackets of the formula are simultaneously 
negative, no matter how big the D-value is, no danger 
of outburst exists. 
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6 AREA PREDICTION OF DANGER OF COAL, 
SEAM OUTBURST 

To sum up the above analysis, area prediction indices 
which determine the danger of coal seam outburst in 
Jiaozuo mining area are as follows: 

(1) Geological structure indicator: conduct 
evaluation based on distribution position of large or 
middle faults and their distances to fault plane. The 
area with less than 500m to large north-east strike 
fault is the dangerous area for outburst; the area with 
less than 5OOm to large inclined east-west fault is the 
threatening area; within the fractured belt in north 
west dip fault is the threatening area. 

(2) Comprehensive indices D and K-values 
D c 0, no outburst threatening area 
D 2 0, K < 30; outburst threatening area 
D L 0, K L 30; outburst dangerous area. 

During the conduct of area prediction, adopt gas 
geological analysis and methods combined with 
comprehensive index, i.e. define areas of irregular 
distribution of gas through geological analysis, 
inquire about the whole trend of gas variation; adopt 
comprehensive indices D and K-values to further 
divide the distribution range of outburst dangerous 
zone and outburst threatening zone, comprehensively 
utilise geological indicator and comprehensive index 
which complement each other. It is advisable to 
know well the regularity of outburst and improve 
prediction precision. 

We have conducted a trial application in Fengying 
coal mine in Jiaozuo mining area based on the above 
method and indices of area prediction. 

The Fengying mine is located in the east of Jiaozuo 
mining area, the mine field is monocline in shape 
with north east strike, south east dip and 1l0-18" 
gradient. The structure type is mainly rift. Nine 
large and middle size rifts have been found in mine 
field. Two groups (north east and north west) can be 
classified based on their directional distribution. 

According to the analysis of test results for gas 
prcssure and gas content on 20 spots, the variation of 
gas pressure and gas content in coal seam has the 
feature of zonal arrangement along the direction of 
fault flattening. Along the strike of coal seam, for 
north west dip fault near east of mine shaft, the gas 
quantity reduces, gas pressure reduces from normal 
0.7-0.9MPa to less than OSMPa, gas content reduces 
from 16-20m3/t (DAF) to less than 15m3/t (DAF); 
along the dip of coal seam. Gas quantity near F7 
strike fault in deep mine field increases near F7 fault, 
gas pressure is l.lMPa, gas content reaches to more 
than 2Om3/t (DAF) and the zone has the highest 
accumulated gas in the whole mine field. 

Based on feature of rift structure in Fengying mine 
and combined with measured results of gas 
parameters and comprehensive indices D and K- 
values, Fengying mine is classified into three 
outburst danger areas and three outburst threatening 
areas. Production practice proved that more than 
1,000 metres of coal drift has been driven safely 
within divided outburst threatening zone. Outbursts 
did not occur when coal seam was opened 5 times by 

cross-cuts; in outburst danger zone there was a sign 
of outburst; such as sounds and minor emission of 
gas during driving of roadway in coal. Three 
outbursts occurred and the maximum quantity of coal 
in outburst was 24t. 

The classification of outburst danger will provide 
scientific basis for practising zonal and classified 
management of gas in operational underground mine. 
Outburst protecting work would be more focussed. 
This can greatly speed up mining and drivage and 
reduce the cost for outburst protection. In outburst 
threatening areas in Fengying mine, advance rate in 
coal roadway can increase 2-3 times than that in 
outburst danger areas. Production in working face 
can be increased by a factor of 2, thus improving 
economic benefits. 

7 CONCLUSION 

(1) Based on statistics and analysis of 268 
outbursts in Jiaozuo mining area, the minimum gas 
pressure under which outbursts can occur is 0.6MPa. 
Jiaozuo mining area is the one with outbursts with 
low gas pressure. 

(2) Based on a great amount of practical 
information, geological structure indicators and 
comprehensive index determined through analysis 
and study, it is primarily proven through practical 
prediction and examination that the conclusion is 
correct and can be popularised in production mines 
with similar conditions. 

(3) To  predict outbursts, adopt gas geological 
analysis method combined with comprehensive 
index, Le. through gas geological analysis to 
determine area of irregular distribution of gas and 
change in trend, adopt comprehensive indices D and 
K-values to further divide the distribution range of 
outburst danger zones and outburst threatening 
zones. Comprehensively derived geological indicator 
and comprehensive index complement each other and 
it is advisable to know well the regularity of outburst 
and improve prediction precision. 
(4) Zonal gas prediction in coal seams with 

outburst provides scientific basis for practising zonal 
classification and management of gas in an operating 
underground mine. Outburst protection work should 
be more focussed and thus, it has obvious social and 
economic benefits. 
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Stress field and outbursts hazard around designed excavation of coal seams 

T. Majcherczyk, A. Tajdus & M. Cala 
Department of Rock Mechanics, University of Mining and Metallurgy, Cracow, Poland 

ABSTRACT: Mining experience proved that sudden gas and rock outbursts occur in gassy coal seams in such 
conditions where mining situation produces high stress concentrations in rock mass around an opening. This 
phenomenon can be controlled by proper excavation design and utilising correct outburst prevention methods. 
Presently applied methods basing on measuring gas parameters sometimes turn out to be insufficient. 

This paper focuses on stress and failure conditions analysis around designed excavation. Calculations were 
carried out utilising Finite Element Method (FEM) and 3D Analytical - Numerical Method (ANM). Influence of 
natural seam proneness and future and "past" excavations on potential outbursts hazard is discussed. 

1 INTRODUCTION 

Due to years of observations, experimental and 
theoretical investigations it was stated that occurrence 
of sudden gas and rock outbursts was the result of 
three factors given below; 

1. high stress concentrations in the coal seam, 
2.  high natural gas content of coal seam and its low 

gas permeability, 
3. high proneness of coal to brittle destruction 

during changes of stress field. 
However the ability for sudden coal and gas 

outbursts is "coded" in the rock mass mining 
excavation and gives the main impulse for occurrence 
of this phenomenon. Any mining activity 
considerably influences initial stress field and so 
planned mining excavation must be carefully 
designed. This problem has to be investigated taking 
into consideration "past" excavation (influence of 
edges of excavated seams, coal pillars, interaction of 
longwalls, etc.) and predicted influence of planned 
cxcavation on future potential hazard increase. This 
paper shows comprehensive analysis of state of gas 
and rock outbursts hazard in coalfield of one of 
Polish underground coal mines. Proposed scheme of 
investigations takes into account natural hazards and 
interactions between adjacent longwalls. 

2 EVALUATION OF OUTBURSTS HAZARD 
BASING ON GAS PARAMETERS 

Very popular and obviously used in Poland method 
of in situ forecasting of outbursts hazard is drilling 
boreholes into coal and measuring (Majcherczyk, 
1990, Ryncarz & Majcherczyk, 1985): 
- gas pressure in closed borehole, 
- rate of gas emission from borehole, 

- volume of drillings (borehole cuttings) obtained 
during drilling, 

- rate of gas desorption from coal drillings. 
Measured parameters have got certain boundary 

values, which are based on practical experience and 
kind of "mining intuition". Boundary values above 
given limit are restricted by mining authorities. If 
field measurements show values exceeding allowable 
limits, then it's assumed that high probability of 
outburst exists, (Majcherczyk, 1994). 

However experience proves that the method 
described above is not fully reliable and its prognostic 
suitability is often doubtful. 

Analysed coalfield with planned excavation 
(longwall system with caving) is shown in Fig. 1. 
Average coal thickness is 1.2m, with dip ranging 
from 17' to 28'. Roof layers are 2.5m thick 
mudstone, 9m thick sandstone interrupted by 
conglomerates and layer of sandy-shale. Floor layers 
are created by 6.0m thick sandy-shale. Coal seam 
occurs at an average depth of 870m. Excavation 
would be driven with four longwalls. From 
technological reasons most profitable is excavation in 
the order shown in Fig. 1. However it's improper 
considering outbursts hazard because longwall 137 
would be the last longwall (with caving on both 
sides) that could create stress concentrations and 
hence increase of outbursts hazard. 

For evaluation of gasogeodynamic phenomena 
hazard, over 7600 boreholes were drilled and gas 
pressure and intensity of gas desorption was 
measured in close-to-wall headings of longwalls 133, 
135, 137 and 139. In 3m long boreholes no values 
exceeding allowable values of gas pressure (80kPa) 
and intensities of gas desorption (1.2kPa) were 
noticed. Additionally forecast of outbursts hazards in 
6m long boreholes was done. Four boreholes 
exceeded allowable parameters (max. gas pressure 
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Scheme of planned excavation 

Llhobgical profile 

25m - sandy shale , 
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j -direction Otexcavation 
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Fig. 1. Scheme of planned excavation 

was 180Wa with excess of methane in coal gas) were 
noticed. Several phenomena confirming high 
outburst hazard like: high valued of intensity of gas 
desorption, outbursts of gas and drillings, emission 
of a greater amount of gas than could be expected 
from gas-bearing capacity of coal seam during 
blasting, etc. were not observed. In all mining 
headings excess of methane over carbon dioxide was 
noted. Contents of methane +C, H, in 34 coal 
samples ranged from 1.27rn3 to 6.88 m3 in a ton of 
pure coal substance. Coal strength (Protodiakonov 
index) varied from 0.7 to 1.13. From field 
measurements it was stated that zones of high 
outburst's hazard had close connections with the 
Occurrence of porphyry intrusion that cause additional 
saturation of coal seam with carbon dioxide. Serious 
increase of outburst's hazard could be also noted 
around faults. High saturation of coal seam with 
gases and weakening of coal strength is often 
measured in zones close-to-fault (that's why these 
zones are highly conductive). Six sudden outbursts 
of rock and gas were noted in analysed region and all 
of them had occurred in porphyry intrusion zones. 
Average amount of post-outburst masses ranged from 
118 to 225 tons, and amount of methane gas emitted 
varied from 952m3 to 1618m3. Outbursts were 
comparatively small and its degassing indexes ranged 
from 5.5m3 to 17.9m3 (that indicates small energy of 
these outbursts). 

3 EVALUATION OF OUTBURSTS HAZARD 
BASING ON STRESS-FIELD ESTIMATION 
AROUND PLANNED EXCAVATION 

As shown in Fig. 1, the longwall 139 would be 
excavated first and then next longwalls 133 and 135. 
Longwall 137 would be excavated last and would 
have old goaves (139 and 135) from both sides. 
From that reason it was assumed that forecasting of 
outburst hazard described above should be completed 
with stress field calculations. Calculations of stress 
and failure state in excavation region were done 
utilising FEM and ANM. 

3.1 Estimation of state of stress and failure in 

This method is basing on analytical solutions of 3D 
problem of theory of elasticity. For evaluation of 
state of stress and failure in analysed region 
distributions of stresses ox, cry and oZ, distribution of 
coefficient of vertical stress concentration a and 
distribution of failure zones in rock mass was 
investigated. In numerical calculations "past" 
excavations (influence of edges of excavated seams, 
coal pillars, interaction of longwalls, cavings, etc.) 
and planned excavation was taken into consideration. 
Calculations were done for two states of excavation 
advance; for end of 1995 and end of 1996 years. 
Results of calculations are shown as maps of stresses 
and indexes in a horizontal intersection placed in the 
middle of hard sandstone layer. Sandstone layer was 
chosen because of high probability of failure of 
sandstone (connected with emission of accumulated 
energy) appears due to excavation. Sudden loading 
of gas-bearing coal seam caused by sandstone 
breakdown may lead to outburst of rock and gas. 
That's why, for proper estimation of outburst hazard, 
recognition of stress and failure state of hard rock 
strata laying above the gas-bearing coal seam is 
essential. 

1. Coefficient of vertical stress concentration - "a" 

excavation region using ANM 

(1) OT,('> Y J  z> a =  

where: pz - primary (initial) vertical stress, 
P z  

oz - secondary vertical stress produced by 
mining activity. 

Maps of a coefficient were divided into three zones 
of different stress concentration: 
- zone of very high stress concentration a > 2.0, 
- zone of high stress concentration 1.0 < a < 2.0, 
- zone of small stress concentration a < 1.0. 

2. Index of failure. 
Index of failure is calculated as effective stress to 

compressive or tensile rock strength ratio. Index of 
failure was calculated according to modified 
Coulomb-Mohr criterion. 
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where: R, - uniaxial compressive strength, 
Rr - uniaxial tensile strength, 
01,02 ,o3 - principal stress, (q > 02 > 03). 

Maps of index of failure were divided into two 
zones: 
- zone where W,, > 1.0 (failure of rock material), 
- zone where W,, e 1.0 (no occurrence of failure 
of rock material). 

3. Vertical and horizontal stresses: 
- contour lines of compressive stresses were 

designated as negative (minus), 
- contour lines of tensile stresses were designated as 

positive (plus). 
Evaluation of state of stress and failure in '95 and 

'96. 
After numerical calculations maps of the above 

indexes were analysed for excavation state in '95 and 
'96. Fig. 2 shows distribution of coefficient of 
vertical stress concentration a and Fig. 3 distribution 
of index of failure for hard sandstone stratum located 
above the analysed coal seam. Analysing results of 
calculations for excavation in 1995, small stress 
concentration around cavings of longwall 139 and 
135 could be noted. Maximal values of a coefficient 
are equal 2.0; index of failure is greater than 1.0 (that 
indicates failure of rock material); stresses ox and oy 
are compressive except in zones around start of 
longwalls 135 and 139, where stresses reach its 
maximal tensile values oy = 6 MPa; maximal values 
of vertical compressive stresses are equal oz = - 44 
MPa and vertical tensile stresses are equal oY = 20 
MPa. 

Fig. 4 shows distribution of coefficient of vertical 
stress concentration a and Fig. 5 shows distribution 
of index of failure for excavation state in 1996. 
During excavation in the region of longwall 137 
stress concentrations near cavings of earlier excavated 
longwalls 139 and 135 were created. Maximal values 
of 01 coefficient are equal 2.8; index of failure is 
greater than 1.0; horizontal stresses ox are 
compressive (maximal value ox = -20 MPa), except 
in zones near beginning and liquidation of longwall 
137, where tension occurs; horizontal stresses oy are 
also compressive (maximal value oTy = -14 MPa) 
except zones near the beginning of longwalls 135 and 
139 where maximal tensile stresses are equal oy = 4 
MPa; maximal values of compressive vertical stresses 
are equal o, = -56 MPa and vertical tensile stresses CY, 
= 16 MPa. 

I I I I 
500 1000 

Fig. 2. Coefficient of stress concentration a (1995) 

L I I 1 I I 
0 500 1000 

Fig. 3. Index of failure (1995) 

Basing on considerations given above it can be 
assumed that excavation of longwalls 133, 135 and 
139 will not produce high stress concentration near 
planned to excavate longwall 137. 
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- in model one it was assumed that longwalls 133 
and 139 are excavated, 

- in model two it was assumed that longwall 135 is 
also excavated. 

Both models had 900m width and 200m height (due 
to such big model dead weight of rock strata was 
taken under consideration). Models were divided on 
quadrilateral elements connected in nodes. In places 
of suspected stress concentration's mesh was 
condensed. Rock mass properties were calculated 
using Hoek-Brown failure criterion, (Hoek, 1993). 
Calculation results were obtain as maps of stresses 
along axes x, y, z; principal stresses 01, 0 2 ,  0 3  and 
von Mises effective stresses. Fig. 6 shows 
distribution of vertical stress oz for models I and II. 
Fig. 7 presents distribution of von Mises effective 
stresses for models I and 11. 

I I I I 
500 1000 

Fig. 5. Index of failure (1995) 

3.1 Estimation of state of stress and failure in 

For estimation of stress field at the line of 
intersection crossing all four longwalls (Fig. 1) FEM 
was applied. FEM calculations were carried out for 
flat rock mass model in 2D state of strain. For 
checking how excavation advance would influence 
stress field two different mining situations were 
considered : 

excavation region using FEM 

Fig. 6. Distribution of vertical stress oz 
(model I and 11) 

Results of investigation found that stresses oz in 
sandstone stratum reaches its maximal compressive 
values of oz = -15.8 MPa for the first model and it 
increased to oz = -19.8 MPa in the second model. 
Von Mises effective stress for first model is equal Oeff 

= 25.9 MPa and for the second one Oeff = 26.8 MPa. 
Based on detailed analysis of all calculations it may 

be assumed that excavation of the last longwall 137 
would cause increase of stress concentrations in the 
region close to the longwall heading 135/137 by 
about 25% compared to the stress field near this 
heading during excavation of longwall 135. 
However this stress increase should not create 
outburst or increase roof fall hazard. 
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Fig. 7. Distribution of von Mises effective stresses 
(model I and II) 

4 CONCLUSIONS 

1 .  Proper evaluation of sudden gas and rock 
outburst's hazard should simultaneously take into 
consideration all conditional factors interacting 
outburst occurrence that is: rock mass stresses, gas- 
bearing capacity and physical properties of the coal 
seam. 

2. Possibility of gas and rock outburst occurrence 
increases with greater stresses, gas pressure, gas 
desorption, tectonic discontinuities, progress of 
mining excavation and smaller coal mechanical 
strength. 

3. In most of coal basin's outburst hazard 
forecasting is based on measuring gas parameters. 
This paper is a trial of complex analysis of stress and 
failure stress with gas parameters. 
4. FEM and ANM calculations show that 

excavation of the last longwall 137 would create 
increase of stress concentration values in region of 
close to the longwall heading 1351137 by about 25% 
comparing to the stress field near this heading during 
excavation of longwall 135. However this stress 
increase should not create outburst or increase of roof 
fall hazard. 

5.  Conclusions from numerical calculations were 
confirmed by field measurements. Planned order of 
excavation would not require any correction due to 
stress field in the analysed coal seam. 
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Concept of rock properties improvement 

E. V. Kuzmin 
Moscow State Mining University, Russia 

ABSTRACT: The essence of concept of improvement of mechanical, hydraulic and gas filtration properties of 
rock mass is to inject hardening materials under high pressure using polymeric pitches, cements and other 
binding materials which fill, extend the cracks, compress the elements of rock mass, create uniform volumetric 
rock pressure, increase rock mass stability 2-3 times and hydraulic and gas filtration is reduced by 20 times. 

1 SOURCES AND OPPORTUNITIES 

The injection methods to change the characteristics 
and the conditions of fissured rock mass include 
cementation, silication and pitch injection. These 
traditional injecting materials are used in 
consolidating rocks, suppressing water seepage in 
construction of tunnels, underground engineering of 
buildings in cities, foundations, hydro-dams, 
consolidation of soils, etc. Depending on crack 
parameters, the width of opening, length and 
number, regional boundaries of effective application, 
influence zone are established in rock mass under 
stress which is independent of the natural saturation 
of rocks. 

Cement solutions are effective with minimum 
opening of cracks to 0.15-0.20 mm, colloidal cement 
solutions are effective to 0.02 mm, and chemical 
solutions to 0.01 mm. 

The necessary condition of effectiveness of 
cementation in fissured rocks is the ensuring of 
turbulent movement of cement solution along cracks. 
This is possible with filtration coefficient in soils 
Kf=10'3 c d s ,  or more than 100 cm per day. 

The most effective method for consolidation of the 
mass of fissured rocks such as coal and ore deposits 
is the utility of synthetic pitches which have greater 
strength than cements and low molecular dispersity 
allowing deeper penetration into cracks. 

The injected hardener is used in the rocks 
considering the rock's own hardness at molecular 
level. All hard fissured rocks with average strength 
including shales, sandstones belong to this type. The 
fissured mass with average and small block structure, 
weakly knitted together of separate elements of rock 
mass, intensity of fissuring more that 1.0 m d m  
width of opening of cracks more than 0.01 mm, 
specific water absorbability more than 0.01 Vm3 and 
Permeability of rocks more than 0.15 MPalm-min 
may be consolidated by pitch injection. 

In the Moscow State Mining University (MSMU), 
researches have been concerned with the elaboration 
of effective methods for increasing strength, stability 
and other properties of fissured rocks, particularly 
with consolidation by injection with polymeric 
hardening materials. 

The polymeric hardening materials are characterised 
by high intrinsic hardness and adhesion with rocks, 
permeable capability, hardening at temperature from 0 
to 5OoC in the presence of moisture, possibility of 
mechanisation of operations, possibility of use under 
mining conditions in accordance with safety 
standards, capability of preservation of features with 
time and low cost. 

The experiments showed that it is possible to use 
urea and polyurethane composition and their close 
analogues. 

The tests concerning suppression of urea pitches by 
sieves of different dimensions showed the destruction 
of molecules of monomer and loss of polymerisation 
starts with cells of sieve dimension 0.006 mm. 

The urea pitch hardeners are oxalic and other acids, 
hydrate of ferrous chloride, chloric and acidic aniline, 
sulphuric and acidic ferroum etc. The additions as 
technical urea, TCD-9, latex, cupric vitrive and others 
used to increase their adhesion to rocks. 

The Russian polyurethane compositions PPU328, 
PPU329 for rock consolidation are obtained from 
polyoils A-328, A-329 representing mixture of 
polyesters with polyisocianates "B" and "D" in ratios 
of 1:l (by mass). Time of setting varies between 5- 
35 min, time of full hardening 6-24 hour. Their own 
hardness and adhesion with rocks changes under 
wide range depending upon pressure during 
consolidation. Hardening under pressure more than 
8 MPa, polyurethanes do not foam. That's why their 
hardness is close to epoxy pitches. 

The analysis of toxic characteristics of urea and 
polyurethane compositions was conducted by a 
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special departmental commission which had permitted 
its use in underground conditions. 

2 TECHNOLOGICAL PARAMETERS 

It is known that the resistance to movement of liquid 
materials in cracks is determined by their viscosity 
and depends on flow conditions and has minimum 
values under laminar regime. That's why pumping 
For greatest spreading of materials in the mass, its 
injection must take place under maximum pressure 
but under conditions that still keep laminar regime of 
flow through cracks. Maximum pitch saturation is 
considered to be the criterion when choosing the 
parameters of injection which correspond to the 
greatest stability of the hardening material. Using the 
results of experiments on conditions of movement of 
liquids in uneven cracks the equation defining the rate 
of injection of hardening materials is given by (qmax): 

q,,, = ( 3.14 D-Re,;M-T)/( 2 r), 

Where D - diameter of bore-hole, mm; 
M - dynamic viscosity of material, Pas;  
r 
Re, - critical Reinolds number for flow of 

materials in cracks; 
T 

- compactness of material, kg/m3, 

- density of cracks in bore-hole, m-I. 
Scientists of MSMU together with the specialists of 

Research Institute of Mining Machinery have 
developed self-propelled equipment for injection and 
special swellex-injected-anchor for consolidation of 
rocks. 

The variants of technology of pitch injection 
hardening of rocks are used with the following 
modifications (depending upon the tasks); 

- hardening of unstable parts of rock mass under 
increased rock pressure, 

- isolation and localisation of intensive water or gas 
filtering into the working area, 

- injection anchors when consolidating the roof of 
large openings or rocks with great schistosity, 

- multi-injection technology of materials requiring 
injection into mass with rapid intensification of pitch 
injection treatment of rock mass. 

Putting into operation the technology of pitch 
injection hardening of rocks into underground 
working was conducted at the underground ore mine 
Abakanskaja, South Siberia. 

Pitch injection hardening of scraper sites was done 
with satisfactory extraction of upper sublevel in the 
sublevel block-caving method. Ore losses accounted 
for 17.8% in consolidated places compared to 36.5% 
in places unconsolidated. 

Adjoining rocks of steep lying side of the mass 
have been hardened by urea pitches in this deposit 
(two blocks with ore reserves of 1 m1n.t each) along 
contacts with rocks by special bore-holes to depths of 
35-50 m. These rocks are fissured, easily destructive 
shales with highly friable characteristics. When 
extracting ore, these create large (up to 60%) dilution 

with wastes and lead to great ore losses. The injected 
bore-holes are situated parallel, at a distance of 1.0- 
2.5 m, from contact of adjoining rocks with ore and 
are reinforced by ropes along the length. 

The total area of hardened rocks at eastern contact 
accounted for 3500 m2 with pitch usage of 28 tonnes. 
Rock consolidation resulted in the redwtion of 
wastes dilution from 36% to 29%, and ore losses 
reduced from 29% to 19%. The tests for the 
condition of hardening of rocks were conducted for 
assessment of results of pitch injection reinforcement. 
Displacement of the roof was registered by the survey 
stations which are established such that the 
consolidation results in the reduction of absolute 
values of displacement 2.5 times of control sites. 
Average wear and tear of hardened chutes is 1.5-1.8 
times lower than wear and tear of adjacent 
unconsolidated chutes. 2.8 thousand tonnes more 
ore was extracted through consolidated chutes (till 
their full wear and tear) than through unconsolidated 
ones. 

The injected consolidation of the roof of chambers 
was conducted by pitch urea at the mines PO 
"SUBR" North Ural. Rocks of the roof are 
represented by shales and fissured limestones. This 
roof is timbered by wedges and props after opening. 
Then secondary support is used consisting of iron 
and concrete anchor of length 2 m (1*1 m), 6 m 
behind. Later reinforced concrete suspension 
brackets of length 3.5-4.5 m are used. 

Pitch injection hardening became the main element 
of technology of extraction. The technology with 
outstripping and preliminary side hardening and also 
simultaneous injection and anchor consolidation of 
rocks of the roof were experimented. The depth of 
injected bore-holes was 1.8-2.0 m, the bore-hole 
location is fan shaped (outstripping and preliminary 
consolidation) and parallel (injection and anchor 
reinforcement). The total area of the roof hardened 
was 600 m2 with pitch used = 5.1 tonnes. 

The preliminary hardening of rocks of the roof of 
chamber  was conducted by polyurethane 
compositions PPU-328, PPU-329 and injection 
equipment together with self-propelled bore 
aggregate. Holes of diameter 55 mm, length 10-16 m 
were bored in the ore. Three metre holes were bored 
above the top. The injection of materials into rocks 
of the roof was conducted by the method of 
immersion injection using boring machines and 
packers under variable pressure close to 25 MPa. 
The total area of the roof solidification was 350 m2 
and polyurethane compositions used was 3.0 tonnes. 

The MSMU conducted experiments concerning 
assessment of the level of change of mechanical 
condition of mass by ultrasonic method. It is 
established that closer the coefficient of unequal 
compression to 1, the higher the pressure it can take. 
This occurs at the place as a result of injection of 
hardening materials. The modulus of elasticity of 
rock increases by 10-1576 and even more. The 
relative and absolute rock hardness changes and the 
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coefficient of transmission of stresses is reduced 1.3- 
1.6 times. 

3 THE TECHNOLOGY OF ROCK PROPERTIES 
IMPROVEMENT 

The rock properties improvement technology is based 
on the following. Mass consolidation parameters 
depend upon the criteria of maximisation of mass 
pitch saturation. This is achieved when injecting 
materials under conditions close to hydrorupture and 
mass saturation increases 3-5 times. The maximum 
mass saturation is achieved by maximum speed of 
fluid movement along cracks when laminar flows are 
partially preserved or they partially transit to the 
turbulent conditions. These conditions provide for 
maximum spreading of materials along cracks, 
hydrojoining with internal cracks which were not 
opened to boreholes. 

The increase of quantity of filling of microcracks is 
achieved by the use of vibration of materials during 
injection. The viscosity of polymeric materials 
reduces 6 times or more, and of cement solutions - up 
to 20 times. 

The injection pressure accounts for 6-10 MPa when 
consolidating rocks of medium to low strength 
(limestones, shales, etc) and unconnected rocks 
(pebbles, loams, sands, sandstones, etc). The 
injection pressure may reach 25-30 MPa in hard 
fissured rocks. Technology of material injection 
consists of consecutive, by cycles, treatment of the 
mass with increasing injection pressure in every cycle 
up to the required value. It is necessary to mention 
that the injection treatment of the rock mass by 
hardening materials under high pressure changes and 
controls the strained and deformed condition of rock 
mass. 

The active injection forces are comparable with rock 
pressure forces and exceed them. For example, the 
separate blocks of the rock mass undergo 
compressive force (2.5 thousand Urn2) from the side 
of the crack materials when injecting the materials 
into rocks under pressure of 25 MPa. This force is 
equivalent to hydrostatic pressure developed by rock 
pillar at 800 m depth. Therefore the full modification 
of strained mass condition takes place. 

The  important result of rock properties 
improvement by hardening materials is the creation of 
uniform volumetric strain condition in the rock mass 
which has been in the condition of uniaxial 
compression earlier. The higher the materials 
injection pressure in the rock mass, the more the 
occurrence of uniform condition. The rock mass is 
transformed and may possess strength exceeding that 
of uniaxial compressive strength of rock, has 
monolithic structure and higher stability as a result of 
rock improvement. The reinforcement of roof and 
sides of large chambers with large diameters is 
simplified. 

4 SUPPRESSION OF WATER AND GAS 
FILTERING PROCESSES IN ROCK MASS 

Experiments conducted under industrial conditions 
showed that the first result of rock consolidation is 
the elimination of underground water inflow through 
cracks. Specialists consider that insignificant 
intercrystalline diffusion of water molecules, which is 
not the process of filtration, is possible when filling 
microcracks of opening 0.01 mm by materials. As 
shown above microcracks with opening of 0.01 mm 
are filled by materials when using polymeric pitches 
of molecular dispersion and high pressure. 

There were several groups of tests conducted on 
rock mass penetrated with urea pitch and hardened in 
underground workings using pneumatic method in 
Kola peninsula of RAS. The aim was the control of 
rock penetration by the rate of reduction of air 
pressure in a closed air system as a result of air 
filtering through the fissures. The results of tests 
showed reduction air pressure loss rate in borehole of 
0.4m depth from 0.55MPdm-min to 0.03MPdrn.min 
(in roof); at depth of 1.2 m from 0.1MPdm min to 
0.004 MPa/m-min. Average rate of air pressure 
reduction was 16-20 times, i.e. almost 95%. 

CONCLUSIONS 

The consolidation of fissured rock mass using 
polyurethane technology developed by Moscow State 
Mining University has been successfully employed in 
a number of underground operations. For successful 
operation, it is essential that injection pressure be 
equal to the hydrostatic stress level and laminar flow 
is maintained. It is important to take into account the 
consolidation parameters (location of boreholes, their 
length, sequence of increase of pressure in cycle, 
contour of the spheres treated, etc) and the 
technology of consolidation and purpose and rock 
types. 
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ABSTRACT: The solving of complex problems related to sudden outbursts of coal and gas into excavated 
areas of the Velenje Lignite Mine (Slovenia) is based on the identification and evaluation of individual influential 
parameters. These are: stress state within the coal seam, the state of adsorbed gases and the 
miningkchnological conditions of roadway advancement. 

The division of a broader exploitation area into sections with different hazard levels of sudden coal and gas 
outburst serves as a basis for the systematic study of roadway advancement. 

The mining and geotechnical conditions influencing the work process in existing mine roadways are 
determined with the help of an expert system on the following basis: * The estimation of lignite structure on the roadway face, the primary state of deformation at fracture and an 

evaluation of the probability of gas outbursts. * The determination of physical and mechanical properties of coal based on drilling parameters and an 
investigation of elasticity parameters. * The use of a numerical model @EM, FDM) for the simulation of roadway face advancement in areas with 
different lignite structures, bearing in mind reviously determined strength levels of such areas. 

A system conceived in this way enables relia \ le adaptation of individual technological phases in the finishing 
of mine communications to changing conditions. 

This allowed us to considerably reduce the number of hazardous occurrences and introduce effective 
supporting measures in order to ensure the necessary stability of communications during the expected 
exploitation time. 

1 INTRODUCTION 

The Velenje lignite mine is Slovenia's largest coal 
mine with an annual production of four million tons 
which covers 30% of the country's electric power 
consumption. The lignite seam extends almost over 
the entire Salek valley, located in the central part of 
Slovenia, and is about 8.5 km long and 2.5 km wide. 
Simplified cross-section of lignite seam is showen on 
Fig. 1. The uniform continuous coal seam reaches a 
thickness of up to 170 m. Mining extends to a depth 
of 500 m. 

In past years the mine has encountered many 
problems related to accidents caused by outbursts of 
coal and gas into roadways. Since the implementation 
of changes in roadway construction technology in 
1978 (larger cross-section, better support and slower 
advancement), no accidents involving the loss of 
human lives have occurred. In spite of these 
improvements, we undertook a comprehensive study 
of these problems. In 1989 a group of experts from 
various fields (mining, geology, geophysics) was 
formed and began a systematic study of coal and gas 
outbursts. This contribution presents our experience 

acquired during the course of research and our most 
recent findings obtained from laboratory and in-situ 
investigations. 

2 PREVIOUS EXPERIENCE 

Since 1958, sudden outbursts of coal and gas have 
threatened the work and construction of mine 
roadways under the uncaved roof in newly opened 
mining sections. Ten such accidents have occurred, 
causing the death of 16 miners. After the first large 
outburst in 1962, when 4 miners were killed, 
adequate safety precautions were implemented in 
order to prevent and reduce such tragic Occurrences in 
roadways. Each advance of the roadway under the 
uncaved roof in new mining sections is dangerous 
(1st degree of precaution), in particular when 
roadways advance through known fault zones (IInd 
degree of precaution). 
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Fig. 1 

3 SUMMARY OF RESEARCH RESULTS 

More or less intensive studies on parameters which 
are closely connected to the occurrence of sudden 
outbursts of crushed coal and gases have been 
conducted for the past 30 years. 

In this period, the attention has been paid to certain 
studies involving typical parameters that have varied 
and developed in accordance with new findings and 
advances in the field of "in situ" measurements. 

In brief, the studies performed and the findings 
based on the results are as follows: 

a) It is highly probable that sudden outbursts of 
crushed coal and gas occur during roadway face 
advancement from a compact region into a fault zone 
characterized by a lower strength of coal (Fig. 2). 

b) Gas is present in a free state in the fault zones 
and joints, and in a partially bonded state in the 
pores. The measurements performed show that the 
pressures of gases in the said states range from 1 
MPa to 3 MPa and the ratio between COZ and CH4 = 
2:l. The changes in the pressure and temperature of 
gas in the seam arc dependent on the developmcnt of 
secondary stress and deformation states (Fig. 3). 

c) The gas permeability defermined by laboratory 
measurements increases intensively, even by a factor 
of 30, with decrease in total strain in the high gas 
pressure area (Fig. 4). 

d) The elastic properties determined by means of 
"in situ" measurements with a pressure meter, 
together with test drilling parameters, provide a basis 
for mathematical analyses and an indirect estimation 
of variable structural conditions (Fig. 5 and Table I). 

e) Extensive laboratory studies on the strength and 
deformability parameters of lignite samples, with 
emphasis on the determination oC specific energy at 
fractun: (Fig. 6) .  have shown that in the majority of 
cases, instantaneous collapses are the results of low 
specific deformations at failure. 

f) "In situ" studies of stress changes in thc adjacent 
advancing roadway (Fig. 7) have shown that their 

influence is considerable, but not decisive for the 
occurrence of the phenomenon of outbursts. 

g) Geotechnical analyses of variable stress states in 
the surroundings of an advancing roadway face 
performed by means of numerical methods (Fig. 8) 
have enabled adequate modifications in technology. 

Fig. 2 
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Table 1. Velenje Lignite Mine 2, Haulage Gallery to 
South Field 

workingarea: No. 109 
number of tests : 143 
date of last test : 13.04.1993 
location of the last test : 299.7 

E - Young's modulus 
D - Deformation modulus 
Qu - Uncofined compessive strength 

Further studies in this field include analyses of 
processes in lignite samples exposed to three- 
dimensional stress in the CO, atmosphere. 

Since COz is a major component among the gases 
present, the studies currently being conducted deal 
with the content of this gas. 

The second part of the study involves the 
improvement of measuring equipment used in 
monitoring parameters during drilling and the 
determination of structural properties of lignite at the 
face. 

Fig. 6 
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Fig. 8 

4 MINING AND TECHMCAL,CONDITIONS OF 
ADVANCING ROADWAY FACE IN SUCH 
AREAS 

The currently adopted criteria for the development 
(construction) of mine communications systems in 
hazardous areas is based on the adaptation of mining 
technolo y and adequate supporting methods. 

- machine development by means of cutting an 
opening of required shape, which is used in normal 
development conditions as defined under the 1st 
degree of precaution; 

- classical development by means of drilling holes 
and blasting as defined under the IInd degree of 
precaution. 

Two a d vancing methods are widely used: 

The geometric characteristics of the lignite seam, 
together with the variable physical and mechanical 
properties of materials with different adsorption 
abilities, strongly influence processes around the 
roadway face and thus also the probability of sudden 
coal and gas outbursts. 

Precisely the above-described complicated and 
complex structure of lignite mass (an example is 
given in Fig. 8) has called for empirically delermined 
technological criteria for roadway development and 
adequate safety measures. 

The empirical criteria are primarily based on the 
determination of widths of the so-called hard and soft 
zones in the lignite seam with the help of 
deformability properties. These are measured in the 
test holes at the face of a specific roadway by means 
of elastometers. 

Intensive research work also enabled us to establish 
a strength criterion which considers the reduction in 
the resistance level of individual lignite layers as a 
function of the gas pressure and the level of adsorbed 
gases. 

5 MATHEMATICAL SIMULATION OF 
ROADWAY ADVANCEMENT 

The hazardous areas in the mine, previously 
determined by means of adequate categorization, are 
exposed to changing stress and deformation states 
during the construction of roadways. Secondary 
stress-deformation states can be generally determined 
using a suitable numerical method, e.g. FEM, which 
enables a mathematical description and the calculation 
of various physical and mechanical properties of 
materials present. 

In our case, a FEM method which includes the 
extended von Mises' criterion for plastic flow was 
used to determine plane strain deformation states. 
The boundary conditions in the simulations of an 
advancing roadway under the described conditions 
are shown in Fig. 9, as well as different geometric 
variants. The main question which arises is the 
mutual influence of the so-called softer and harder 
zones forming the upper part of the lignite layer. 

The final phase of our project includes the 
development of an expert system, which will enable 
the planning or simulation of an advancing roadway 
in hazardous areas. 

The analyses that need to be performed before 
making a decision on the selection and use of suitable 
technology will not be time-consuming, since all the 
procedures employed in the collection of data and 
numerical analyses are systematically organized 
including numerical and graphic presentations of 
results. 
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- Many years of investigations, their intensity in 
pecific interdisciplinary fields and the simultaneous 
evelopment of measuring methods reflect the 
ifficulty and complexity of problems related to the 
udden outbursts of coal and gas into mine areas. 
- Relatively successful measures aimed at  the 

revention of this phenomenon, which are currently 
sed in Valenje Lignite Mine, involve relatively high 
osts of mine roadway construction in hazardous 
reas. 
- Preventive measures require fairly long 

iterruptions in roadway advancement due to the 
xtent of prescribed test drillings, yet they cannot 
ompletely eliminate the risk of such outbursts. 
- The results of more recent studies presented in 

lis paper will, indirectly, considerably contribute to 
le reduction of costs of roadway construction in 
uch areas. New approaches to the problems 
iscussed will enable easier decision-making when 
etermining technological requirements of roadway 
zvelopment. 
- The expert system, which is almost 100% 
3mputer-supported and currently in the test phase, 
ill enable quick and reliable communication between 
le researchers and operations in the mine. 
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ABSTRACT: This article briefly introduces the general situation and characteristic of coal and gas outbursts in 
Didao coal mine. It examines various outburst indices (Ahz, s and q), and preliminary obtained critical value 
which mark the danger of outbursts. Long hole gas drainage to prevent outburst in working face was 
successfully tested. Tests of 270 mining cycle in a working face confirmed that this method is simple and 
feasible and can play the rolc of outburst prevention. 

I INTRODUCTION OF THE UNDERGROUND 
MINE 

Didao coal mine is located 18 km northwest of Jixi 
city. The length of strike in the mine ficld is 12 km, 
the width from south to north is 7 km and the area is 
84 km2. The mine consists of 5 inclined shafts and 
one vertical shaft. It has adopted vertical shaft and 
inclined panel development methods. The vertical 
shaft and No. 3 incline shaft are those with outburst 
danger. Complex ventilation system is used. 
Boundary ventilation is adopted for other shaft site 
area. The designed capacity of the mine is  
1.44Mdyear and the actual capacity achieved is 
1.6MUycar. 

The mine field is an anticline with the axial north 
70' east. The main anticline is dipping toward west 
and starts from the centre of the coal field with 8-10" 
dip angle. The dip angle oE the axial plane is 78". 46 
faults with throws more than 30m exist with many 
intrusion of igneous rock. 

Coal bearing strata is of Jurassic period with active 
intrusions of igncous rocks. It consists of 33 coal 
seams (the Chengzihe group consists of 25 seams 
and the Mu Ling group consists of 8 seams) among 
which 13 seams are minable and 4 seams are partly 
minable. The total thickness of minable coal seams is 
14m. The metamorphic grade of coal is  mainly fat 
coal, coking coal and lean coal. 

The vertical shaft is transited from original No. 1 ,2  
and 4 shaft, the annual capacity is 0.4Mt. Currently, 
it consists of four mining areas and two development 
areas. The coal seams mined mainly are No. 12, 17, 
18, 19 and 28. These are all thin seams liable to 
out burst. 

Centralised exhaust ventilation system is adopted in 
this mine. The total intake quantity is 7,454m2/min. 
The effective ventilation efficiency is 85%. The 

absolute gas discharge in the mine is 18.47m3/min. 
Gas suction pumping station is installed on surface in 
order to solve the problem of high gas concentration 
in mining face. Model Zyk - 110 water ring vacuum 
pump is adopted for pumping gas. The operational 
negative pressure of the pump is 2.8 x 104- 3.1 x 
lo4 Pa and pumping capacity is 57m3/min. It mainly 
drains gas from the coal seam and adjacent coal 
seams. 

2 CHARACTERISTICS OF OUTBURST 

Didao coal mine is one of the mines with most 
serious outbursts in China. 713 coal and gas 
outbursts occurred in the mine during 1950-1992 
with 14,692.6t of accumulated bursted coal. The 
maximum intensity of outburst was 800t. Varying 
degrees of outbursts occurred in 11 coal seams of the 
total 17 minable or partly minable coal seams. Most 
outbursts were concentrated in the vertical and No. 3 
shaft area. The following summarises characteristics 
of outbursts in the mining area. 

High frequency of outburst but low intensig 

The average intensity of outbursts in the mine is 
22.Woutburst. Small outbursts account for 82.59'0, 
medium outbursts account for 8.496, large outbursts 
account for 0.6%. Outbursts not recorded account 
for 8.5%. 

Coal seam with danger of outburst account for large 
proportion 

Among the total 27 minable and partly minable coal 
seams, 11 coal seams are liable to outburst and 
account for 64.7%. 
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Failure zone of geological structure is the main zone 
with outburst danger 

Practical information of outbursts in the mine 
indicates that the closer the opening faces to fault and 
geological structure, the larger the number and 
intensity of outbursts. 

Outbursts occurred in various operations 

Outbursts occurred no matter whether mining, face 
opening or when crosscutting and drilling for 
advance drainage holes. Among 7 13 total outbursts, 
413 outbursts occurred during driving. These 
account for 57%. Bursted coal quantity was 10,513t. 
The average intensity of outbursts was 28t. Most 
outbursts occurred on blasting. 300 outbursts 
occurred during mining. These account for 42%. 
Bursted coal quantity was 4,179t. The average 
intensity of outbursts was 15.3t. 

Apparent signs before an outburst 

Overall practice showed the following apparent signs 
before an outburst: coal seam becomes soft with 
disordered lamination. Lustre of coal becomes 
darker. Soft sub-seam thickness is more than 0.3m. 
Coal dust is deposited on the support. The whole 
mass of soft sub-seam is projected. Drill is pushed 
when drilling. Gas is extruded from drill hole and 
gas discharge quantity increases. 

Degree of danger of outbursts increases along with 
increase of mining depth 

The shallowest vertical depth at which outburst 
occurred in the mine is 270m. With increase of 
mining depth, the intensity of outburst is rapidly 
increasing. 

3 MEASURES FOR PREVENTION AND 
CONTROL OF COAL A N D  GAS OUTBURSTS 

Measures for regional outburst prevention 

(1) Mining of protective seams: Since 1962, mine 
has adopted mining of protective seam in No. 1, No. 
2 and No. 4 mining district as the regional measure of 
outburst prevention. Up till now, this measure is still 
the main measure for regional outburst prevention in 
the mine. In No. 1 mining district, for protecting 
No. 12 coal seam, No. 13 coal seam on left side of 
No. 1 mining district serves as the protective seam. 
The distance between seam No. 12 and No. 13 is 
7m. Mining of No. 11 coal seam on right side of 
No. 1 mining district serves as the protective seam. 
The distance between seam No. 12 and No. 11 is 
37-41m. Production practice proved that within the 
protected area, during the mining of No. 12 coal 
seam, outburst did not occur. No. 12, 17 and 18 
coal seams are mined in No. 2 mining district. The 
measured gas pressure in No. 12 coal seam in this 

mining district is 5.8MPa. The distance between No. 
12 and 17 is 80m. The distance between No. 17 and 
18 is 5m. After the upper protective coal seam was 
mined, outburst did not occur during the mining of 
No. 17 coal seam. But after No. 18 coal seam was 
mined and when mining No. 12 coal seam, gas 
concentration exceeded and outbursts occurred. Thus 
it  can be seen that the vertical distance beiween the 
upper and lower protective seam should be less than 
80m. 

(2) Gas drainage: The mine has insisted on gas 
drainage from coal seam and the adjacent coal seams 
for many years. It adopted pre-drainage and drainage 
for releasing pressure under the condition of no 
protective seam. Mine has adopted pre-drainage in 
the seam and mining while draining. This method 
was used in No. 19 coal seam on the left, No. 17 
gate, in No. 1 mining district and obtained good 
result. 

Measure for outburst prevention in part of a zone 

(1) Open coal seam by concussion blasting: 
Concussion blasting is a method generally used for 
opening crosscut. It is a safety protection measure. 
It uses a number of blast holes with increased 
charging. Initiation is with zero time to open the rock 
pillar and whole thickness of the coal seam of full 
face crossheading. Artificially induced outbursts 
occur. 21 crosscuts were safety opened in the mine 
from 1986 to June 1990 using this method. 

(2) Advance gas drainage drillhole: Advance gas 
drainage drillhole is a technical measure for 
preventing outburst in part of the coal roadway. It is 
currently in widespread use at home and abroad. 
Function of this measure is to artificially drain gas 
from coal mass ahead of the opening face. Advance 
release gas pressure prevents coal and gas outburst 
during driving. During driving in coal seams with 
serious outbursts in No. 1, No. 2 and No. 4 mining 
districts of vertical shaft, advance gas drainage holes 
as the measure of part outburst prevention was 
constantly adopted. 10,000m of advance holes are 
drilled each year. This method plays a definite role in 
part prevention of outburst and to reduce number and 
intensity of outburst. 

(3) Shallow hole coal face water injection: Shallow 
hole coal face water injection is one of the main 
outburst preventive measures adopted in mining in 
the mine. Over the years, this measure is adopted in 
the mining of coal seam with serious outburst in 
various mining districts and good results have been 
obtained. It also plays some role in cooling and dust 
suppression. 

(4) Shallow hole shooting: Shallow hole shooting 
is one of the part outburst prevention measures which 
is often used in mine faces. Loosening coal mass by 
shallow hole blasting, and release of gas and latent 
energy of stress, pushes concentrated stress zone 
near the coal face to remote zone and thus reduces 
intensity and frequency of outburst during mining. 

(5 )  Long hole high pressure water injection into 
coal mass: This has been used in the driving of main 

218 



roadway in right No. 4 gate of No. 2 mining district 
of vertical shaft for mining No. 12 coal seam. This 
area is located under the residual coal pillar of upper 
No. 18 coal seam. It has a concentrated stress zone. 
To prevent outburst, high pressure water injection 
was done from main roadway of No. 13 coal seam in 
right No. 4 gate into the place where the main 
roadway was to be driven for No. 12 coal seam. By 
taking this measure, 47m of main roadway were 
safely driven in No. 12 coal seam. 

4 PREDICTION OF COAL AND GAS 
OUTBURST 

In coal seam with danger of outburst, it is known that 
outbursts only occur in part of the area. This is a 
universal law and exists in burst prone mines. To 
improve the aim of the measures and economics of 
burst prone mines, prediction of outburst danger is 
essential for fight against outburst. 

Main contents of the study 

This includes: 
Prediction of outburst danger in a heading in coal 

(includes prediction method and means), analysis of 
prediction parameters and determination of critical 
value for an outburst, study on the relationship of 
various prediction parameters and outburst danger. 

Prediction of danger of coal and gas outburst in a 
mechanised coal face (includes test method, means of 
selection, analysis of prediction of parameters and 
determination of critical value for an outburst; study 
on the relationship of various prediction parameters 
and outburst danger and results of examination of 
outburst prevention measures. 

Test parameters 

These include: 
Measurement of gas desorption index (Ahz-value) 

in drill hole. This is done using the Model MD-2 gas 
desorption instrument developed by Fushun Branch 
of the Central Coal Mining Research Institute to 
measure gas indices of drill cuttings from different 
depth in a drillhole. The instrument is illustrated in 
Fig. 1. 

Measurement of quantity of drill cuttings (s-value). 
This is done by using a volumetric method to 
measure quantity of drill cuttings. During drilling, 
every 1 metre of hole drilled, drill cuttings are 
collected to directly measure their volume. 

Measurement of initial speed of gas discharge from 
hole (q-value). To measure initial speed of gas 
discharge from a hole, Model JN-1 Capsule hole 
sealing device is used to seal the hole quickly. The 
device is shown in Fig. 2. The length of measuring 
chamber is lm of sealed hole. The Model ZLD-1 
drill hole with multi-stage flow meter which was 
developed by Fushun Branch of the Central Coal 
Mining Research Institute. Measurement of initial 
speed of gas discharge from hole is done for every 

2m. The equipment for flow measurement is shown 
in Fig. 3. 

Method of Measurement 

For method of measurement, 42mm diameter hole is 
drilled using a 1.2 kW electric drill. 1-2 
measurement holes are drilled to a depth of 8-10m in 
the face in the soft coal. 

The determination of gas desorption index (Ahz- 
value) of coal drill cuttings uses two sets of 
equipment. Model MD-2 gas desorption instruments 
for coal drill cuttings is used for measurements. One 
coal sample is collected for every 2m (alternately) to 
measure gas desorption index Ahz-value of coal drill 
cuttings. When drill hole enters into the 
predetermined sample collection place, measurement 
of time is started and drill cuttlngs from coal mass are 
collected and screened. 1-3mm coal sample is used 
to fill the coal sample bottle to the scale mark 
(equivalent to 10 g of coal sample). It is placed in the 
measuring chamber of gas desorption instrument. 
The coal sample is exposed for 3 minutes. After that 
the measurement is started. Gas desorption index 
Ahz is the value directly read out from water column 
meter of gas desorption instrument for 2 min (3-5 
min). 

For the measurement of quantity of coal drill 
cuttings (s-value) drill cuttings measuring bag 
continuously measures volume of coal drill cuttings 
for every metre of drill hole. Volume can be directly 
read out from scale mark (l/m) on drill cuttings 
measuring bag. 

Measurement of initial speed of gas discharge from 
hole (q-value) is done by drilling to pre-determined 
measuring location, quickly pulling out the drill stem 
and rapidly inserting the Model JN-1 capsule hole 
sealing device. Flow measuring chamber is lm  long. 
The instrument is connected to the outlet of hole and 
the sealing device to the flow meter by a rubber pipe. 
Orifice is changed based on gas flow from hole. It 
reads out the maximum value on water column meter. 
The measurement is required to be completed within 
2 minutes. The initial speed of gas discharge (q- 
value) is determined by the following formula: 

q = K.K,& (Vmin) 

where: 
K = Factor value for the nozzle used 
K1 = 1.34 constant value (based on pure methane) 
Ah = Reading from water column meter (Pa) 

Each measurement of initial speed of gas discharge 
from drill hole, q-value, is conducted for every 2m of 
hole length. 

After outburst prevention measures have been taken 
for mining and opening faces, the examination hole is 
drilied parallel to and between the two outburst 
prevention holes. The methods of measurements are 
the same as mentioned above. If the various indices 
measured are all less than the critical value by which 
outburst danger in this seam is judged, then it is 
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Fig. 1. Diagram of Model MD-2 gas desorption 
instrument 

1 - Water column meter, 2 Measuring chamber, 
3 - Coal sample bottle, 4 - Cock. 

C # I 
1 r  -7 

Fig. 3. Diagram of Model ZLD-1 multi-stage flow 
meter 

1 - water column meter, 2 - Nozzle, 3 - Air inlet, 
4,5 - Cock, 6 - Nozzle base 

I b 
7 7 

/ / \ A  t/ 

Fig. 2. Diagram of Model JN- 1 capsule hole sealing device 
1 - Capsule, 2 - Gas discharge tube, 3 - Gas charging tube, 4 - Inflator, 5 - Valve, 
6 - Measuring chamber, 7 - Drillhole, 8 - Pressure gauge, 9 - Clip 

considered that the prevention measure is effective. 
On the contrary, if it is not effective, it needs 
continuous measurements until effective. 

Determination of critical value of outburst for mining 
and opening faces 

In the initial stage of the test, critical value of various 
outburst indices stipulated in "Detailed rules for 
prevent coal and gas outburst" in China to conduct 

outburst prediction are adopted. For judging outburst 
danger, determination of critical index of outburst in 
mining and opening faces are mainly based on 
phenomena such as bushing of drill rods, jamming of 
drill rods and gas gushing out from the holes during 
drilling in latter period of the test. Gas gushing out 
from the hole is a small scale dynamic phenomenon. 
So, the critical value of the outburst is the minimum 
value of measurement of many gas gushings from the 
hole. 
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5 STUDY AND TEST OF DEEP HOLE GAS 
DISCHARGE FOR OUTBURST PREVENTION 
IN LONGWALL MINING FACE 

Zntroduction of test zone 

The test zone is located in No. 2 mining district near 
vertical shaft in Didao mine. The length of the 
mining face is 160m. The length of the strike is 
450m. The dip angle of the coal seam is 22'-23'. 
The thickness of coal seam is 1.2-1.9 m. The 
thickness of soft sub-seam is 0.4-0.7m. 0.2-0.5m 
intercalated bed of sandy shale exists between two 
coal seams. The false roof is 0.3m of shale. The 
immediate roof is 1 .Om sandstone. 

Before the main roadway for No. 12 coal seam was 
opened by crosscut in July, 1984, gas pressure in 
coal seam measured was 5.8MPa. After the coal 
seam was opened by concussion blasting, drivage of 
about lOOm of roadway in coal with advance gas 
drainage drillholes, experienced 5 outbursts. 

Outbursts frequently occurred in the mining face, 
although advance gas drainage was adopted together 
with shallow hole coal face water injection and 
blasting. So we tried to adopt "long hole gas 
drainage" method to solve the problem of outburst 
during mining at the mining face. 

Long hole gas drainage 

This utilises 1.2kW coal electric drill and auger drill 
stem for (p42mm holes. Hole spacing is 2m. After 
the working face advances 2-3 cycles, the minimum 
advance distance of face hole is 4.2-4.8rn. Hole 
depth is 6-6.5m, the face cycle advance is 0.6m 
(Fig. 4). 

Sectional drilling range and number of holes is 
determined based on length of outburst danger zone 

in mining face. Long hole gas drainage in outburst 
dangerous zone and shallow hole blasting in outburst 
threatening zone is used. Before the use of long hole 
gas drainage, 5 outbursts which occurred during 
mining were all within about 3Om of the upper end of 
the mining face. Deep holes are drilled initially. 
After completion of drilling in each section, 1-2 
exploration holes are drilled with the same hole 
spacing to predict outburst danger until outburst 
threatening zone is determined to estimate the length 
of the outburst dangerous zone in mining face. 

Practice indicates that along with constant advance 
of the mining face, the length of outburst dangerous 
zone continuously increases. The initial value is 
30m. When approaching the roadway in which 
hoisting winch is installed, the length of the outburst 
dangerous zone extends to 85m. This is due to the 
effect of F3 fault and the result of coal pillar left when 
mining the upper adjacent coal seam. 

Result of long hole gas drainage 

After substitution of this method for shallow hole 
water injection in coal, 162m length of face was 
safely mined in the "zone with serious coal and gas 
outburst" and 95,570t of coal was produced. Coal 
and gas outbursts did not occur except that a small 
scale gas flow off occurred due to insufficient control 
and larger hole spacing. Thus guaranteed safety of 
production and, at the time, monthly advance 
increased to more than 5m. 

Long hole gas drainage when compared with 
shallow hole water injection showed that the costs of 
construction, equipment and labour for lOOm of face 
mined, with long hole gas drainage is 22,010 yuan 
while for shallow hole water injection is 62,8 1 1 
yuan, i.e. 40,801 y u d p e r  lOOm less for the former. 
Thus long hole has a considerable economic benefit. 

A -  

goaf 

Fig. 4. Schematic diagram of engineering of long hole gas discharge and location of outburst 1-4 cycle drilling 
sequence. 
V location of initial gas gushed from hole, V - location of gas gushed from hole after long hole gas discharge 
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Prediction index of outburst danger and determination 
of critical value 

Fig. 5 and 6 separately indicates the variation of gas 
desorption index from drill cuttings Ahz-value and 
quantity of drill cuttings s-value in outburst 
dangerous and threatening zone of longwall mining 
face along with different depth of hole. The figures 
show that at the same depth of drill hole, all gas 
desorption indices of drill cuttings, Ahz-values, in 
outburst dangerous zone are larger than those in 
outburst threatening zone. At 6m of hole depth, Ahz- 
value in dangerous zone reaches to 250Pa. Ahz- 
value in threatening zone is only 51Pa. Quantity of 
drill cuttings, s-value, in the dangerous zone rapidly 
increases from 3m of hole depth, but it increases 
slowly in the threatening zone. At 6m of hole depth, 
s-value in outburst dangerous zone reaches 16 l/m 
and s-value in the threatening zone is 6 l/m. 

Results from 9 predictions of initial speed of gas 
discharge from drill hole showed that the maximum 
value is 4.7 Ymin, the minimum value is 0.1 l/min. 
q-value is larger when gas gushes from the hole. The 
maximum value approached 4.7 Vmin at 6m of hole 
depth. q-value is very small when gas does not gush 
out from hole. It is only 0.1 l/min. 

During testing for prediction of indices values and 
analysis of 10 gas gushings from holes in this mining 
face, it was seen that during gas gushes from the 
holes, the maximum Ahz-value was 441Pa, the 
minimum was 213Pa; the maximum s-value was 
21 Vm, the minimum was 7.5 l/m; the maximum q 
value was 4.7 Vmin, the minimum was 3.8 Vmin. 
Under condition of no practically measured index 
value of outburst, taking the minimum value of 
various indices practically measured when gas gushes 
out from the hole as the critical values of the outburst 
indices, the critical value of outburst in No. 12 coal 
seam are as follows: 

Ahz 
(Pa) 

2 00 

100 

Ahz2210 Pa 

923.8 l / m i n  
Outburst danger 

Outburst 
q ~ 3 . 8  l / m i n  

Fig. 7 and 8 show variation of Ahz and s-values 
before and after long hole gas drainage was carried 
out. It can be seen from the diagrams that after the 
measures were camed out, the gas desorption index 
value of drill cuttings reduced from 283Pa to 143Pa; 
the quantity of drill cuttings obviously reduced from 
16 Vm to 7 Um at 6m depth of hole. It shows that 
indices were already reduced below the critical value 
of outburst danger. The measures for outburst 
prevention are effective. It was also fully proven by 
162m of mining (270 cycle) without any outburst 
incidence. 

Investigation of effective bleed off radius 

Based on different distances around drill hole, 
investigations were conducted on the variation of gas 
discharge from hole to determine effective bleed off 
radius of drill hole. 

During investigation, 3,42mm cp holes were drilled 
along the soft sub-seam, straight ahead of the 
working face. The depth of these three holes was 
6m. These holes were sealed by a hole sealing 
instrument at depth of 3m and gas flow from each 
hole was measured. Then, 42mm cp bleed-off holes 
with different depths of drilling were drilled to 
observe the variation of gas flow from various 
investigation holes so as to determine whether flow 
rate is affected by bleed-off hole or not (Fig. 9). In 
Fig. 9, distance of No. 1, No. 2 and No. 3 
investigation hole to bleed-off hole is l.Om, 0.5m 
and 0.25m respectively. When bleed-off hole is 
drilled to 4.5m, gas flow from No. 3 hole is 

1 hn) 

1 5  

10 

5 

0 2 4 6 1 3 1  

Fig. 5. Variation of Ahz-valucs along v;ith dcplh of 
hole. 

1 - Curve of Ahz in outburst dangerous zone 
2 - Curve of Ahz in outburst threatening zone 

Fig. 6. Variation of s-value along with depth of hole. 
1 - Curve of s-value in outburst dangerous zone 
2 - Curve of s-value in outburst threatcning zone 
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Fig. 7. Variation of Ahz-values before and after long 
hole gas discharge was carried out. 

1 - Curve of Ahz in outburst dangerous zone 
2 - Curve of Ahz in outburst threatening zone 
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Fig. 8. Curve of s-values before and after the 
measures were carried out. 

1 - Curve of s-value in outburst dangerous zone 
2 - Curve of s-value in outburst threatening zone 

0 10 20 30 

Fig. 9. Investigation of effective radius of 42mm cp hole 
1 - Curve of hole 1.Om away from bleed-off hole, 2 - Curve of hole 0.5m away from bleed-off hole, 
3 - Curve of hole 0.25m away from bleed-off hole 

obviously increasing, increasing from 0.45 Vmin to 
0.9 Vmin and keeps up for 10 minutes, then reduces 
slowly. It shows that the effective bleed-off radius of 
42 mm cp hole is 0.25m. 

Prediction of outburst danger in development heading 
in coal 

Investigation in development heading face in No. 19 
coal seam of No. 1 mining district in central part of 

vertical shaft in Didao mine showed that practically 
measured gas pressure is 0.4MPa and gas content is 
16.9m3/t. The prediction parameters are the same as 
in the mining of longwall face. The variation of 
indices Ahz and s-values in outburst dangerous and 
threatening zones are given in Fig. 10 and Fig. 1 I. 

Based on analysis of various measured indices 
values from 11 gas gushes from hole showed the 
maximum Ahz-value was 55 1Pa and the minimum 
was 207Pa; the maximum s-value was 20 Vm and the 

223 



Ahz 
(pa) 

S 
Cl/m> 

5 00 

4 00 

3 00 

2 00 

100 

10 : 

t i -  

6 -  

4 -  

2 .  

Fig. 10. Diagram of variation of Ahz-value in 

depth of hole 
Fig. 11. Diagram of variation of s-value in outburst 

hole 
outburst dangerous and threatening 'Ones along with dangerous and threatening along with depth of 

1 - Curve of Ahz-value in outburst dangerous zone 1 - Curve of s-value in outburst 
2 - Curve of Ahz-value in outburst threatening zone 2 - Curve of s-value in outburst threatening zone 

minimum was 7 Vm; the maximum q-value was 26.5 
Vmin, the minimum was 3.8 Umin. Taking the 
minimum value as the practically measured indices 
when gas gushes from hole as the critical value of the 
outburst index, the critical values of outburst in No. 
19 coal seam are as follows: 

Outburst danger 
q 2 3.8 11 min 

1""""" q e 3.8 1 I min 
Outburst threatening s < 7 1 / m 

It was found that the effective radius of 42mm cp 
drill hole is 0.25m. In view of 6-6.5m of hole 
length, 2m of hole spacing and 0.5m of hole spacing 
between two circulation holes, the current hole 
pattern can sufficiently meet safety requirement of 
production. 

CONCLUSION 

Long hole gas discharge is a simple, effective and 
more safe measure for preventing outburst on a 
mining face. 

Bascd on nearly 300 holes drilled and safely mining 
270 cyclcs and 95,507t of coal, and comparison of 
long holc gas discharge with shallow hole water 
injection, the former allows to save 40,000 
yuan/l(X)m and prevents outbursts. The critical value 
of outburst prediction indices are: 

Ah22200 Pa 

qL3.8  l / m i n  
Outburst danger 

So long as one of the three indices reaches the above 
value, it indicates an outburst danger. 
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Problems and outlooks of the coal and gas outbursts prognosis in Russian mines 
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Chairman of the Federal Mining and Industrial Supervision of Russia 
(Gosgortekhnadzor of Russia) 

ABSTRACT: Having analysed the experience gained at various stages of controlling coal and gas outbursts 
and applying it in practice in the coal mines of Russia, the paper presents the main methods for the forecasting 
of coal and gas outbursts prone hazard, their most important advantages and drawbacks as well as possibilities 
to improve the forecasting methods. Suggested in the paper are ways for creating a complex method for the 
forecasting of coal and gas outbursts prone hazard based on monitoring a set of main factors which determine 
the probability of a coal and gas outburst. 

The problem of controlling coal and gas outbursts is 
one of the most complicated processes required to 
provide a safe conduct of mining works. These 
events are not only a hazard for the occupational 
safety and an injuring factor but also lead to 
considerably economic losses associated with 
accident response actions. 

At present among 250 Russian coal mines, 38 mine 
seams that are liable to coal and gas outbursts. From 
the latter 26 mines are in Kuznestk Coal Basin, 6 
mines in Pechora Coal Basin and 6 mines in Rostov 
region (Eastern Donbas). 

In the outburst prone coal seams the mining is 
carried out in 137 extraction stopes (longwalls) and 
271 preparation faces. More than 14,500 miners are 
engaged in mining in such mines and seams. 

At the same time one must remember that more than 
a quarter of Russian mines excavating outburst prone 
seams work at depth of 500 to 900 metres and a 
number of mines perform work at a depth of 1,000 
metres. With further development of mining, it is 
inevitable that it will be accompanied with increased 
depths of excavations and therefore, with complicated 
rock geological conditions, growth of the rock 
pressure and increased gas dynamic activity of coal 
seams. Due to these features there is a necessity for 
effective steps for controlling outbursts in mines of 
Russia which, from year to year, will acquire ever 
increasing importance, although, at present, the 
problem of coal and gas outbursts in the Russian coal 
mines has not yet achieved the serious status typical 
for mines in the Ukrainian Donbas. 

Thus in 1990, the mines experienced 7 coal and gas 
outbursts, in 1991 there were 4 such events and in 
1993 there were 3 events. In the last four years due 
to outbursts in the mines of Russia 14 miners were 
injured with different impact rates with 10 fatalities. 

Despite a relatively small absolute number of 
outbursts, at present, special attention is being paid to 
the problem of their control in Russia. 

Without any doubts, the most efficient action to 
prevent outbursts today is advanced development of 
protective seams. In its practical activities, the 
Gosgortekhnadzor Offices (Department of Mine 
Safety) of Russia, give priority to this method of 
prevention of outbursts. 

The most extensive protective treatment was in 
mines of the Prokopievsk-Kiselev area of the Kuzbas 
where a suite of thick steep dipping seams is 
developed. Another typical example is the experience 
gained by operating mines of the Pechora Coal Basin 
where the Programme for Advanced Development of 
the Protective Seams was developed and 
implemented, thus allowing increase in productivity 
of coal cutters and ensuring miners' safety. 

However, the amount of protection provided to the 
seams, to a great extent, depend upon the rock mass 
and geological conditions of the coal deposit. Thus 
in Russia in 1993, from 140 effective extraction 
stopes in outburst prone seams, there were 35 percent 
under complete protection and from 280 preparation 
faces 25 percent were under complete protection. 
This situation arises due to the fact that the protective 
seams may be absent in the area and when they are 
present, their timely extraction often cannot be 
provided. Under conditions when there is no 
opportunity to apply protective seams, use is made of 
local methods of preventing sudden outbursts which 
require the application of methods of forecasting and 
controlling the efficiency of preventive actions. 

The practical experience gained from many years of 
mining allows to conclude that one of the most 
important features of outbursts is that they are local, 
express themselves in outburst prone manifestations 
at sites determined in the seam. It is a local character 
of the outburst manifestations which determines their 
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"insidiousness", "perfidy" and sudden nature of their 
appearance. That is why the problem of forecasting 
of outburst prone hazard to detect timely sites of 
elevated gas dynamic activity in the coal seams and to 
provide reliable occupational safety is of great 
importance. An approach is developed which forms 
the basis of current methods of prognosis of outburst 
prone hazard and local methods of preventing sudden 
outbursts. 

At present, the Russian specialists in the area share 
the concept that a potential outburst prone hazard is 
conditioned with a combination of three main factors 
such as rock pressure, natural gas capacity of the coal 
seam and physical-mechanical properties of the coal. 
However due to lack of reliable method of 
determining directly the strength and deformation 
properties of the real rock mass, its strain rate and 
natural gas capacity, it is impossible to use their 
quantitative values for a current prognosis. Due to 
this, the basis of all the effective methods of 
forecasting resides in indirect parameters which 
allow, to a greater or less extent, reliability to evaluate 
the combination of the three factors mentioned above. 

Today, a number of methods of prognosis of 
outburst prone hazard are widely used in mines of 
Russia. One of these is a method of forecasting by 
initial gas desorption rate used in the Eastern Donbas. 
It is based on the knowledge that in an outburst prone 
coal seam there are three zones: non-outbursting 
zone, transitory zone and outburst prone zone, each 
of these has its own features and regularities in the 
altered properties of the coal mass. It is known that 
the shorter the distance between an excavation and the 
outburst prone zone, the greater is the initial rate of 
gas desorption, and the lower the strength of coal and 
changes is the thickness of seam or its outburst prone 
layer. The main criteria for evaluating the outburst 
prone hazard is based on the results of frequent 
measurements of initial rate of gas desorbed from 
holes drilled in the coal seam. 

In mines of the Kuznetsk and Pechora coal basins 
of Russia, use is made of a method of current 
prognosis of outburst prone hazard by assessing the 
initial rate of gas desorbed and the amount of drilled 
cuttings. This method of forecasting allows to draw 
a conclusion on the gas dynamic state in the vicinity 
of the face part of the coal seam from the control blast 
hole. Such measurements of initial rate of gas 
desorbed are not performed and the coal bed zone is 
taken a non-outburst prone if the face of the 
excavation lacks any disturbed layers of coal seam 
with thickness less than 0.1 m. Long years of 
practice of conducting mining in the eastern coal 
production regions of Russia shows that under such 
conditions there are no coal and gas outbursts. 

The main advantage of the above methods of 
forecasting is that the gas dynamic state of the coal 
bed is assessed quickly and operatively but its 
substantial drawback is great labour intensity and lack 
of a streamlined operability which lead to high labour 
costs, necessity to disrupt the mining cycle for 
performing the prognosis; impossibility of 
automation and exclusion of human impact on the 

forecast results; considerable errors occur when 
measuring the gas desorption rate due to the fact that 
holes are not sealed in a reliable way; point by point 
assessment of the coal and gas outburst prone hazard 
along the mining excavation; and the necessity to 
enter the outburst prone coal seam thus creating 
conditions that a sudden outburst can occur and 
miners may be injured. 

In the seismoacoustic method of prognosis the 
outburst prone hazard is based on the knowledge that 
the growth of hazard of gas dynamic phenomena is 
accompanied with intensified processes of coal 
cracking. The initial information for a seismoacoustic 
forecast comprises in detecting changes in acoustic 
emission (noise) which characterises the intensity of 
cracking processes. 

The seismoacoustic forecast appears to be one of 
the most streamlined operable methods of monitoring 
the outburst prone hazard. At the same time the low 
level of acoustic emission makes it easy to apply in 
the preparation headings. One of the important 
drawbacks of the seisomacoustic forecast seems to be 
its feature that sound pulses cannot be discriminated 
by their source which may be a coal seam or the host 
rocks. Due to this feature the changed intensity of the 
acoustic emission may not always be associated with 
an outburst prone hazard. 

Another reason reducing the reliability of this 
method is the great difficulty to automate the 
observation to measure the acoustic emission. In the 
last 25 years, a number of research institutes 
undertook research to automate the counting of the 
acoustic emission pulses without any positive results 
and at present these research studies have been 
practically stopped. Today for the prognosis, an 
operator has to count the pulses by ear. As a result 
the validity of the forecast appears to depend as a 
whole upon the professional qualification, skill and 
other human factors. 

Recently in mines of Russia an experimental- 
industrial test has been carried out to check a new 
method of real time prognosis for the outburst prone 
hazard based on the steps of analysing the amplitude- 
frequency responses of an acoustic signal that 
appears in the rock mass when coal cutters and other 
machines operate at the mine face. The equipment 
used in this method is a serial production 
telecommunication sets type ZUA and a special 
instrumentation type AK-1. This method of 
prognosis is based on the knowledge of the spectrum 
of acoustic signal characterising the deformation state 
of the nearby face part of the coal seam. As a 
forecast sign use is made of the ratio of the HF 
spectrum amplitude to its LF portion amplitude of the 
signal. 

The advantages of this method are its very high 
reliability of the forecast (especially in the preparation 
headings where the concentration of mining is 
maximum), high streamlined operability, a great 
reduction of possible human factor and its impact 
upon the prognosis results as well as the rninimised 
labour costs and time used for the forecast. At the 
same time this method based on amplitude frequency 
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responses of acoustic signal has some drawbacks 
which make its industrial applicability quite difficult. 

Thus, the method of the current prognosis of the 
outburst prone hazard widely applied at present in the 
mines does not provide a sufficient validity of the 
assessment of the gas dynamic state of the nearby 
face of the coal seam and possess a number of 
substantial drawbacks. At the same time practice 
teaches that an outburst prone hazard forecast method 
by using amplitude-frequency responses of acoustic 
signal allows to evaluate reliably the outburst prone 
hazard and has a number of other advantages, 
primarily the high streamlined operability and an 
opportunity to perform a complete automation of the 
forecast process. 

To our mind this prognosis method has the best 
opportunity to improve reliability in evaluating the 
gas dynamic state in the nearby face part of the coal 
seam. The most perspective direction for such an 
improvement comprises the steps of updating the 
criteria and methods of prognosis, full automation of 
the forecast process and tracking the quality of the 
recording signal based on the digital treatment of the 
acoustic signal. 

With regard to this matter, the research carried out 
by research bodies in Russia and Ukraine appear to 
be very perspective, based upon dedicated modem 
computer media for recording and analysing the 
acoustic signal. These research studies are carried 
out to eliminate the drawbacks in the forecasting 
method by amplitude-frequency responses of the 
acoustic signal and to improve the forecast reliability. 
The development of active seismoacoustic method of 
monitoring the state of the mining of seams, is one of 
the most perspective directions in the prognosis of 
gas dynamic phenomena in the Russian coal mines. 

At the same time the computer aided measurement 
and control is a step forward to create a joint complex 
prognosis which will allow, in a reliable way, to 
monitor the whole set of factors that determine the 
outburst prone hazard as well as to provide the safety 
of mining and to apply it in a more rational way for 
preventing and mitigating coal and gas outbursts. 

Another important direction to provide for 
occupational safety in the coal mines is the step of 
developing a reliable local forecast to detect coal seam 
areas prone to sudden outbursts within the mine field 
by taking into account various aspects of preparation 
and mining. 

As example for a positive solution to the problem 
which is similar in many aspects is the programme 
headed by Gorgostekhnadzor of Russia for 
developing and mastering the steps of operating in a 
safe and efficient way the ore and non ore deposits 
prone to rock bursts. At present a number of its 
practical designs are used in pits and mines of Altai, 
Ural and Kola Peninsula. Within this programme we 
have developed a computer aided measurement and 
control system "Region" that allows to monitor, 
control and forecast any rock burst when developing 
the deep ore fields. This computer aided system is 
based on the wide application of electronic media to 
detect potential hazardous zones and to plot them on 

mining maps which allows to take timely and 
necessary actions for providing occupational safety in 
the mining process. This experience, to my mind, 
may be very useful in attaining the forecast of 
outburst prone hazard in coal mines. 
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ABSTRACT: The methods of forecasting of gas emission in coal mines faces and degasification wells are 
examined. The results of studies of methane emission at mines are presented and the methods of gas emission 
reduction and sudden coal and gas outbursts prevention are described. 

1 IN'TRODUCTION 

Experience in the development of gassy coal deposits 
in Kuzbass, Vorkouta and other regions of Russia 
varies and depending upon mining and geological 
conditions, these require the use of different mining 
methods and machinery. Important geological 
features determining coal mines capacity are depth, 
angle of dip, gas content, thickness of coal seams, 
their relative position and composition of enclosing 
rocks. Main technological features are mining 
systems; sequence of mining within a series of coal 
strata, working seam thickness, method of roof 
control, ventilation pattern of mines, panels and 
mining sections, degassing methods of coal seams 
and goafs. 

Intensification of coal mining processes usually 
results in increased productivity of mines and 
accelerated deepening of mining. It also causes 
worsening of mining and gas conditions of 
underground operations. It is especially characteristic 
of Russian mines where mining is being carried out at 
a wide range of depths and potential possibilities to 
go deeper are rather high at several mines. Gas 
emission is the main hazard factor, as gas release 
nature varies, and gas emission periods may be short 
and cannot always be forecasted (Oustinov and Pak, 
1989; Pak, Oustinov and Parfenova, 1991). 

Forecasting of methane emission in underground 
workings and degasification systems for mines is 
important not only for the evaluation of the amount of 
air required for ventilation of workings, but also for 
determining such coal face parameters as its length 
and total output, daily output of the face and its 
advance rate dependent on gas emission factor 
(Anon, 1989). Data on the rate of methane release 
from coal seams and goafs are very important in 
emergency situations, especially in the case of 
underground fires. That's why the problems of 
forecasting of volumes and rates of gas emission in 
mines as well as methods for prevention of coal and 
gas outbursts in underground workings are so vital. 

I 

2 METHANE EMISSION IN MINES 

Methane emission in mines is primarily a function of 
gas content and geological structure of coal-bearing 
deposits and coal seams mining conditions. Gas 
emission rate is determined by the volume of gas 
discharged in the workings, and gas released in 
drainage wells (Anon, 1989; Anon, 1990). 

Regarding gas conditions, all mines in the Russian 
Federation and other countries of the Commonwealth 
of Independent States are divided into 6 classes: 
nongassy mines, mines of classes I, II and III, higher 
gas content, and mines liable to coal and gas 
outbursts (Anon, 1986). 

The higher gas content mines and those liable to 
coal and gas outbursts mines make up some 55% of 
total number of mines in Russia (195 mines). In 
total, in the CIS countries about 80% of coal mines 
are methane hazard and liable to gas and coal 
outbursts. In 1993 methane emission from coal 
mining in Russia, Ukraine and Kazakhstan was 
estimated to be 6.7 x 109 m3, including 1.15 x 
109 m3 captured by degasification systems. The 
corres-ponding figures for Russian mines were 2.2 x 
109 and 0.48 x lo9 m3. Coal seams and goafs 
degasification exists at 178 mines (33%), including 
56 mines in Russia (Zabourdyaev, 1994). 

Forecast of methane content in workings and 
computer-assisted calculations of degassing 
parameters are performed according to recommen- 
dations developed by Skochinsky Institute of Mining, 
MAKNII and VostNIJ (Anon, 1989; Anon, 1990). 
To study problems of gas emission, mining safety 
and gas factor related to coal face output as well as 
how degasification affects these parameters, research 
works and field observations have been performed. 
Main results of research and practical work, 
conclusions and recommendations are given below. 
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2.1 Kouznetsky basin 

Volume of methane emitted from a mine is a function 
of the amount of methane emitted in development and 
production workings and goafs, and from coal 
transported through the main roads. Coal mining 
districts are the primary source of gas emission (70- 
80%). An analysis of data from previous and recent 
studies data shows that the methane volume grows at 
different rates in different regions of Kouznetsky 
basin and the mean gas volume at mines to a depth of 
400-450 m can be satisfactory described by the 
relation: 

qm = aH-b (1) 

where qm is the volume of gas emitted from a mine, 
m3/t, H is the mining depth, m, and a and b are 
empirical coefficients varying from 0.20 ... 0.44 and 
16-52.5 respectively. 

Volume of methane gas emitted from mining 
districts or that of a mine depends to a considerable 
extent on natural and mining conditions, the most 
important of these being: methane bearing capacity of 
coal seams, potential of methane liberating sources, 
degree of their destressing and degasification, coal 
mining machinery performance and face advance rate. 
Methane release rate is affected by the presence of 
geological faults, location and total thickness of the 
roof and floor seams and interlayers, and the 
efficiency of existing degasification systems (Anon, 
1989; Anon, 1990). 

For production districts with mechanised faces at 
gently dipping seams with caving of roof rocks, the 
following values have been established; gas bearing 
capacity of coal seams at depths from 245 to 480 m 
was 8.5 - 20.2 m3/t, and methane volume of mining 
sections was 7.2 - 16.6 m3/min or 10 - 38.6 m3/t. 

Close lying coal seams and goaf degasification with 
an efficiency of 56-85% allows to decrease methane 
emission in mining districts to 1.6 - 6.0 m3/min. 
Degassing allows not to limit the face output due to 
gas emission factor and a production rate of 1,040 - 
2,036 t/day has been achieved. 

The efficiency of degasification of close lying 
seams and goaf was: 4 5 4 8 %  when using the 
degasification wells drilled from the surface, 30-50% 
when using underground lateral wells situated in the 
rise entry, 60%- with combined use of vertical and 
lateral wells (vertical wells made up 9%) 
(Zabourdyaev, 1992), 60-80% - when vertical wells 
were equipped with vacuum pumps and VMTsG-7 
ventilators were provided at the same mining section 
(degasification wells accounted for 3/4 of the total). 

When starting mining at sections with gas emission 
rate of 15-20 m3/min, it is rational to use 
underground lateral wells instead of vertical wells, 
because their efficiency for degasification at this stage 
of mining is 30-65%, and their cost is 5-10 times 
lower than that associated with drilling and 
arrangement of vertical wells. 

Gas suction through wells of large diameter by 
means of VMTsG improves gas condition at the face 

due to maintenance of air leakage from the face area 
into the goaf, but in this case explosion hazard 
concentrations of methane in methane-air mixture can 
appear in the g o d s  which is especially dangerous in 
coal seams liable to spontaneous ignition. 

2.2 Vorkouta deposiz 

Most of studies have been conducted at 7 mining 
sections of 3 mines of "Vorkoutaugol" Association. 
Mining operations were carried out at depths from 
585 to 1025 m from the surface (Table 1). 

All the districts studied were equipped with power 
mining systems. Roof control was with full caving, 
and the faces were ventilated using straight flow 
scheme with dilution of return air coming from the 
face and with fresh air coming from the side of the 
coal mass into a ventilation return maintained behind 
the face. To decrease methane volume in mining 
districts, degassing of neighbouring upper and lower 
lying seams with the wells drilled from the 
underground workings has been used (Anon, 1990; 
Zabourdyaev, Pak and Panteleev, 1994). The results 
of these studies allowed to make the following 
conclusions: 

Gas content x, m3/t, of coal seams varies with 
increase of the depth Hm, m, of their occurrence 
from the methane gas zone according to the following 
formula (Zabourdyaev, Pak and Panteleev, 1994): 

B 
H,+D 

x = A -  

where A, B and D are empirical coefficients, Hm is 
the vertical depth from the upper boundary of 
methane bearing zone, m. 

Volume of gas from coal faces varies with mining 
depth according to a hyperbolic relation. Its 
approximation for short depth intervals is given by 

q= CHm + d (3) 

This shows a significant lowering in methane 
release rate growth in mining districts at deep levels. 
Thus, at "Severnaya" mine empirical coefficients c 
and d were equal to 0.125 and 32.7 at depths from 
400 to 600 m, and at depths from 600 to 800 m they 
were equal to 0.105 and 44.0, respectively. It means 
that for mining districts, methane volume increases 
by 1 m3/t every 8 m of depth increment at 400-600 m 
levels, and for every 10 m of depth increment at 600- 
800 m levels. 

At "Severnaya" mine, where the seam "Chetverty" 
is not liable to sudden outbursts was mined first, the 
relative gas emission volume in mining districts is 3-5 
times higher than the natural gas-bearing capacity of 
this seam. 

Methane emission in mining districts and the 
amount of methane captured at mines depend to a 
great extent on the rate of mining in the districts. 
Drop in coal output by 25% at mines where 
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Table 1. Mean indices of methane emission at mining districts and efficiency of degasification 

Mine, face 

"Zapol yarnaya" 
1 14-n 
334-s 
524-s 

"Sevemaya" 
712-n 
8 12-11 
812-s 

" Komsomolskay a" 
322-n 

Gas emission, mVmin 
Observation Mining Gas Totalfor the Including 

period, depth, content district 
months m of the In the In the gas 

seam, ventilation drainage 
m3/t system system 

28 660 16.5 45.6 15.5 30.0 
8 585 21.3 48.9 21.7 27.2 
19 700 17.9 15.2 7.7 7.5 

11 I 720 16.2 65.4 25.6 39.8 
39 720 16.2 47.2 16.8 30.4 
30 815 24.7 56.5 16.0 40.5 

18 lo25 11.0 43.6 19.6 24.1) 

degasification systems exist caused a decrease in the 
absolute gas volume by 10% and resulted in 18% 
lowering of volumes of captured methane. 

At "Zapolyarnaya" mine at mining depth of 580- 
700 m and face output of 1000-1200 t/day (in 
"Chetverty" seam) the total gas emission in the 
district was up to 60 m3/min. Degasification system 
recovered 5040% of the methane released at the 
mining district. 

At "Severnaya" mine the same seam is mined at 
depths of 720-815 m with a daily output of 1500- 
1900 t and some 70-75 m3/min of methane is released 
there. The efficiency of degasification is 5580% on 
the average. 

The efficiency of degasification systems at these 
mines reaches its upper limit when using a scheme of 
degassing with wells drilled from lateral or district 
workings for seam close to the floor and undermined 
seams. The efficiency of degasification can be 
increased with the use of more efficient technology of 
dewatering of degasification wells drilled into the 
floor of the seams, as well as through degasification 
of the seam mined (Zabourdyaev, 1990; Zabourdyaev 
and Oustinov, 1992). 

Degasifkation efficiency of 5040% achieved at the 
deepest mine "Komsomolskaya" (seam "Moshchny ") 
in Vorkuta can be considered as satisfactory to allow 
for coal output of 1500-2000 t/day per face. A 
further rise in output will require more efficient 
degasification that can be provided primarily with the 
use of more rational schemes and parameters of 
degasification of the floor lying seams and the seams 
being mined. At the mines of "Vorkoutaugol 
Association", degassing in a mining district for 
undermined seams, 4 degasification schemes are used 
(Anon, 1990): 

1) Drainage wells with the collars protected with a 
coal pillar retained between the faces; 

2) Drainage wells drilled behind the face from the 
working maintained behind it after resupporting; 

3) Drainage wells drilled in advance of the face; 
4) Drainage wells drilled over the rise entry and 

protected with a lateral coal pillar. 
A common feature of all these degasification 

schemes is an increased methane discharge with 
concentration at the beginning of the well operation 
till a certain maximum is achieved. Then the methane 
discharge and concentration in the methane-air 
mixture captured decreases with the increase of 
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distance between the well and the face front. A 
relationship common to the four degasification 
schemes is observed with variation in mean values of 
methane discharge J, m3/min; and concentration C, 
9% in the mixture captured through the well; as a 
function of the distance of the well 1, m from the front 
of the face. For the straight current ventilation 
scheme with return air dilution with fresh air this 
relationship can be satisfactorily described by the 
following equation (Zabourdyaev, Pak and 
Panteleev, 1994): 

(4) 

C = C m a - k l  ( 5 )  

where J m a  and Cmax are maximum for this scheme 
of methane discharge and concentration values in the 
mixtute captured through the well (Table 2). 

3 DEGASIFICATION OF SEAMS LIABLE TO 
OUTBURSTS 

Decreasing natural gas content of the coal seam 
through degasification wells can be performed in two 
stages: 1) preliminary degasification of the rock mass 
yet unmined during the time t i ,  when the seam's 
natural gas content x decreases to x'; 2) seam 
degasification in the zone of fractures resulting from 
mining operations in coal faces, when during the time 
t2 the seam's gas content decreases from x' to x 'I 

(Fig. 1). In gassy non liable to outbursts seams the 
value of x" equals to admissible gas content xg of the 
seam in line with the gas emission factor adopted at 
the face and development workings, and in seams 
liable to outbursts it should be equal to a non hazard 
gas content xnh (Zabourdyaev, 1992; Zabourdyaev 
and Sergeev, 1980; Sergeev and Zabourdyaev, 
1985). 

Table 2. Main indices of methane discharge and concentration in the mixture captured through the well 

The practice of degasification in Vorkouta showed, 
that in order to maintain methane content of 35% in 
the methane-air mixture captured from the mine to 
allow for use in boilers and air heating installations, it 
is necessary to maintain 60% or higher methane 
concentration in the degasification wells. This is 
possible if the well is drilled in the direction of the 
zone of intensive gas release of the adjacent seam and 
sealed to a depth to prevent abnormal air infiltration 
(Zabourdyaev and Oustinov, 1992). The first 
condition is greatly determined by the roof rock 
unloading angle, its optimal value for the face 812-s 
in "Chetverty" seam ("Severnaya" mine ) is 65 
degrees. The roof unloading angle of 55 degrees 
applied before was the cause of a high air infiltration 
and lowering of methane concentration in the 
methane-air mixture captured. 

The depth to which a well should be sealed depends 
on the degasification scheme applied and should be 
10-25 m in the case of well head protection with a 
coal pillar and 35-50 m if the pillars between faces or 
lateral pillars are not maintained. At such sealing 
depth of wells, the vacuum at their heads is 50-150 
mm of Hg. 

I I I I 

Fig. 1. Plot of coal seam gas content against time 

The parameters of degasification with wells in the 
seam being mined should correspond to a condition 

XI' x - q h  (6) 

q " h  = (1.3 ..... 1.8) q'h 
q'"h = (1.5 ...._ 2.2 ) q'h 
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where q h  is the amount of the methane captured 
through the well per tonne of coal reserves z, m3/t 
being degassed, i.e. the specific amount of methane 
recovered from the seam during the period of 
preliminary degasification (q l )  and coal mass 
degasification in the zone of unloading effect of the 
face (q2). The values (ql)  and (q2) are found 
experimentally or calculated based on the 
relationships established (Zabourdyaev, 1990; 
Zabourdyaev, 1992). 

Summary of study results for different schemes of 
coal seams being mined degasification with the wells 
drilled at the same density (Fig. 2) shows the 
following : 

greater for the deeper levels. The more the time 
provided for preliminary degasification, the lower is 
this difference. Seam degasification with crossing 
wells according to scheme I11 (Fig. 2c) assures 1.5- 
2.2 times higher methane recovery per tonne of coal 
reserves being degassed as compared to scheme 1. 

The amounts of methane recovered with scheme ID 
per metre of well depth and per tonne of dry ash free 
coal were 2.1 times higher in the seams of Karaganda 
basin and 1.5 times in Donetsk basin. The best 
results were obtained for less hard coals where a 
good aerodynamic connection exists between the 
crossing wells. For example, in seams liable to 
outbursts, K7 and K12 (Karaganda basin), and 16 
(Donetsk basin) using scheme 111, on the average 2.2 
times more methane is extracted as compared to 
scheme 1. Mining depth was 200-1040 m 
(Zabourdyaev, 1990; Zabourdyaev, 1992). Coal 
mass degasification with crossing wells has been 
introduced at 12 mining districts (8 coal seams in 9 
mines). 

Degasification of seam d6 highly liable to 
outbursts, with crossing wells drilled inside the 
contours of the future workings has been used at 
Lenin mine (Karaganda basin) at mining field 23 d6 - 
1 ts (Fig. 3). 

C 
1 

Fig. 3. Degasification of seam d6 with crossing 
wells: 

Fig. 2. Schemes of degasification of the coal seam 
being mined with: 

\ 
a) wells dnlled parallel to the face; 
b) wells directed to the face; 
c) cross wells 

a) degasification scheme 
b) amount of methane captured 
c) results of outburst hazard forecast 
d) cases of higher gas emission and culm 

formation when drilling the off-loading wells 
to the coal series liable to outburst 
tl = 13 months; t2 = 13 months; 
t3 = 5 months; t4 = 8.5 months, 
t7 = 4 months 

In coal seam degasification in mines of Karaganda 
and Donetsk basins with scheme 1 (Fig. 2a) some 
0.7 .... 2.2 m3 of methane per tonne of coal reserves 
was recovered, and under the same conditions using 
scheme I1 (Fig. 2b) 1.5 ..... 2.9 m3/t was recovered. 
The difference in the specific amount of methane 
captured in the zone being affected by mining is 

In the seam d6 (thickness - 6.4 m, gas content - 
16.9 m3/t, depth from the surface - 340 m) first the 
wells from the inclined drift parallel to the face, then 
the wells directed to the face were drilled 
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(Zabourdyaev and Oustinov, 1992). The pattern and 
the density of wells drilled in the coal mass at the area 
of conveyor inclined drift drivage are given in Fig. 
3a, the amount of methane captured is shown in Fig. 
3b, the results of outburst hazard forecast are given in 
Fig. 3c, and the cases of high gas emission and coal 
culm formation when drilling the off-loading wells in 
the lower coal series with most outburst hazard are 
given in Fig. 3d. 

The rate of drivage of inclined drift in degassed 
areas of the seam was two times higher. Coal and gas 
outbursts have not been registered. 

For equation (6), qh = q1 + q2 and 

Coefficients Degasifica tion scheme 
Seams of mean and Thick seams liable Seams of mean and Thick seams liable 

high thickness to outbursts high hckness to outbursts 

5.1 17.9 2.5 2.9 
0.024 0.125 0.039 0.047 

Correlation 0.82 0.87 0.69 0.7 

* 
, P  

x" = x - ( q1 + q2 ) (6) 

and q2 depends on 91. The efficiency of preliminary 
degasification of the seam at different well density is 
a function of coal reserves z, tlm.. 

The relation q2 (z) is described by the following 
equation: " *  

(7) 

where q* and p are coefficients of the equation, z is 
coal reserves per 1 m of well, t/m. The coefficients 
q* and fl are found by the method of least squares for 
7 mines in Donetsk and Karaganda basins, where 8 
coal seams are mined in 15 districts at which 
degasification with crossing wells and the holes 
drilled parallel to the face is used for specific coal 
reserves z equal to 10 to 115 t/m (Zabourdyaev, 
1992). 

Figure 4 and Table 3 show the results of processing 
of experimental data on degasification of coal seams 
in Karaganda and Donetsk basins with crossing wells 
(scheme ID) and with wells drilled parallel to the face 
(scheme I). Scheme III is more efficient than scheme 
I. Thus, at wells density assuring degassing of 20 
and 80 t/m coal reserves with crossing wells gas 
content of a thick outburst hazard seam can be 
decreased by 5 and 1.5 m3/t respectively. Degassing 
with wells parallel to the face under the same 
conditions can decrease gas content of the seam by 
1.5 and 0.6 m3/t respectively. The efficiency of 
preliminary seam degasification with crossing wells 
is most apparent in seams liable to outbursts 
containing "soft" coal. Thus, from seam 16 which is 
1.3 m thick ("Komsomolskaya" mine, Donbass) 

within 180 days some 4.4 m3/t of methane was 
recovered at degasification of 9.8 t/m of coal 
reserves; from the seam K7 which is 3.6 m thick 
("Sokourskaya" mine, Karaganda basin) during 145 
days 5.3 m3/t of methane was recovered at 
degasification of 18.5 t/m of coal; and from the most 
outburst hazard seam d6 which is 6.4 m thick (Lenin 
mine, Karaganda basin) during 210 days some 5.3 
m3/t of methane was recovered at degasification of 
22.9 t/m of coal (Zabourdyaev, 1992). 

9,, 
I 
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Fig. 4. Plots of a specific amount of methane 
captured against coal reserves per 1 m of wells 

Bottom - wells pardllel to the face 
Top - crossing wells 

At a preset level of gas content decrease (x-x') by 
coal seam degasification in advance with indirect or 
horizontal wells during 180 days or more a specific 
amount of coal degassed with these wells is found 
from the formula: 

,* 1 

(8) 

This relation can be used to evaluate the technical 
potential of the schemes for preliminary 
degasification of the seam and decreasing its natural 
gas emission and gas content. Not all coal seams 
have good indices and not all of them can be 
efficiently degassed using the known schemes. For 
example, it is possible to decrease the seam's gas 
content from 20-15 m3/t during a standard period of 
180 days only for thick seams using a scheme with 
crossing wells. The application of scheme I will not 
be efficient, as it shows a negative z' value. 

Table 3. Results of processing of the data on coal seams degasiiication with wells 
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For a district to be degassed for the coal seam 
having the parameters L h m v at a preset z1 value and 
period of degassing tn = 180 days it is necessary to 
drill wells of a total length equal to: 

(9) 
Lhmy 

Z' 
L, = - 

where L is the length of the district being degassed 
(pillar, block), m; h is the district width, m; m is the 
seam thickness, rn; y is the specific mass of coal, 
t/rn3. 

When high gas permeability coal seams are being 
degassed with crossing wells during the time tn or 
longer, most of the methane is captured within a 
period of preliminary degasification. In this case q b  
q1 and calculations can be performed according to 
equation (8). For the seams with a low gas 
permeability to be degassed using schemes I1 or III 
during a period lower than normal, values of q1 and 
q2 can correlate. For calculation of z' under these 
conditions, it is necessary to take into account an 
additional decrease in seams gas content in the zone 
under the influence of mining operations : in formula 
(8) instead of x - XI the value x - x" is introduced, i.e. 
the value that is equal to 

qh = 91 -I- q2 

According to the experimental data the value 92 is 
1.2 - 2.4 m3/t; the higher value is adopted in case 
when most of methane is recovered in the unloaded 
coal seam zone, i.e. in the zone of formation of 
fractures as a result of mining operations. 

CONCLUSIONS 

The relationships developed on variation of coal seam 
methane content and methane emission volume from 
coal faces with mining depth allow improve reliability 
of initial data required for mining operations for 
planning of deep levels of gassy mines. 

Introduction of degasification at 13 mines i n  
Kuzbass and Vorkouta basins permitted to improve 
the safety of mining operations and to raise coal 
output at faces related to gas emission factor. 

38.1 million m3 of methane used in boilers in three 
mines in Vorkouta allowed to save 57.2 thousand t of 
coal/year and to decrease the amount of harmful 
product emission to the atmosphere (methane and 
coal combustion products). 

The results of introduction of degasification method 
with crossing wells at 9 mines showed that this 
degasification method and the technique of calculation 
of parameters based on a relationship between the 
amount of gas captured in the wells as a function of 
coal reserves being degassed can decrease the natural 
gas content of the seam to a safety value, allows to 
eliminate or to make less severe the limits on coal 
mining equipment output dependent on gas emission 
and outburst hazard factors. Thus, the safety of 
mining operations in gassy mines or in mines liable to 
outbursts is increased. 

REFERENCES 

1.  

2. 

3. 

4. 

5 .  

6 .  

7 .  

8 .  

9.  

10. 

11. 

12. 

Anon, 1989. Manual on coal mines ventilation 
designing, The Ministry of Coal Industry of the 
USSR. Makeevka-Donbass, 320 p. 
Anon, 1990. Coal mines degasification manual, 
The Ministry of Coal Industry of the USSR, 
Moscow, 192 p. 
Oustinov, N.I., Pak, V.S. 1989. Methane 
emission from enclosing rocks. Labour safety in 
industry. N 2: 39-42. 
Pak, V.S., Oustinov, N.I. & Parfenova, S.M. 
199 1. Methodology of evaluation of volumes of 
methane emitted into the workings. Skochinsky 
Institute's News. N 1:95-98. 
1986. Safety rules for coal and shale mines, 
Moscow, Nedra", 448p. 
Sergeev, I.V. & Zabourdyaev, V.S. 1985. 
Practice of degasification of the seams liable to 
outbursts. Moscow, "Ugol", N 3: 21-24. 
Zabourdyaev, V.S. 1994 . Coalbed methane: 
resources, volumes emitted, captured and 
utilized, Mining Courier, Skochinsky Institute 
of Mining. Nl:34-39. 
Zabourdyaev, V.S., Pak, V.S. & Panteleev, 
A.S. 1994. Methane volume of coal faces, 
efficiency of methane recovery and utilization of 
the methane captured. Labour safety in industry. 

Zabourdyaev, V.S. 1990. New methods of 
degasification and gas emission control at coal 
mines. Issue 2: 65 p .  Moscow, TsNIEugol. 
Zabourdyaev, V.S. & Oustinov, N.I. 1992. 
Degasification wells drilling practice. Issue 
I :65p. Moscow, TsNIEugol. 
Zabourdyaev, V.S. 1992. Degasification of 
gassy and outburst hazard seams with wells. 
Labour safety in industry. N 3:27-30. 
Zabourdyaev, V.S. & Sergeev, I.V. 1980. 
Degasification of gently dipping seams liable to 
outbursts: 27p. Moscow, TsNIEugol. 

N 4:lO-14. 

235 



6 

Gas Emission Prediction and Drainage Techniques 



Int. Symp. cum Workshop on Managemeni & Control of High Gas Emission R Outbursts 
Wollongong. 20-24 March. 1995 

Measurement of gas content and prediction of gas emission from longwall panel 

Kolaro Ohga 

Kiyoshi Higuchi 

Gota Deguchi 

Holikaido Universify, Sapporo, Japan 

Holikaido University, Sapporo, Japan 

The Coal Mining Research Centre, Tohyo, Japan 

ABSTRACT: To estimate the gas content of coal, a special device was developed and measurements of the gas 
content of coal were carried out by this device. The amount of gas emission from the longwall panel was 
calculated by using the measured values of the gas content. This paper describes the comparison of the 
predicted gas emission from the longwall panel with the actual observed results . 

1 INTRODUCTION 

The position of Japanese coal mines is very difficult 
because the policy on coal mining has changed. 
Nowadays we have only four coal mines in our 
country. To continue production, we have to reduce 
the cost of production. Therefore, it was attempted 
to expand the width of the longwall by more than 
250m at Taiheiyo Coal Mine to reduce cost. To get 
successful results control and prediction of gas 
emission from the longwall panel will be most 
important. 

Various methods of determination df gas content 
have been developed around the world. The direct 
method of USBM is popularly used in the United 
States, Australia and Europe. Other methods have 
been proposed by CERCHAR and the German Mine 
Ventilation Institute. In this paper, the gas content in 
a coal seam was determined by using basically the 
method of USBM. The measurement of emission 
gas from the coal sample is very difficult 
underground. Therefore, we developed a 
transportable instrument to measure it automatically 
both underground and at the surface. 

2 MEASUREMENT SYSTEM 

2.1 Transportable desorbed gas measurement 
instrument 

This instrument was developed to automatically 
measure the amount of gas emitted from the coal 
cuttings underground. The instrument has four 
separated vessels and sensors to measure 
temperature and atmospheric pressure. Each vessel 
has  a pressure sensor, and the increase of pressure in 
each vessel caused by gas emission from the coal 
sample is automatically measured and recorded at 

fixed time intervals. After measurement the data is 
transmitted to a PC computer via RS 232C port. The 
amount of gas emitted is calculated from the 
measured pressure in the each vessel by the PC 
computer. Fig.1 shows the outline of this 
instrument. Table 1 shows its specifications. 

Table 1. Specifications of transportable instrument 

Range of measurement 
of pressure in the vessel 
Atmosphere Pressure 

Temperature 
Power 

Working Hour 
Charging Hour 

Dimensions 

Weight 
Memory Capacity 

0-10,000 mm H20 
700-800 mm Hg. 

Ni-Cd Battery YV 
More than 10 Hours 

15 Hours 
312W x 232H x 162D 

(mm> 
5.6 Kg 

2307 x 4 ch=9228 data 

0-50 C" 

2.2 Stationary desorbed gas measurement instrument 

After measurement by the portable instrument, the 
measurement of gas emitted from the sample is 
continued by a stationary desorbed gas measurement 
instrument in the laboratory. Fig. 2 shows the 
outline of this instrument. The stationary instrument 
has 12 vessels and sensors to measure temperature 
and atmospheric pressure. But it has no processor 
to control measurement nor RAM to record data. 
Therefore, it is used with a PC computer and a data 
acquisition controller. 
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2.3 Measurement procedure 

1. 

2. 

3. 

4. 

5 .  
6 .  

7. 

8 

9 

Measurement Vessel 

Display 

Channel Button 

Data Display Button 

Record Button 

Power 

Memory Clear Button 

RS232C Connector 

Charging Jack 

Fig. 1 Outlinc of portable desorbed gas measuring 
instrument 

2 
3 

4 /  
5 

\ I /  
\Y 
6 

1. Measurement Vessel 6. Out Put for Pressure in Vessel 

2. Channel Switch 7 . 0 u t  Put for Atmosphere Pressure 

3. On off Indicator 8. Out Put for Teniperatiirc 

4. AC Hack 9. Sensor of Temperature 

5 .  Power Snitch 10. Zero Balnncc 

Pig. 2 Outline of stationsuy dcsorbcd gas measuring 
instrument 

Fig. 3 shows the measurement procedure. First, 
collected samples from the drilling boreholes are 
sieved to a particle size between 4 to 16 mesh. About 
20 to 40 g of screened coal cuttings are put into the 
container. The container is made of porous metal for 
easy diffusion. The container is immediately put into 
the vessel which is then closed, and the measurement 
starts by pushing both the start button and the button 
of vessel's number at the same time. If the pressure 
in the vessel rises over 5000 mm H20, gas is 
released through the release valve. Measurement is 
carried out every 10 seconds for the first 2 hours, 
and after that it is carried out every 10 minutes from 2 
hours to 20 hours. 

Transportablc 
lnslrumcnt 

Machine  

7-- 

PC Compute: 

0 0 1 
Stationart Instrument Data Acquisition 

[nhcr  44hcursJ Conlrollcr 

Fig. 3 Measurement procedure 

After the measurements by the portable instrument 
are finished, the measured data is transmitted via RS 
232C port to a PC computer. Then the containers 
with the coal samples inside are put into the vessels 
of the stationary instrument. The measurement is 
continued until gas emission is negligible, which 
usually takes about a few weeks. 

3 DETERMINATION OF GAS CONTENT 

USBM defines the gas content of coal as follows; 
the gas content of coal Q is represented by the sum of 
Lost Gas Q1, Emission Gas Q2 and Residual Gas 
Q3. Lost Gas Q1 is defined as the volume of gas 
given off between the time of the initial disturbance 
of the coal sample by drilling and the time the coal 
sample is sealed in a container. Emission Gas Q2 is 
defined as the volume of gas released from the coal 
sample in the container. Residual Gas Q3 is defined 
as the volume of gas released in the laboratory during 
crushing and the residual gas of the sample under an 
absolute pressure of 1 bar. In these tests, the 
measurement of residual gas Q3 was omitted, 
because it is well known that the volume of Q3 in 
Japanese coal seams is less than 10% of the total gas 
Q. 
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3.1 Calculation of amount of emission gas 

The amount of emission gas from coal samples is 
calculated by the following formula: 

Sample collections were can id  out at depth intervals 
of 5m. Table 2 shows the estimated gas content of 
each coal seam. 

3 

between the moment the sample is cut out from the 
bottom of the borehole and the time of its enclosure 

E 
0.1 

n E 
- I --**' - E d ,.f' - 

,/' - 4 0 0 0  5 V : emittedgas(cc) 
To : standard temperature@) 
T : temperature (K) 
P ; pressure in the vessel (mm H20) 
Po : standard pressure (mm H20) 
Pa : pressure of atmosphere at the time of 

measurement (mm H2O) 
V ,  : volume of room in the vessel (cc) 

Fig. 4 shows the measured pressure curve and the 
calculated gas emission curve. The bold line is the 
gas emission curve and the other is the measured 
pressure curve. 

160 320 4 8 0  

Tmr ( I I I I I I . )  

Fig. A result of measurement by the portable 
instrument 

-. Lost Time 

3.2 Estimation of Lost Gas 
h 

ED 1 
u 
U 

Fig. 5 Determination of lost gas where A : Proportionality constant 
L : Lost Gas which escaped before the 

sample was enclosed in the instrument. 

Actually, lost gas, L, is calculated from the 
beginning of the data which is recorded by the 
instrument by the least squares method. The data 
used to estimate the lost gas are from 0 to less than 
10 minutes. The number of data is 30 to 60. Fig. 5 
shows the data which is used to obtain the regression 
line. The value at the intersection of the Y axis and 
the line indicates the volume of the lost gas. 

3.3 Gas Content of Coal Seam 

Sample collection was carried out at the gate road and 
the face of No. 3 longwall panel of Taiheiyo Coal 
Mine in Hokkaido. Fig. 6 shows a localized map of 
the drilling site. The total number of boreholes used 
to collect samples for measurement of gas content in 
the mining panel was 13 and the symbol H shows 
their location. The last letters of the TB number, U, 
M, and 0 stand for drilled borehole for underlying, 
for main, and for overlying coal seams respectively. 

CH4 S c n r a r  

Fig. 6 Localized map ofdrilling sites 
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Table 2. Estimated gas content of coal seams 

Underlving Coal Seam 1.5-3.1 

4 OTHER MEASUREMENTS IN THE MINING 
PANEL 

4.1 Emission gas into the gate road and the face 

Generally, methane emission rate into the gate road 
and the face from the mining panel is calculated from 
methane concentrations and air flow rate which are 
measured by the methane sensors and air flow 
sensor. The calculated curve by using the values of 
methane concentration of sensor a (intake air) and d 
(outlet air) is shown in Fig. 7. The methane 
emission rate into the gate road and the face changes 
from 7.5 m3/min. to 16 m3/min. . 

Mcthanc I h i s s i n n  FLOW R ~ L C  (m3/rnin) 

30 

25 

20 

15 

10 

5 

0 

from the mining panel 

Fig. 7 Methane emission flow rate from the mining 
panel to the gate roads and to the face 

4.2 Methane drainage from the mining panel 

Some drainage boreholes were drilled in to the panel 
as shown in Fig. 6. The amount of drained methane 
from these boreholes was measured and the data 
were transmitted to a computer on the surface. Total 
methane drainage flow rate from the mining panel is 
shown in Fig. 8. Before December, the flow rate of 
the methane drainage shows a violent variation and 
then it increases rapidly. This rapid increase is due to 
increase in methane drainage by long methane 
drainage boreholes (LB in Fig. 6). The average 
methane drainage flow rate is about 6 m3/min. 

Fig. 8 Methane drainage flow rate from the mining 
panel 

5 CALCULATION OF METHANE FLOW RATE 
FROM THE MINING PANEL 

5.1 Fundamental equation on the methane gas 
movement in the coal seam 

To calculate the methane flow rate from the coal 
seam, the following assumptions were made. The 
behaviour of methane movement in coal seams 
depends on Darcy's law. Coal seams contain only 
methane gas. The gas content of the coal seam is 
divided into free gas and adsorbed gas. The free gas 
Qc is represented by the following equation. 

where, 
Q : porosity of the coal seam 
P : methane gas pressure in the coal seam (am) 
P,  : standard pressure (1 atm) 
yc : density of the coal (gkc) 

The amount of adsorbed methane in the coal seam, 
Qa depends on Freundlich's formula and it is 
represented as follows. 

where, 
Wn : Weight of adsorbed gas per unit weight of the 

m : adsorption factor 

yg 

coal at the standard pressure (g/cc) 

: density of methane gas (g/cc) 
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The gas content of the coal seam Q is shown as 
follows: 

Q = Q, + Q, 

Generally, methane gas pressure in the coal seam 
can be represented by the partial differential equation 
as follows: 

where, 
P : methane gas pressure in the coal seam (atm) 
K : gas permeability (darcy) 
t : time(sec) 
p : viscosity of methane gas (c.P.) 
x : distance to the direction of the X axis (cm) 
y : distance to the direction of the Y axis (cm) 

Approximate solutions of the differential equation 
may be obtained by numerical integration of the 
derived partial differential equation. From the 
obtained distribution of methane gas pressure in the 
coal seam, methane flow rate q from the coal seam to 
the gate road and the working face can be calculated 
as follows: 

where, 
Ql : initial gas content of the coal seam 
Q : gas content of the coal seam at a pressure and a 

time 

5.2 Numerical model 

Fig. 9 shows the numerical model used in this 
:alculation. The flow rate of methane gas from the 
nain coal seam which was mined was calculated by 
ising a model of the plan view. 

The flow rate from the underlying coal seam and 
he overlying coal seam was calculated by a model of 
;ide view. The gas permeability in the large part of 
he mining panel is K1, the permeability of the highly 
;tressed zone is K2 and the permeability of the 
listurbed zone adjacent to the gate road, the working 
'ace and the goaf area is K3. The highest 
iermeability is K3, the second is K1 and the lowest is 
(2. The initial condition and boundary condition on 
he calculation of flow rate from the main coal seam 
r e  shown as follows. 

=o ,  o <  x < f ,  0 < y < WL 

>o, x = f , 0 < y < WL 

>o, 0 < x < f ,  y = WL 

P(x,y,t)=Po 

P(x,y,t> = P1 

P(x,y,t> = Po 

t > 0, x = 0,0  < y <WL 

t >o ,  o <  x < f ,  y =o 
ap 
ax 
ap 
av 

-= 0 

= o  

: distance from the origin to the face 

: initial methane gas pressure in the coal seam 
: pressure at the gate road and the face( 1 a m )  

- 

where, 
f 
WL : half width of long wall (125111) 
PO 
P 1 

Calculation is performed by the following steps. 
First, the initial methane gas pressure in the coal 
seam is calculated from the estimated gas content of 
it. At the second step, the methane flow rate from the 
mining panel is calculated by using the above as 
initial and boundary conditions. The methane flow 
rate decreased with the time and after about 30 days 
the flow rate approached a constant value. At the 
third step, after the flow rate approaches a constant 
value, the mining face is advanced 5 m a day and the 
methane flow rate is calculated during the working of 
the face. Table 3 shows the other values used for 
this calculation. 

'L 
- 
0 

-c 
X 
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Table 3. 
methane flow rate from the main coal seam 

Parameters adopted for calculation of 

coal seam to the working face and from the zone 
between B and C to the goaf. The methane gas flows 
from the zone between A and C of the overlying coal 
seam to the above the coal seam. Initial conditions 
and boundary conditions are shown as follows. 

t =0, 0 < x < L, 0 <z < H 
P( x, z, t ) = Po 

t >0, F < x < L, z = H 
P( x, 2, t ) = PI 

t >0, x =0,  x = L, 0 < z < H 

-= 0 ap 
ax 

t > 0,O < x < F, z = H 

t > 0 ,  o < x  < L ,  z = o  
d2 

ap 
aZ -= 0 

where, 
L : calculated region to the direction of X axis 

( 1 ~ )  
H : thickness of the coal seam (2m ) 
F : F=f (in the case of underlying coal seam), 

F=f+30 (in the case of overlying coal seam) 

The other values used for these calculation are 
shown in table 4. The width of the calculated region, 
direction of longwall Cy), is taken as 290111. 

Table 4 Parameters adopted for calculation of 
methane flow rate from the overlying and the 
underlying coal seam 

5.3 Results of calculation 

The calculations were carried out in the two differen 
cases. One is the case where the lowest valw 
1.5 m3/t in the estimated gas contents of the coa 
seam was used. The other is the case where tht 
highest value 3.0 m3/t in the estimated gas content 
was used. 

Fig. 10 is a schematic diagram of the gas flow fron 
the coal seams surrounding the mining panel to tht 
working face and gate roads. The numbers ir 
Fig. 10 indicate the gas flow rates from each coa 
seam to the working face or the goaf. The number: 
in parentheses indicate the gas flow rates, when tht 
gas content is 4.3 m3/t. 

From the results where the gas content is 1.5 m3/t 
the flow rate from the main coal seam and thc 
underlying coal seam to the working face and the gati 
road is 8.1 m3/min. and the flow rate to the borehole: 
above the overlying coal seam is 3.8 m3/min. 

From the results where the gas content is 3.0 m3/t 
the flow rate to the working face and the gate roads i, 
15.3 m3/min. and the flow rate to the borehole 
above the overlying coal seam is 5.9 m3/min. 

In each case, the gas drainage ratio is about 30% 
About 70% of the flow rate to the working face an( 
gate roads is released from the main coal seam. 

Borehole f o r  Cas 
Drainage 

c__ - 3.8 \ 1.2  
- 

Over ly i r ig  Coal 

Uridcrly i n g  Coal Scam 

Fig. 10 Schcmatic diagram of calculated gas flov 
rate from the coal seams surrounding thc 
mining panel. 

6 COMPARISON OF CALCULATED FLOW 
RATE WITH THE MEASURED FLOW RATE 

On the methane flow rate to the working face and tc 
the gate roads, the calculated flow rate by usin] 
1.5 m3/t as the value of the gas content of coal i 
8.1 m3/min. and the calculated flow rate by usin] 
3.0 m3/t as the gas content is 15.3 m3/min. Thc 
actual flow rate of 7.5 m3/min. in the beginning o 
the working of the face is in agreement with thc 
calculated value by using the lowest value as the ga 
content of the coal seam. 
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The actually observed value at the end of the 
working of the face is 16.0 rn3/min. Thc difference 
between the calculated value by using 3.0 m"t as a 
gas content and the actual obscrvation value is little. 

On the methane drainage flow rate, the calculated 
value by using 1.5 m3/t as the value of the gas 
content is 3.8 rn3/min., calculated value by using 3.0 
m3/t is 5.9 m3/min. and the average methane flow 
rate by actual observation is 6.0 m3/min.. The 
calculated flow rate by using 3.0 m3/t as the value of 
the gas content agrees well with the avcrage valuc of 
the observed results. 

7 CONCLUSION 

(1) From the comparison of the calculated methane 
gas flow rate from the working pancl with the actual 
observation, there is no differencc. 
(2) By combining the use of the portable instrument 
and simulations using a mathematical model, we can 
prcdict the mcthane gas flow rate to the working face 
and to the gate roads, and estimate the ventilation 
flow rate required to reduce the rnethanc 
concentration to a desired level in the working area. 
(3) From the results of the calculations, i t  can be 
seen that methane drainage from the main coal seam 
is the most effective method of reducing the methane 
flow rate to the working Pice and gate roads. 
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ABSTRACT: Through analysis and study of various relations between coal face capacity and gas emission rate, 
the paper points out the problems of achieving high output and high efficiency in HGM and suggests many 
effective measures to raise coal face capacity. It shows the results produced after taking such measures and it 
objectively demonstrates and evaluates the feasibility. It makes a thorough and helpful study of raising coal 
output in HGM and gives a chart showing the relations between gas emission rate and coal output with various 
coal face ventilation types and under conditions of various gas management measures. 

1 RELATED INDEXES AND APPLICABLE 
CONDITIONS FOR HOHE MINES 

1.1 Related indexes 

According to the requirements proposed by the Coal 
Industry Ministry of China (CIMC), the related 
indexes for HOHE mines are as follows: 

1. For a fully-mechanized mining face(FMF) the 
daily output and the annual production must be within 
the range of 8-10 KL and 2-3Mt respectively. 

2. Coal production is highly centralized, only 1-2 
FMF and the related systems are used in a mine, the 
daily man-output (efficiency of all members) reaches 
10-15t/d, the suitable face length in strike along one 
wing of the mine section should be greater than 
2000m. 

In view of the above-mentioned, assuming the face 
length is 220m, the density of coal is 1.5t/m3 and the 
annual production of the coal face is 2.5Mt/a, the 
advance velocity of face (AVF) reaches a 
considerable value 1900-3500 m/a (For details, see 
the curve in Fig. 1). 

1.2 The applicable conditions 

According to the proposal put forward by CIMC, the 
selection conditions for HOWE mine are: 1. Simple 
geological structure; 2. Simple hydrogeological 
conditions; 3. Richness of coal resources; 4. 
Regularity of coal seams; 5. Small pitch angle; 6. 
Low gas mines (or mine sections) with better 
conditions of roof and floor, and 7. Application of 
HOHE fully-mcchanized mining equipment. 

4Y m/a> 

AV - Advancing Velocity 
CST - Coal Seam Thickness 

Fig. 1. The relation between coal output and 
advancing velocity of a coal face in HOHE mines 

CIMC also proposed specific requirements for the 
above and pointed out conditions that are generally 
applicable to those with methane outbursts and those 
with bumps. 

Like many other countries in the world, there are 
many highly gassy mines (HGM) and those with 
methane outbursts in China. Further development of 
the world coal mining is related to whether it is 
possible to realize HOHE in HGM or not. The paper 
approaches this subject to some extent in order to 
bring to attention to all concerned. 
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2 AN ANALYSIS O F  T H E  RELATION 
BETWEEN THE OUTPUT OF COAL FACE 
A N D  GAS EMISSION RATE (GER) 

2.1 The relution benveen relative GER and output 

Up to now, the classification of mines in the light of 
methane parameters simply depends on the relative 
GER. The mine is classified as lowly gassy when 
relative GER<lOm3/t and highly gassy when relative 
GER >= 10 m3/t. But this classification index is not 
appropriate to this problem and many specialis& have 
had published brilliant papers and it is unnecessary to 
go into details here. But before making a revision of 
the index we still start with the restricted relationship 
between the index and the output of coal face and 
analyze the maximum output which can be reached on 
a HGM coal face and then expose the possibili?y to 
realize HOHE in HGM. 

Relative GER is defined as the gas emitted per ui-ii; 
time during winning one tonne of coal. Undcr 
definite condllions related to coal face, the higher the 
AVF is, the iligher the output and the greater the gab 
emission quantity. In order to dilute the gas 
consistenily at the face return airflow (GCFRA) 
below 196, fresh air must be supplied. Due to 
restriction of ventilation section of coal face, airflow 
quantity is limited (airflow velocity<=4m/s). When 
output increases to a peak it is difficult to dilute gases 
by ventilation only (U-type). For further output 
increase, various measures to manage gas must be 
taken to lower GER. The maximum output which 
can be reached after doing so is practically the highest 
limited coal face output. In HGM it  depends to a 
considerable degree on tht: above factor whether 
HOHE can be realized or not. 

The expression for the relation between rclativc 
GER and coal Sacc output is: 

where A = daiiy nutput of coal face (tld); S = min. 
ventilation scctir.n of coal face (m2); V, = limited 
value of atrllow velocity on coal face, assumed to be 
4 m/s; qr = Relative GER (m?/t) ; Kg = unbalance 
coefficient for gas emission, assumed to he 1.3; 
C,GFCRA = 1 % .  

It is clear from ( I ) ,  for qr = 10 m7/t, even if' thc 
minimum ventilation section of coal f'acc is S = 
6.0m2,  with an air quantiiy Q = 24m3/s, ihc 
maximum output of coal face is only A = 47XKl/a, 
which is far from that required by a HOHE mine. 

From this view point, i t  is not possible to realiLe 
HOHE in a HGM without taking feasible measures. 

2.2 The elution between ubsoliite GER rind oiitpiir 

From the above we know !hat i t  is not right to 
classify mines in the light O K  methane parameters only  

by relalive GER. Practice proves that absolute GER 
does not increase lincarly with output. The principal 
gas origins on a FMF are coal seam workings, 
workings of face, cut coal, worked out areas and the 
adjacent seams. 

2.2.1 GER of working seams 

According to our observation and research, the 
relation between absolute GER and gas bearing 
capacity (GBC) in coal seams. the AVF, the cut dcpth 
of shearers, coal seam thickness and face length is 
linear. As thc natural factors and mining 
technological factors are definitc, thc GER depends 
merely on the AVF. 

The relation hetwcen GER (sum of  that in rib q l  
and that in cut ccial qz) and the AVF is: 

h 

0 w, 0 0 [ 1 - (1 + t,-"1 (3) m.1.v.y 
= 1440 

where rn = coal seam thickness, m ;  1 = face length, 
m; v = Pace advance, m/d; y = density of coal, din3; 
wo = CBC of coal, rn3/t; h = dcpth of cut, m; e = 
base of natural log; k = coefficient rclated to coal 
pressure and air leakage of coal seam, k > l ;  t = 
storage time of cut coal in intake airllow. min; n = 
coefficient for gas diffusion velocity of cut coal, n<l .  

I1 is clear from h e  above that as the AVF increases, 
the ratio ol'chc absolute GER of cut coal to that of the 
working scam also increases, but the ratio of the 
absolute GER of  rib decreases. 

2.2.2 GER of the adjacent seams 

The total absolute CER of thc uppcr and thc lower 
adjacent scams is: 

whcrc W,, = GBC of each adjacent scam (m3/t); mi 
= thickness of' each coal scam (m); ni = cocflicicnts 
for gas emission of each adjaccnl scam; a, b = 
coefficients for influences of AVF, as V<=2m/d, 
a=h= I ; as V>2m/d, a> 1, h> 1. 

The foregoing expression shows thc greater the 
AVF is, thc smallcr the increase cxtcnt of' GER from 
thc adjacent scams to working scam is (see the curvc 
in Fig. 2). 

2.2.3 GER o n  working fllcc qi 
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According to our experiments and the research in 
Song Zao mine (Sichuan province), the relation 
between GER and AVF is shown in Fig. 3. 

Fig. 2. The relation between GER 
of adjacent seams and AVF. 

L L-L . . . AV ( m / d )  
0 , 2 3 4 5  

AV - Advancing Velocity 

Fig. 3. The relation between face GER and AVF. 

The above relation is further proved by the 
observation data of Dahebian mine under Shuicheng 
Coal Mine Bureau, Guizhou province. In that mine 
the relation between face GER qj and output A is: 

qj = A + B . &  (6) 

where B is Constant. Which is a curve flatter than 
that in Fig. 3. This shows the restriction of gas on 
output is nonlinear and the increase of GER is smaller 
than that of output. As to this point there exist 
differences among mine regions under different 
conditions and we should determine the relative 
curves on the basis of different a and b. However, 
gas is of course a great obstacle to output increase 
from a working face which must be overcome by 
taking feasible measures. 

3 RAISING WORKING FACE OUTPUT BY 
COMPREHENSIVELY MANAGING MINE 
GAS 

In order to increase exploitation intensity and coal 
face capacity in HGM, mine gas must be managed 
comprehensively. In the following, we intend to 
analyze the possibility of increasing output in HGM, 
by summing up the successful experiences of gas 
management in the southwestern area of China and in 
other areas at home and abroad. 

3.1 Mining of the protective s e a m  

Mining protective seam is the most effective measure 
to manage highly gassy seams (and especially the 
coal and gas outburst seams). After the protective 
seam is mined, the underground pressure in the main 
working seams is reduced, a great quantity of the 
main seam gases enters the working seam (protective 
seam) and the original GBC and gas pressure is 
reduced to great extent. If the protective seam is fully 
mined and the pressure in the main working seams is 
fully discharged, it is quite possible to realize high 
output on the face in such seams. But the mine under 
such conditions falls far short of the requirements for 
HOHE due to the very low face capacity during the 
mining of the protective seam while the mode of 
development, the coal mining method, the equipment 
level and the production systems both underground 
and on the surface are completely different from those 
of the HOHE mines. Obviously realization of HOHE 
in such mines is not advantageous. But of course we 
may perform a HOHE experiment on a single 
working face. 

3.2 Increasing airJow quantity on the coal face 

1. Increasing ventilation section on coal face. 
Support type with greater ventilation section should 
be used to meet the requirement for airflow quantity 
and to improve the operational environment on 
working faces. 

2. Changing the ventilation mode on the working 
faces. If traditional U-type ventilation mode is 
adopted on coal faces with great GER, the 
accumulating gas in the top (rise side) corners of the 
face may lead to gas accidents on FMF and is the 
main factor to restricting output. Under such 
conditions even if the airflow quantity is increased to 
maximum, it is difficult to eliminate the accumulating 
gas in the top comer. On the contrary, doing so 
worsens the underground atmospheric conditions, 
(Fig. 4). If we use Y-type ventilation mode which 
has many advantages such as stability of airflow, 
rationality of air flow distribution, utilization of air 
leakage in worked-out area, and supplement of fresh 
air, the accumulating gas in the top corners can be 
effectively eliminated (Fig. 5).  

Fig 4. U-type ventilation mode 
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Fig. 5. Y-type ventilation mode 

It is reported that in a mine of former USSR, after 
the original U-type ventilation mode was transformed 
into Y-type ventilation mode, face output was raised 
from 448t/d to 1900t/d. In the meantime the face 
atmospheric condition was considerably improved. 
The practice of many mines at home also proves 
using Y-type ventilation mode can increase face 
airflow quantity by about 100% and maximum face 
output by at least 100%. See curves (1) and (2) in 
Fig. 6. 

A (wt/a) 

A - Annual oulput of iace 
qr - Relative GER 

Fig. 6 Schematic diagram for the relation between 
coal face output and relative GER 

(Curve (1): U-type ventilation. Curve (2):Y-type 
ventilation. Curve (3):gas drainage (GD) in addition 

to Y-type ventilation, and Curve (4):the same as 
curve 3 with face GCRA lowered to 1.5%.) 

It is shown that Y-type ventilation can increase face 
output to a great extent and is the necessary measure 
which must be taken to realize high output in HGM. 

3.3 Gas drainage by complex method 

Gas drainage (GD) is not only a basic measure to 
manage mine gas but also an effective utilization of 
associated resource. Recently along with the 
development of GD, the GD rate of the mines in 
China has increased to a great extent. Especially after 
using comprehensive GD technology the face GD rate 
reached 40-6096, gradually filling the gap in this 
respect between China and the developed countries. 
According to geological condition, coal seam 
occurrence, mode of development, mining method 
and composition of face gas origins, it is appropriate 

(comprehensive drainage) 

to suit measures to local conditions by adopting some 
of the following methods: GD while tunnelling, GD 
before working, GD while working, G D  via the 
borehole in roof cracks, GD through semi-closed golf 
area, GD through closed golf area. G D  via the 
borehole in upper and lower adjacent seams, GD 
through closed workings in adjacent seams, GD 
through the borehole on the surface, The essentials, 
applicable conditions and the effect of the above 
various methods are discussed in other papers and it 
is unnecessary to go into details. 

After implementing comprehensive GD the face 
drainage rate generally reaches more than 40% except 
in a single seam. Assuming face drainage rate of 
50%, the relation between output and relative GER is 
shown by Curve (3) in Fig. 6. 

Thus taking the above measures, the maximum 
theoretical face output approaches 2Mt/a (but i t  is 
more difficult to reach this output for a single coal 
seam). 

3.4 Setting up supervisory and monitoring systems 

In order to realize high output in HGM, an advanced 
and a reliable central monitoring system must be set 
up to automatically monitor the parameters related to 
gas, airflow velocity and airflow pressure at various 
underground working spots combined with 
circulative inspection by pcrsons to strengthen mine 
ventilation management. Under the above conditions 
the author considers that it is suitable to properly raise 
the upper limit of GCFRA in HOHE mines. Since 
the beginning of the  O OS, many countries in the 
world have raised the upper limit of GCFRA to 

Now that mine central monitoring technology in 
China has developed to such a level that batch 
production of monitoring equipment has been realized 
and approaches the level of the developed countries in 
the world. Provided the quality of managerial 
persons is raised and management of monitoring and 
ventilation systems is strengthened, it is feasible to 
raise the upper limit of GCERA to 1.5% which is 
also the natural outcome of technological 
development. Doing so it is especially necessary for 
the mines which meet all the conditions of HOHE 
mines except for that related to gas. 

After GCFER is raised to 1.5%, the limited output 
can be increased by 50%. Combined with other gas 
management measures, the relation between face 
output and GER shown by curve (4) becomes more 
advantageous. 

and raising the upper limit of GCFRA 

1.5-2.096. 

4 THE FEASIBILITY OF REALIZING HOHE IN 
HGM 

4.1 Technological feasibility 

On the basis of the above analysis, we come to the 
following conclusions: 
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1. Without taking measures HOHE is not 
necessarily realized in low gassy mines. 

For qr<2m3/t, face output can be raised to about 
2Mda only by strengthening ventilation. 

For q ~ 2 - 5 m ~ / t ,  certain measures must be taken 
and generally Y-type ventilation without GD is used 
because in this case GD is not very advantageous. 

For qp5-  lorn%, besides using Y-type ventilation, 
G D  to some extent or raising the upper limit of 
GCFRA is just enough to meet the requirements for 
realizing HOHE. 

2. It is also possible to realize HOHE in HGM. 
For q,>lO-l5m’/t, Y-type ventilation combined 

with strengthening GD and raising the upper limit of 
GCFRA must be adopted to realize HOHE. 

For qr>15m3/t, it is almost impossible to realize 
high output (>2Mt/a). 

4.2 Problems to be solved 

High output can theoretically be realized in HGM 
with qr<15 m3/t, but there are following problems to 
be solved in realizing high efficiency. 

1. HGM with single low gas permeability seam 
have a low G D  rate which can be raised by many 
artificial measures incorporating seam pressure 
discharging and by increasing drainage time, but the 
conflict between mining, tunnelling and draining 
becomes acute. Under such conditions, even if high 
output is realized, it is difficult to realize high 
efficiency. 

2. It is necessary to mine the protective seam when 
the main working seams are rich in gas. But in this 
case the production systems, technological 
installations etc., are different from those in HOHE 
mines which must be thoroughly transformed to meet 
the requirements for HOHE mines. This is not 
economically possible. 

3. Large development needs 
In order to realize high output in HGM, Y-type 

ventilation (with a tail gate or a reserve return way or 
a boundary return incline) must be used which 
increases the development. Also the GD system 
increases the development tunnels and boreholes. 

4. A mine is a complicated system requiring many 
managerial persons. In order to realize high output in 
HGM, many managerial persons for central 
monitoring system, GD system and ventilation 
system are needed. It is rather difficult to realize the 
daily man-output of IO-lWd. 

At last, the author would like to put the above 
conclusions in a nutshell: in HGM, it is possible to 
realize high output, but it is difficult to realize high 
efficiency. 
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ABSTRACT: "Cavity completion" is a method of stimulating coalbed methane wells to enhance production. 
Cavity completion is the intentional bursting and collapse of a region of coal around a wellbore associated 
with a sudden release of gas. It is analogous to the outbursts that unintentionally occur during coal mining. 
Recent activity in coalbed methane as a resource has encouraged research into the design of more effective 
cavity completions. This research has implications for the prediction and prevention of outbursts during coal 
mining. Both laboratory bursts and field trials demonstrate the primary roles of gas pressure and coal strength, 
and the conditions required for a burst to occur. 

1 INTRODUCTION 

Cavity completion (Alain and Denes, 1984; Palmer 
et al, 1993) has proven to be a very successful 
method of stimulating coalbed methane wells in the 
San Juan Basin in the USA. Wells completed in this 
way can be prolific producers, outperforming 
conventional gel hydrofractured wells by an order of 
magnitude in some locations (Logan et al, 1989). 

Cavity completion is analogous to outbursts in that 
large amounts of gas and solid are released extremely 
rapidly. The difference is that cavities are created 
intcntionally by injection of gas over a period of 
time, whereas outbursts occur inadvertently due to 
naturally occurring gas being unable to escape 
rapidly enough. Both cavity experiments in the 
laboratory and field trials have confirmed the 
importance of high pressure and low strength in 
creating the circumstances for explosive cavitation to 
occur. 

Thc analogy between cavity completion and gas 
outbursts suggests that research and knowledge from 
cavity completion can be applied to understanding 
and avoiding the problem of gas outbursts. It is the 
purpose of this paper to explore these implications. 

2 THE CAVITY COMPLETION TECHNIQUE 

The cavity completion technique involves drilling a 
hole from the surface down to the coal seam. A 
special completion rig equipped with air  
compressors, blowout prevention stack and blooie 
line is used to drill through the target coal seams, 
underbalanced with water. The hole is cased to above 
the highest seam. Compressed air is cyclically 
injected with the pressure being rapidly released at 
the end of each cycle (Figure 1). 

The rapid pressure reduction sets up a large 
pressure gradient in the near-wellbore vicinity. The 
coal fails and sloughs into the wellbore, which is 
cleaned out by water circulation before repeating the 
cycle. Sloughing subsides as the cavity becomes 
larger, presumably due to a lower pressure gradient, 
and eventually the cavity stabilises. Typically, thirty 
cycles may be camed out over a period of ten days. 
Cavities with diameters of about 3 m have been 
measured using sonar logging techniques. The 
fragmentation causes bulking of the coal, and this 
implies increased porosity and permeability in the 
collapse zone. (Palmer, 1992; McLennan et al, 
1994). 

Correlations between successful cavities and other 
rescrvoir parameters have been studied (Palmer et al, 
1993). No correlation with compressive rock strength 

25 1 



Ai r  
Injection 

I Dri l lp ipe 
1 

Blowout 
Protector 

t Annulus 
t-- 

I I OpenHole 

was found. There did not appear to be a correlation 
with geological structure. A good correlation was 
found, however, with net coal thickness, and a partial 
correlation with reservoir pressure. Note that a 
successful cavity is assessed by its production, not 
the size of the cavity produced. The formation of a 
cavity does not always imply significantly increased 
gas production. Furthermore, it can be shown that the 
cavity itself is not the prime source of increase in 
production; rather these result from changes induced 
in the coal structure. 

3 GAS OUTBURSTS 

Outbursts are a hazard experienced during coal 
mining, with a long history of fatalities in  Australia 
and other countries (Shepherd et al, I98 1 ; Hargraves, 
1983). An instantaneous outburst is the sudden 
ejection of large amounts of gas and coal into the 
mine workings, with the projected material, oxygen 
deficiency and explosive atmosphere presenting 
hazards. Outbursts are inadvertently triggered by an 

Blowout 
Protector 

IT--- 

, 

Figure 1. Schematic of cavity completion process 

advancing mine face. There is a general tendency for 
the gas content of coal to increase with depth, with a 
corresponding increase i n  outburst frequency. 
Furthermore, improvements in the rates of mining 
advance mean that there is less opportunity for 
natural gas drainage, hence the outburst risk is 
increased. Longwall mining presents some reduction 
in risk due to the slower rate of advance over a much 
wider face, but the risk with development headings 
remains. Eventually greater depth causes outbursts 
problems even for longwall mining. 

4 LABORATORY CAVITIES 

To model the cavitation process, (Paterson and 
Wold, 1992) we have studied cavity formation i n  the 
laboratory using a pressure vessel with internal 
dimensions of 500 mm diameter and 70 mm 
thickness (Figure 2). Sand, plaster and water were 
mixed and cast to fit this volume. After being oven 
dried at 40 C for many days, a resulting porous sand 
cast was placed i n  the pressure vessel. This material 
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was measured to have a tensile strength in the range 
50 - 100 kPa, depending on the ratio of sand to 
plaster used. A central hole, typically 20 mm 
diameter, was cut and the vessel sealed and 
pressurised somewhere up to a maximum of 800 kPa. 
A solenoid valve was used to suddenly release the 
pressure. Depending on the strength of the sand mix 
and the initial gas pressure, lumps and granular sand 
were ejected through the valve when it was opened. 
This procedure of pressurising the vessel, followed 
by a sudden release was repeated several times on 
some samples, with additional material being ejected 
on each application. Typically 1.2 kg of material can 
be ejected on one application of pressure release for 
the values quoted above. 

The cavity was recorded by filling it with liquid 
Wood's metal (UTEK-70). which has a melting point 
about 73 C. After allowing it to cool, the sand was 
removed to reveal the metal cast. The casts reveal 
that the cavities have a rich and complex geometry, 
indicating instability in the formation mechanism 
(Figure 3). 

In current CSIRO studies, carried out in 
collaboration with ERDC and MIM Holdings Ltd., 
cavities have been induced in 400 mm cubes of coal, 
subject to in situ stress conditions and injection 
pressures of up to 10 MPa. These studies confirm 
that pore pressure gradients play a vital role in 
inducing coal failure. (Bailin Wu, personal 
communication). 

P -  

Figure 2. Drawing of the laboratory pressure chamber for 
physical model cavitation experiments. 

Figure 3 .  An example of the Wood's metal cast of a 
cavity. 

5 COMPARING CAVITIES AND OUTBURSTS 

Both cavities (Chan et al, 1993a; 1933b) and 
outbursts (Paterson, 1986; Paterson, 1990; Barron 
and Kullmann, 1990) have been postulated to be 
primarily a response to a body force (the pressure 
gradient) exceeding the ability of a solid to resist that 
force (given by the material strength and geometrical 
factors). In the cavity completions, the high pressure 
gradients are obtained by gas injection and release. 
In coal mines, they are obtained by the rate of mining 
exceeding natural drainage capacity (Schlanger and 
Paterson, 1987). 

A primary means of removing outburst risk is by 
removing excessive pressure gradients. This is 
normally performed by drainage from in-seam holes, 
in current industry practice. We suggest that the most 
accurate means of assessing outburst risk would be 
by direct measurement of pressure gradient and the 
appropriate strength parameters. 

Other factors may contribute to outburst risk in 
secondary ways. For instance, desorption isotherms 
may indicate coal that is capable of containing large 
gas densities, which may be associated with large 
pressure gradients. However, to rely on desorption 
isotherms alone in forecasting is potentially 
misleading. Direct measurement of the pressure 
gradient in front of the advancing face presents the 
most desirable means of determining outburst risk 
when combined with measurements of tensile 
strength. 
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Figure 4. Schematic drawing of cavity index cell, used for measurement of burst strength as a 
function of pore pressure, pressure gradient and external biaxial strength. 

6 ASSESSING OUTBURST PRONENESS 

In  central Russia, outburst risk is assessed by 
periodically drilling holes with a hand auger some 
2 m in front of the advancing face. A pressure 
transducer is placed at the end of the hole, and the 
hole is shut in using a pneumatically inflated packer. 
After a short period of time, a pressure reading is 
taken. If this pressure reading is excessive then 
strategies to prevent outbursts are taken, such as 
additional drainage. 

The strength parameter is more difficult to 
measure. Removing samples from the coal face 
tends to eliminate the weakest samples as a 
consequence of sample failure during removal, and 
thus produces a bias. Attempts to measure the in situ 
strength overseas have included use of the Schmitt 
hammer and the cone penetrometer (Kidybinski, 
1980), which rely on correlations between elastic 
modulus and strength. However, the key parameter 
that is required is the tensile strength, rather than the 
elastic modulus. In situ measurements which rely on 
direct fracturing of the coal would be prefereable, but 
the difficulty would be to determine the stress 
conditions prevailing on the test zone. 

It is likely that the cleat structure of the coal 
governs the effective resistance to tensile failure. 
Tensile strength of brittle materials is highly 
dependent on structural discontinuities and mode of 
loading, and is difficult to measure as a material 
property. In the laboratory it would normally be 
determined in a Brazilian test. However, in view of 
of the  sensitivity to test conditions, a test which 
simulates pore-pressure-gradient induced failure 

could be expected to be more applicable to outburst 
studies. 

As a component of CSIRO's research into cavity 
formation, an instrument to measure 'cavitation 
index' has been constructed (Figure 4). This 
instrument creates artificial destructive outbursts in 
coal cores to measure burst strength as a function of 
pore pressure, depressurisation rate and external 
biaxial stress. The instrument may be useful to coal 
mines in assessing coal strength for outburst 
purposes. 

The overall stress and structural environment at 
gassy sites is highly relevent to potential for outburst. 
Pre-mining stresses, concentrated and re-oriented by 
mining development, interact with coal structure and 
pore pressures in complex ways. It is unlikely that a 
continuum mechanics approach can provide adequate 
understanding of mechanisms i n  this general 
environment. Recent use of discrete element, 
coupled fluid flow-mechanical models to study fluid 
pressure-induced breakdown in  coals (Choi and 
Wold, 1994) may find application in  studying 
out burst mechanisms. 

To apply comparisons between historical outburst 
sites and current operations, it would be useful to 
correlate pressure gradient and strength at the various 
locations. However, outburst database information 
on these parameters may be lacking due to the 
primary quantities being difficult to measure. Some 
of the  less important measurements, including 
contributions from factors such as desorption 
isotherms, are more abundant. 
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7 CONCLUSIONS 

Research undertaken with respect to cavity 
completion of coal bed methane wells has 
demonstrated the role of gas pressure gradient and 
coal burst strength in the formation of cavities. The 
conditions for cavity formation are analogous to 
those for coal outburst. Taking a conservative 
position, i t  would be useful to monitor gas pressure 
gradients and coal strengths in existing and planned 
mines. These should be compared for calibration 
against mines in which outbursts have occurred. 

A possible method for performing the pressure 
gradient measurement would be to measure pressures 
in small boreholes drilled into the face and shut in  
with an inflatable packer. This could be performed 
periodically, say at the end of every shift. 

Various options exist for the strength 
measurement, including CSIRO's 'cavitation index' 
instrument. To perform these measurements, 
artificial outbursts are created in samples of coal i n  
the laboratory. Samples would be required from 
both burst-prone and mines and other mines. 

Burst conditions are thought to be strongly related 
to in situ stress and structural conditions in the 
workings. Modern numerical models based on a 
discontinuum approach, and coupled fluid flow- 
mechanical interaction, are being applied to 
cavitation research. These may provide useful 
insights into outburst mechanisms, in parallel with 
the physial measurements suggested above. 
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ABSTRACT: The results of a series of laboratory experiments on coal blocks and field scale hydraulic 
fracture treatments placed in coal seams in proximity to mining activities and subsequently mined back have 
been used to examine a number of issues of critical importance to the prospective introduction of hydraulic 
fracture stimulation to Australian practice for coal seam degassing. Results from CSIRO's on-going research 
program are presented here to illustrate the significance of: 

controls on fracture geometry 
proppant placement, and 
alternate fluid systems, 

to potential treatment effectiveness. 

I INTRODUCTION 

Hydraulic fracturing has been used for several years 
in  the U.S.A. to stimulate surface wells for advance 
degassing of coal seams ahead of underground 
mining. Several trials of hydraulic fracturing i n  
surface holes for coal mine degassing have been 
conducted in Australia at various times over the past 
fifteen or so years, with inconclusive results. The 
need to substantially reduce the gas content of coal 
seams prior to mining within a time scale 
compatible with mine planning constraints remains a 
problem for surface holes. Hydraulically fractured 
surface holes typically require five or more years of 
production to reduce gas content to target levels. 

In-mine drilling of one form or another is 
currently the technology of choice of underground 
coal mine operators in Australia for control of seam 
gas problems. The ability to integrate such drilling 
activity with other mining operations is seen as a 
distinct advantage. While currently providing a 
generally workable solution for seam gas control, in- 
mine drilling alone is recognised as having 
limitations into the future, both with regard to cost 
and the ability to effectively drain more difficult 
areas. The prospect for combining in-mine drilling 

with hydraulic fracturing offers the possibility of 
both optimising the effort required to drain gas from 
coal seams planned for extraction, as well as 
tackling currently more difficult problems such as 
the degassing of overlying and/or underlying seams. 

For either application of hydraulic fracturing to 
be successfully introduced into regular practice in 
Australia, a number of critical issues will need to be 
addressed and resolved, particularly: 

the geometry of hydraulic fractures produced 
in Australian coal seams, with respect to hole 
orientation, as a function of the geological/ 
geotechnical environment; 
the efficiency of proppant placement in 
fractures with respect to treatment details; 
the relative impact of alternative fracture fluid 
systems on the reservoir performance of coal 
seams. 

CSIRO's hydraulic fracture research program is 
addressing these issues through a combination of 
laboratory tests on coal blocks and field 
experiments, including detailed site characterisation 
prior to implementing field fracture treatments in 
coal seams and post treatment mineback of the 
fractures to examine the geometry and other features 
of the fractures produced. 
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2 HYDRAULIC FRACTURES IN COAL 

2.1 Fracture Geometry 

The geometry of hydraulic fractures produced in 
coal seams is widely considered a critical factor 
influencing the efficiency of gas drainage. 
Conventional wisdom has considered predominantly 
vertical fractures to be more efficient than 
predominantly horizontal fractures, in that vertical 
fractures transect horizontal low permeability 
features in coal seams and facilitate gas flow from 
the full seam thickness to the borehole. The potential 
blocking effect of stone banddpartings and low 
permeability plys, existing in coal seams, to gas 
flow from sections of the seam toward a horizontal 
hydraulic fracture has traditionally been considered 
a major deficiency of horizontal fractures. 
Combined horizontal - vertical fractures, commonly 
referred to as T-shaped fractures, have been 
reasonably common in US. experience. 

The relationship between fracture geometry and 
prevailing geological/geotechnical conditions is a 
critical issue in the context of being able to reliably 
predict fracture geometry' and hence instil 
confidence in  the minds of mine operators 
contemplating using hydraulic fracturing. One 
aspect in this regard of concern in CSIRO's research 
program is the establishment of the relative 
influence of in-situ stress and geological structures 
(cleat and other fractures) existing in the coal on 
fracture geometry, particularly the orientation of 
vertical fracture development with respect to the 
orientation of jointkleat systems. This latter issue is 
of interest with respect to the extent of intersection 
between a vertical hydraulic fracture and the pre- 
existing fractures/cleats. 

Another issue of concern with regard to fracture 
geometry is the extent of fracture development, both 
horizontally within seam and vertically into roof and 
floor rock, in relation to the treatment parameters. 

2.2 Proppant Plucemen t 

An associated issue to fracture geometry is the 
question of the distribution of proppant wi th in  
fractures. The efficiency of a hydraulic fracture in 
stimulating gas production is determined by the 

propped extent and conductivity of the propped 
fracture in the coal seam. Apart from the primary 
fracture geometry, other factors such as proppant 
transport efficiency can substantially influence the 
stimulation efficiency achieved by a hydraulic 
fracture treatment. CSIRO's research program has 
been investigating the influence of fluid/proppant 
systems and seam dip in this area (Jeffrey, 1994). 

2.3 Fracture Fluid 

Considerable attention has been focussed in recent 
times in the U.S. on the potential for fracture fluid 
systems to adversely affect the intrinsic permeability 
of the coal in proximity to the fracture surface, 
effectively blocking fluid flow into the fracture (Puri 
et al., 1991). Broadly, four groups of fluids have 
been used - water, linear gels, cross-linked gels and 
foam. Water and foam based treatments have come 
into favour lately because of the supposed minimal 
impact on coal permeability. In each case, however, 
there is a trade-off between impact on coal 
permeability and proppant transport efficiency 
and/or cost. CSIRO's research program is currently 
investigating the relative advantages of water and 
gel based treatments. 

3 CSIRO'S RESEARCH PROGRAM 

3.1 Laboratory Progrum 

Blocks of coal, 400 mm on a side, have been 
hydraulically fractured in CSIRO's polyaxial load 
frame while subject to a controlled three- 
dimensional stress state. Two types of fracturing 
fluid have been used, a low viscosity (5 centipoise) 
and high viscosity (3,500 centipoise) fluid. 
Hydraulic fractures formed using the low viscosity 
fluid were complex, highly branched and followed 
pre-existing weaknesses rather than propagating 
across and through them. The high viscosity fluid 
produced more planar fractures that cut through 
pre-existing cleats and bedding planes in the coal 
block. The polyaxial frame is shown in Figure 1. 
Figure 2 shows a resulting fracture geometry. 
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1 -test block, 2-vertical reaction bolt, 3-horizontal reaction frame, 4-flat pressurisation hoses, 5-ice water 
supply (borehole heat exchanger), 6-hot water supply (borehole heat exchanger), 7-borehole heat exchanger 
pump, 8-Wood's metal pump, %hot water supply (block heat exchangers), 10-ice water supply (block heat 
exchangers), 1 1-cold/hot valve manifold, 12-flat jack control panel, 13-instrumentation power 
supply/conditioners, 14-data logging and display computer. 

Figure I .  CSIRO's laboratory facility for investigating hydraulic fracturing in coal. 

3.2 Field Program 

Figure 2. Fracture produced in coal block during 
laboratory investigation of hydraulic fracturing i n  
coal. 

A total of six field hydraulic fracture treatments 
have been conducted to date as part of CSIRO's 
hydraulic fracture research program, three in 
Queensland and three i n  N.S.W. The three 
Queensland treatments were all conducted at Central 
Colliery, German Creek and the three N.S.W. 
treatments at Munmorah Colliery on the Central 
Coast. In all cases the fractures were conducted in 
vertical surface holes, in single seams destined for 
mining in from 3 to 12 months. The locations of the 
holes at the respective collieries are shown in 
Figures 3 and 4. Treatment details are summarised 
in Table 1. In each case the site was characterised 
before fracturing by conducting a series of well and 
fracturing tests in the target coal seam, and a 
program of in-situ stress measurements in  the 
overlying and underlying rocks. To date five of the 
six treatments have been mined back to examine 
fracture geometry, proppant placement, etc. (the 
three fractures in Queensland and two of the three in 
N.S.W. (Jeffrey et al., 1993; 1994)). 
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Gcrmra Creek Mlrts 
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Figure 3. Locations of field investigations at 

I 

German Creek. 

500 m 

Figure 4. Locations of field invcstigations at 
Munmorah Colliery. 

The equipment developed by CSIRO to conduct 
the field work is shown in  Figure 5 .  A 
comprehensive instrumentation facility allows for 
monitoring and control of the complete operation. 
The development of the system has allowed CSIRO 
to undertake the experimental program at a 
manageable cost. 

4 SUMMARY OF FIELD FINDINGS 

4.1 German Creek 

The experimental treatments produced vertical 
fractures, oriented parallel to the face cleat direction, 
that were propped over an average tip-to-tip length 
of about 40 metres and that grew in height into the 
roof rock. No growth into the floor rock was found. 
These treatments all employed a highly viscous 
crosslinked gel fluid. In addition to the three 
treatments conducted by CSIRO, a full-scale 
treatment undertaken separately (Jeffrey et al., 
1992), also using crosslinked gel, was mined back. 
This treatment produced a T-shaped fracture 
consisting of a large horizontal propped fracture 
near the top of the seam. A vertical fracture 
extended under this horizontal fracture in the 
direction of the face cleat. 

Fracture geometry in the coal and in the rock, as 
exposed at the coal face and at ribside intersections 
and by the trace of the fracture in the roof rock, 
consisted of predominantly planar fractures with 
offsets in the main fracture direction occurring as 
the fracture extended through cross cutting joint or 
cleat fractures (Figure 6). 

All of these treatments resulted in asymmetrically 
propped fractures with the proppant extending 
further in the down dip direction (Jeffrey et al., 
1993). 

4.2 Munmorah 

Three hydraulic fracture treatments have been 
performed in the Great Northern coal seam at 
Munmorah Colliery. Two of these treatments used 
crosslinked gel and the third used water. As of 
October, 1994, the water treatment and one of the 
crosslinked gel treatments have been mined and 
mapped (Jeffrey et al., 1994). 
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Table 1. Summary of Treatments 

Well Location Depth Fluid Type Volume Injection Rate Proppant 
(m) (litres) (lpm) (kg) 

ECC 87 German Cr 2 16.7 HPG gel 12,200 108 1,480 
DDH 189 German Cr 198.4 HPG gel 14,100 93 1,300 
DDH 190 German Cr 193.5 HPG gel 13,600 149 1,190 
PHKM- 1 Munmorah 221.2 HPG gel 2 1,400 246 2,350 
PHKM-2 Munmorah 230.7 Water 19,500 29 1 1,040 
PHKM-3 Munmorah 232.0 HPG gel 2 1,000 250 2,500 
ECC90* German Creek 22 1 .O HPG gel 303,000 4,760 36,590 

* Full scale treatment conducted under NERDC funding separate to CSIRO project 

1 -sand auger, 2-blender, 3-centrifugal pumps, 4-triplex pump, 5-flow and density meter, 6-activator pump, 
7-shut-in and flow back valves, 8-well head, 9-packer and pressure sensor, IO-hydraulic fracture, 
1 1 -instrumentation van. 

Figure 5.  CSIRO's field facility for investigating hydraulic fracturing in coal. 
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Figure 6. Typical geometry of hydraulic fracture 
produced at German Creek during CSIRO’s experimental 
program. 

The fracture formed by the water treatment was 
intersected by cut throughs at the well (PHKM-2) 
and 20 metres to the N W  of the well (Figure 7). The 
fracture exposed was mostly vertical. A small 
horizontal fracture formed at the coal-roof rock 
interface near the well. Two fracture channels 
spaced 100 to 800 mm apart were propped. 
Extrapolation of the propped width between these 
two intersections indicated that this part of the 
fracture contained about 50 percent of the proppant 
placed. The rest of the proppant is most likely 
contained in the unmined part of the fracture in the 
coal pillar to the SE side of the well. 

The crosslinked gel treatment in well PHKM- 1 
was intersected at six ribside locations (Figure 8). 
The propped fracture was predominantly vertical, 
and extended for over 50 metres tip-to-tip, parallel 
to the joint and face-cleat direction in the coal seam. 
A minor amount of horizontal fracture extension 
occurred at the coal-roof rock interface near the 
well. Only about 11  percent of the proppant placed 

\.--.-.- 
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\ 1 drive 

0 10 20metres / - -  Scale 
North 

Figure 7. Fracture geometry produced by water- 
based treatment at Munmorah Colliery. 

Figure 8. Fracture geometry produced by cross- 
linked gel-based treatment at Munmorah Colliery. 
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is estimated to be present in the fracture mapped at 
this site. Based on this evidence and the response 
observed during the treatment, the rest of the 
proppant is believed to have entered a horizontal 
fracture in the roof rock. The third treatment at 
Munmorah employed a crosslinked gel tluid. Based 
on evidence from the treatment response and 
borehole video logs, the third treatment is believed 
to have resulted in most or all of the proppant being 
placed into a hydraulic fracture in the coal seam. 

Both fractures produced gas after they were 
exposed by mining. The water frac treatment 
continued to produce gas for several days. 
Immediately after the minethrough the gas and water 
flow from the fracture was sufficiently vigorous to 
produce about 10 to 15 litres of proppant from the 
fracture channel into the mine opening. The vertical 
fractures mapped at both sites did not penetrate into 
the roof rock. The fractures also narrowed and died 
out above the floor rock. 

5 DISCUSSION OF FINDINGS TO DATE 

5.1 Fracturc Gcotnrtry with Respect to In-Situ 
Stress and Geologicd Structure 

The in-situ stress field at German Creek was 
characterised by a relatively low measured 
minimum stress magnitude in the coal compared to 
the corresponding overburden pressure in the seam 
estimated from depth of cover (average ratio 0.53 
for the three holes) and a relatively high ratio of the 
horizontal secondary principal stress component 
magnitudes in the immediate roof rock (>2.0). The 
results of the rock stress measurements indicated an 
approximately constant orientation of the horizontal 
stress field, with the major horizontal secondary 
principal stress in the rock approximately parallel to 
the face cleat orientation in the coal. 

The resultant hydraulic fractures revealed on 
mine back all exhibited substantial vertical or near 
vertical segments with significant lateral extent. In 
each case there was obvious evidence of fracture 
penetration into the roof rock. Fracture extension in 
the coal was predominantly i n  the direction of the 
major horizontal principal stress measured in the 
roof rock in each case, this direction approximately 
corresponding to the orientations of the face 
CleaVjoint system in the German Creek coal seam. 

The stress measurements conducted at 
Munmorah were more conjectural than those at 

German Creek. The average minimum stress 
magnitude measured in the coal was 0.66 times the 
corresponding average overburden pressure 
estimated from depth of cover, a somewhat higher 
stress than measured at German Creek. The ratio of 
the horizontal secondary principal stress component 
magnitudes implied from the measurements in the 
roof and floor rocks was substantially less than the 
corresponding value for German Creek ( ~ 1 . 6 ) .  
Another notable feature of the rock stress 
measurements at Munmorah was the indication of a 
change in the orientation of the horizontal stress 
field from roof to floor (from approximately NNE to 
NNW) of the Great Northern Seam. 

The resultant hydraulic fractures revealed on 
mine back for the two treatments excavated to date 
were predominantly vertical, constrained within the 
seam in each case and of comparable lateral extent 
to the German Creek fractures. In both instances the 
fractures were oriented in an approximately NW 
direction, corresponding to the orientation of the 
predominant cleat/joint orientation in the Great 
Northern coal seam and the indicated orientation of 
the horizontal stress field in the floor rock, but not in 
the roof rock. 

In general terms, the experience gained from 
German Creek and Munmorah so far seems to 
suggest that potentially useful, predominantly 
vertical, fractures can be produced in coal seams 
under a variety of in-situ stress fields (coal and 
rock), at least at the scale of the treatments 
undertaken in  CSIRO’s research program. The 
generally good agreement between the orientation of 
the vertical fracture segments and the predominant 
geological features in the coal suggests that such 
structures have a significant influence on hydraulic 
fracture development in coal, even allowing for the 
marked difference in coal types and stress fields 
between German Creek and Munmorah. This 
obviously needs further examination. 

5 .2  Frat l ire  Coiztuinmrnt 

Vertical fracture growth from coal seams into roof 
and/or floor rock can limit the extent of horizontal 
fracture growth in-seam. Vertical fracture growth is 
influenced by a number of factors, including 
material property differences between coal and rock, 
permeability contrasts. etc. (Warpinski and Smith, 
1989). Stress contrast between the coal and the 
adjacent rock layers is considered to be an 
important, and possibly the most important factor 
tSimonson et al., 1978). 
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At German Creek, no vertical fracture growth 
was noticeable into the floor rock at any site. 
Significant fracture growth was, however, noted into 
the roof. The relatively high ratio of the magnitudes 
of the horizontal secondary principal stresses in the 
roof rock measured at German Creek (>2.0), 
resulting predominantly from a relatively low 
magnitude of the minor horizontal principal stress, is 
consistent with this result. 

By contrast, at Munmorah, the lack of vertical 
fracture growth into roof and floor rock is consistent 
with the generally higher minimum horizontal stress 
component magnitude (resulting in a lower ratio of 
the magnitudes of the horizontal secondary principal 
stresses (<1.6)) measured at this location. Another 
factor potentially contributing to fracture 
containment at Munmorah was the noted change in 
orientation of the horizontal stress field from roof to 
floor. Such a change could be expected to impede 
the growth of a fracture across the coal-rock 
interface. The fact that the fractures at Munmorah 
narrowed and ended above the floor of the seam, 
suggests that the minimum horizontal stress in the 
seam varies over the height of the seam, increasing 
in magnitude toward the roof and floor (Figure 9). 

5.3 Proppant Distribution 

Fracture design models currently available assume 
that hydraulic fractures grow and are propped 
symmetrically with respect to the well. The dip of 
the formation being treated is not considered in the 
design. The observance of marked asymmetrical 
fracture propping at German Creek (the ratio of the 
longer arm to shorter arm of the fractures varied 
from 1.6 to more than 7) is significant in this regard 
since it obviously points to an issue that could have 
profound impact on the productivity of fracture 
stimulation treatments compared to design 
expectations. 
At German Creek the seam dip in the direction of 
the fracture strike varied between 2.5 and 3.7 
degrees at the three sites. Gravity current transport 
of proppant under the seam dips in question is 
currently being investigated by a laboratory program 
(Jeffrey, 1994) and will be investigated further in 
future field activities. Results from the laboratory 
investigation to date have indicated the possibility of 
gravity currents being an explanation for the 
observed asymmetry at the seam dips in question. 
The apparent lack of asymmetry of proppant 
distribution observed from the minebacks at 

Munmorah to date, at seam dips less than 
1.3 degrees, suggests the possibility of a lower limit 
critical cut-off dip for gravity currents to have a 
significant impact on proppant placement. 

Figure 9. Postulated distribution if in-situ stresses in 
and around Great Northern seam at Munmorah 
Colliery. 

5.4 Impact of Fluid Systems 

Puri et al. (1991) presented laboratory evidence 
indicating that HPG-based gel fracturing fluids 
damage coal permeability, even when the fracturing 
gel is broken and filtered before being used in the 
test. One part of CSIROs research project is to 
evaluate damage to the formation by conducting pre- 
and post-fracturing well tests. These tests allow two 
comparisons to be made: 

a comparison of the coal permeability before 
it comes in contact with gel (pre-fracture test) and 
after fracturing it with gel, and 

a comparison between post-fracture tests 
conducted on two wells or groups of wells, one 
treated using gel and one treated using water. 

Five gel-based and one water-based treatment 
have been conducted to date. To this point, analysis 
and comparison of the well tests is not complete to 
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the level required to extract information about fluid 
damage effects. Additional water treatments are 
planned which will add to the data available. 

6 CONCLUSIONS 

1. The hydraulic fractures formed at German 
Creek and Munmorah did not adversely affect the 
mining operations. 

2. Predominantly vertical fractures can be formed 
in Australian coal seams in different geological and 
stress environments and using fluids ranging from 
water to highly viscous crosslinked gel. 

3. Low stresses in bounding rock layers increase 
the probability of vertical fracture growth into these 
layers. Conversely, high stresses in bounding layers 
act to contain the fracture to the seam. 

4. Asymmetric proppan t placement, possibly 
related to gravity currents, can be a significant factor 
in the effectiveness of fracture stimulations in 
dipping coal seams. The mechanism of such 
asymmetry needs to be built into fracture design 
models. 

5 .  Relatively modest hydraulic fracture 
stimulations of in-mine horizontal drain holes has 
the potential to increase drainage rates from such 
holes by forming a vertical propped fracture that 
cuts through low-permeability horizontal layers in 
the coal and connects more of the coal seam with the 
borehole. 

7 ACKNOWLEDGEMENTS 

The authors greatly appreciate the support given to 
this work by: 

North Queensland Energy 
Dowell Schlumberger 
Capricorn Coal 
The New South Wales Government 
Pacific Power 

Particular thanks go to the staff of the two 
collieries, without whose patience and support the 
work would not have been possible. 

REFERENCES 

Jeffrey, R.G., R.P. Byrnes, P.A. Lynch & D.J. Ling 
1992. An analysis of hydraulic fracture and 
mineback data for a treatment in the German 
Creek coal seam,' SPE Paper 24362. Rocky Mt. 
Regional Meeting, Casper, May 18-21. 

Jeffrey, R.G., J.R. Enever, T. Ferguson, J. Bride, 
R. Phillips & S. Davidson. 1993. Small-scale 
hydraulic fracturing and mineback experiments in 
coal seams. International Coalbed Methane 
Symposium, Birmingham, May 17-21. 

Jeffrey, R.G., C.R. Weber, W.Vlahovic & 
J.R. Enever 1994. Hydraulic fracturing 
experiments in the great northern coal seam, SPE 
paper 28779. Asia Pacific Oil and Gas 
Conference, Melbourne, November 7-10. 

Jeffrey, R.G 1994. Asymmetrically propped 
hydraulic fractures. SPE/ISRM paper 28079. 
Rock Mechanics in Petroleum Engineering 
Conference, Delft, August 29-3 1. 

Puri, R., G.E. King & 1.D Palmer 1991. Damage to 
coal permeability during hydraulic fracturing. 
SPE paper 21813. Rocky Mt. Regional Meeting 
and Low-Permeability Reservoirs Symposium. 
Denver, April 15- 17. 

Simonson, E.R., AS.  Abou-Sayed & R.J. Clifton 
1978. Containment of massive hydraulic 
fractures, SPEJ, Feb. ,27-32. 

Warpinski, N.R. & M.B. Smith 1989. Rock 
mechanics and fracture geometry, "Recent 
Advances in Hydraulic Fracturing." SPE. 

265 



Int. Syrnp. cum Workshop on Management & Control of High Gas Emission & Outbursts 
Wollongong, 20-24 March, 1995 

Vertical well degasification in advance of mining - a potential gas management method for 
reducing high gas emissions and outbursts 

Bill W. DUM 
Coalbed Melhane Resources, Inc., Houston, Texas, USA 

ABSTRACT: Coalbed methane production sales operations and coal mining performance data demonstrate 
the effectiveness of methane removal by vertical wells drilled in advance of mining, both conventional vertical 
wells drilled in coal yet to be mined and vertical gob wells drilled into longwall panels just in advance of the 
longwall mining, process Comparison analyses of pre and post development coal cores demonstrates the ability 
to recover 5O-7O0/O of the gas contained in the coal over a 5- I O  year period. Mining performance demonstrates 
that definite improvements in mine safety and productivity have occurred when the area to be mined has been 
substantially pre-drained of methane by these methods 

1 INTRODUCTION 

The utilization of vertical wells in advance of mining 
for pre-mining methane drainage, the commercial sale 
of the produced natural gas (coalbed methane) and 
increased coal mining safety and productivity has 
been demonstrated first in the Warrior Basin of 
Alabama, specifically in the Brookwood Field of the 
Black Warrior Coal Basin. 

The results are demonstrated by reporting on the 
actual performance of 

Vertical conventional wells drilled into virgin 
coalbeds which have effectively pre-drained the 
methane providing a superior mining environment for 
the future, 

2 Vertical wells drilled in advance of mining 
(conventional and gob) are eff'ective in improving 
mine safety and productivity, and 

3 The commercial sale of the produced coalbed 
methane from such degasification efforts is viable 

The reporting of such success is based on the 
author's personal experience and knowledge in 
coalbed methane degasification over the past fifteen 
years, much of which has been published and 
presented in various industry economic and scientific 

1 

forums. 9 . 10.11.12.1.~.1J.15.lh During the period of 1982 - 
1988, the author managed his employer's [Enhanced 
Energy Resources, Inc. (EER)] 50% equity interest 
in the Brookwood Degasification Field. Jim Walter 
Resources, Inc. (JWR) was the owner of three active 
deep mines (1700' - 2200') served by the 
degasification project and was the owner of a 50% 
equity interest with EER in this degasification field. 

The experience results and history of methane 
drainage at JWR from a miner's viewpoint, as 
reported by JWR representatives in the 
literature. 17.18.'9 and the successful U.S .  Bureau of 
Mines - USX experience at Oak Grove with pre-mine 
drainage via vertical wells in virgin coal as reported 
by the USBOM, et al in the literature.2" Additional 
independent analyses of degasifcation efforts 
suggests varying results as to the relative merit of 
conventional vertical wells, gob wells and in-mine 
horizontal boreholes. Some analyses indicate 
conventional vertical wells as a minor contributor, 
gob well effectiveness as a fbnction of site specificity/ 
unique environment situations and horizontal 
boreholes as a very significant factor in reducing 
active mine face emissions. '7.18.2122.23. 

The Warrior Basin is an area of approximately 30.000 
square iniles astride the Mississippi and Alabama 
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state boundaries in the Southeastern United States. 
This southern extension of the Appalachian Basin 
contains Paleozoic sediments overlain in part by 
Cretaceous Coastal Plain deposits. The Pennsylvania 
Age System is represented by the Pottsville 
Formation and contains all the 35 billion tons of coal 
resources in the Warrior Basin. The coal resource is 
found in multiple seams within several Pottsville 
Formation Groups in two coal fields. The coal 
groups are vaned in name, number, depth and areal 
extent between the Black Wamor and Cahaba Coal 
Fields because of geological and structural 
differences. In the Black Warrior Coal Field there are 
as many as 20 coal seams with cumulative thicknesses 
of 20-50 feet within 7 coal groups fiom the surface to 
3000+ feet in depth. Most of the Warrior Basin coal 
is found in the Black Warrior Coal Field and is the 
locations of the “degasification work” which is the 
subject of this paper. 

1.3 Black Wnrrior Coal Field 

Approximately 20 billion tons are considered to be 
present at depths conducive to commercial coalbed 
methane development ( 1000’-3000’+) within the 
3500 square mile area of the Black Warrior Coal 
Field. Desorption tests commonly measure 300 - 500 
cu-ft./ton in several of the coal beds in Jefferson and 
Tuscaloosa Counties, Alabama. These coals exhibit 
Coal Ranks from low to high volatile A and B 
Bituminous. Depths of commercial production range 
from 1000-3000+ feet. It is generally possible to 
correlate the seven major coal groups although 
individual coal seams are not as reliably identified 
over long distances. The coals are vertically 
identifiable into the 7 coal groups, which exhibit an 
average cumulative thickness of 20-25 feet between 
the above depths. 

Jim Water Resources, Inc. (JWR) and USX Corp. 
(USX) operate five underground coal mines in the 
Black Warrior Coal Basin of North Alabama. These 
mines are in Tuscaloosa and Jefferson counties. Coal 
production is from continuous miners and longwall 
mining. Yearly coal production from these five mines 
total 10-15 million short tons of clean coal 
Ventilated methane can range from 50-1 00 MMCFD 
Methane production delivered to sales from vertical 
wells (conventional and GOB) and horizontal in mine 
boreholes averages 30-40 MhlCFD 

Statistical information for the Warrior Basin is shown 
below: 

Black Warrior Coal Field (Pottsville Coals) 

Coal Tonnage 20 billion tons 
Areal Extent 3,500 square miles 
Gas in Place 22 TCF 

The above information is from GRI and AAPG 
Studies. 

Black Warrior Coal Field (Methane) 

Cumulative Production 482.1 BCF (thru 10-94) 
Number of Wells 2856 (2800 producing) 
Time Period* (1980- 1994) 14 years 
Current Production Rate 303.1 MMCFD 

The above statistics are comprised of actual reported 
information through June of 1994 and estimates 
thereafter. Sources of information are the Oil and 
Gas Board of Alabama Production Reports, and 
other public records Approximately 250 wells are 
associated with active mining delivering 
approximately 35,000 MCFD to sales. The 
Brookwood Field, the site of three Jim Walter 
Resources, Inc ( W R )  underground mines where 
vertical wells (conventional and gob) in advance of 
mining and in-mine horizontal boreholes has 
produced 128 BCF of coalbed methane commercially 
since 1981. The Oak Grove Field (USX) mine 
associated degasification volumes were unavailable at 
the time of publication, but are part of the total 
coalbed methane production from the Oak Grove 
mine and non-mine sources of 90 BCF cumulative 
with a current producing rate of 66 MMCFD from 
48 I wells 

2 DISCUSSION 

Although coal has been used as an energy source 
sirice prehistoric times, coal has added significance 
with the successfd extraction of methane from coal 
seams through vertical well bores’ and high quality 
coals, and mining efficiencies have come to the 
forefront in a world faced with increasing 
environmental concerns as well as the economics and 
safety issues associated with re-structuring the 
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previously state controlled coal mining industries to a 
free market economy. 

During the process of coalification considerable 
quantities of gases evolved from the indigenous 
carbonaceous material. These gases include methane 
and heavier hydrocarbons, carbon dioxide, nitrogen. 
oxygen, hydrogen, and helium.2.' The primary 
constituents are methane and carbon dioxide. These 
gases have been observed in coal mines and the 
emission of methane from coal beds has created the 
problems in mining coal since the inception of the 
industry. In many cases the presence of methane can 
cause the cessation of mining operations. Regardless 
of the range of severity, methane presence in coal 
mines is detrimental to safety, increases mining costs, 
and reduces efficiency of mine production. 
Quantities of methane and air in proper proportions 
(5 to 15% present methane) result in explosive 
mixtures.' It is the ignition of these mixtures that 
cause the disastrous explosions in coal mines. 

Concurrently, however, methane being the 
principal constituent of natural gas offers a potentially 
large supply of energy for traditional residential, 
commercial and industrial markets. 

Historically mines are engineered to vent as much 
methane as possible. However, this vented methane 
from active mines is only a small percentage of the 
potentially predicible methane available from properly 
developed vertical well programs. An alternate to 
venting is to reduce the coal extraction rate. Both 
solutions are expensive and wastehl. 

The degasification efforts associated with 
underground mining are focused on those efforts 
associated with Jim Walter Resources, Inc. (JWR) , 
mines in the Brookwood Field where the Brookwood 
Degasification Field Project was initiated and 
continues to operate successfully. This work is 
discussed and reported on by the author based on his 
experiences and reports as well as those by JWR 
representative's reports from the literature. 

2.3 A rithor '.Y Experieirce atid Piiblicntioirs 

In 1976 Intercomp Resource Development & 
Engineering, Inc. (Intercomp) commenced an effort, 
through an invitation to gas and coal industry 
companies. to fund a feasibility study to analyze the 
mechanism of producing methane fiom coal through 
vertical well bores. Approximately 45 companies 
fiom the gas, coal, and pipeline industries 
participated. The results of this study were positive. 
Subsequently, a substantial gas resource was defined, 
the reservoir mechanism was described and 
successfblly computer modeled, the stimulation 
process developed, and economic parameters 
defined.8 

In 1979 Intercomp and JWR commenced a pilot 
degasification project in an area where JWR was 
actively mining coal (Black Wamor Basin, Alabama). 
The pilot project proved the technology.' Further 
indications were that the production of methane in 
economically paying quantities from vertical well 
bores was possible. As a result of the pilot project, 
the Brookwood Degasification Joint Venture Project 
was formed in 1981 with Enhanced Energy 
Resources, Inc. (EER) and JWR as 50/50 equity 
owners. The author was Vice-president of EER and 
managed their 50% interest in the project. 

2.4 Resrrlts of Degas(ficaiiot1 Efforts 

As a result of pilot modifications, new techniques, 
and the practical application of stimulation methods, 
the project demonstrated that pipeline quality 
methane can be economically extracted from coal 
seams in advance of and in conjunction with 
underground mining operations. 

Development continued and was reported on 
periodically indicating positive results in mining 
efficiency, safety and economics as well as 
commercial success in the sale of coalbed methane 
into heretofore conventional natural gas 
markets 9.10.11.12.13.1~.15.16 

2.5 Piihlished JWR Reports 

The above information and results are based on the 
author's first hand knowledge, but nevertheless 
reflects the observations of one not directly 
responsible for mining activities nor the impact on 
same. The following observations are based on 
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publications in the literature by certain mining 
industry personnel with such responsibilities: 

Mr. C.A. Dixon with Jim Walters Resources’ 
Mining Division tells us the following:” 

“,,.The Mining Division of Jim Walter 
Resources, Inc. has been a leader in the 
development of systems in this new industry 
utilizing three separate methods -- vertical, 
horizontal, and gob degasification. Presently, 
these systems are producing over 35 million 
cubic feet of pipeline quality gas each day in 
conjunction with operating mines. 

The results regarding the mining operation 
have been improvements in safety, productivity, 
and costs ... The key to this success has been 
the close working relationship between the 
underground mining activity and the 
degasification activity., . 

Today, the Mining Division of Jim Walter 
Resources Inc. (JWR) is a leader in the 
development of systems in this new industry. 
In its programs, Jim Walter Resources utilizes 
three separate and distinct methods for 
degasification : 

( I )  Vertical Degasification Program - 
holes drilled from the surface into the 
virgin coal bed; 

(2) Horizontal Degasification Program - 
holes drilled in the coal bed from 
active workings within the mine; and, 
Gob Degasification Program - holes 
drilled from the surface into the caved 
area behind the longwall faces. 

Of these three methods, the Vertical 
Degasification Program is the only one which is 
independent of the mining operation.. , 

Using currently available data from the Blue 
Creek seam, the oil and gas company 
(IntercompEER for whom the author was 
Vice-president responsible for his employer’s 
50% equity interest in this degasification 
project) prepared a preliminary computer 
simulation of the degasification potential in the 
area of the Brookwood mines. The indications 
were that the property had the potential for 
methane production levels which, at the current 
and projected market prices. would support a 
commercial methane utilization venture A test 
program was proposed to confirm the 
computer simulations, assure there was 
potential for a viable economic project, and 
determine what would be the effect on the 
mining operation. It was utmost in the minds 
of the mining operators that the degasification 

(3)  

of the coal, from a mineability standpoint, was 
paramount. The commercial aspects of 
methane utilization could only be considered as 
secondary. A five-well test program was, 
therefore, developed to provide the necessary 
data for making the required decisions. An 
area was selected in the No. 4 Mine reserves 
and the holes were drilled from the surface into 
the Blue Creek seam at a depth of 2000 feet. 
Each hole was hydraulically fiactured, 
dewatered, and the methane flow rate was 
measured. Both the quality and quantity of 
methane liberated were within the ranges 
predicted in the computer simulation. One of 
the wells was purposely sited in the path of a 
continuous miner development unit. The 
possibility for the hydraulic fracturing, which 
was done to stimulate methane liberation, to 
damage the coal seam from a mineability 
standpoint was a major concern. If the 
degasification system was successhl but 
rendered the coal economically unmineable, 
then alternatives would be required. The 
concern of the mine operators, however, 
proved to be unfounded as the underground 
unit mined through the plugged well with no 
perceivable affect on productivity. Because of 
the very limited time allowed for degasification 
no attempt was made to measure any decrease 
in methane liberation. 

Based on the success of the five-well test 
program, the project was expanded to a thirty- 
well pilot program. Again, the results were 
satisfactory. 

With these positive results, JWR and the oil 
and gas company (EER) decided to embark on 
a hll scale coal bed degasification venture. An 
operating company, now known as Black 
Warrior Methane Corporation, was formed 
which then proceeded to expand the drilling 
program, negotiate a sales contract with a 
major natural gas distributor, and install a 
transmission line, with the necessary 
compressor stations, from the gas field to the 
nearest interstate gas pipeline.. . 

Because of the large variations of occluded 
gas inthe coal bed from one area to another, it 
is impossible at this time to quantify the benefits 
to the mining operation from vertical well 
degasification. However, in the long term, 
there is no question that significant reductions 
in face liberation can and will be made.. . 

Jim Walter Resources, Inc. is pleased with 
the major accomplishments that have been 

\ 
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made in a relatively short time in the field of production shaft. Hoisting to the surface is by 
coal bed methane degasification. From a a balanced pair of skips transporting 20 - 25 
mining standpoint the programs have taken a short ton payloads. Yearly clean coal 
giant step towards solving one of the production is 1.9 - 2.7 million short tons per 
underground coal mining industry’s major mine. 
problems.. .” The mines operate in the Mary Lee Coal 

Group, mining the Blue Creek seam and at 
Mr. R. A. Mills and Mr. J .  W. Stevenson of JWR times the Mary Lee seam when the rock layer 

between the two coalbeds is thin and cannot be 
supported, The Blue Creek is a low to medium 

‘I.. . When Jim Walter Resources, Inc. ( JWR)  volatile bituminous coal with low sulfur, 
began deep underground mining in Alabama, moderately low ash and relatively high BTU 
manasement and the engineering staff content. Both metallurgical and steam coals 
recognized many challenges involved in mining are produced.. . 
a gassy coalbed. The four mines would be To ventilate the mines, exhausting high 
under 1300 - 2100 fi (396 - 640 m) of cover pressure axial flow fans are used. Total power 
and mining in the Blue Creek Seam This dedicated to ventilation is 7500 hp - 14,000 hp 
coalbed has a methane content of 500 - 600 per mine.. . 
cf7st (15.6 to 18.7 cm.‘/g). The initial effort to The result of these efforts is the coursing of 
deal with methane focused on ventilation. 2.0 - 3.4 million cfm (944 - 1605 m’/s) of air 
However, additional air shafts and fans to through each mine for adequate ventilation. 
maintain an expand the air quantities necessary Methane liberations exhausted from each mine 
was uneconomic and made the possibility of can be 12 - 20 million cubic feet (Mmcf) in a 
reducing the actual methane content of the twenty-four hour period. Of necessity, JWR 
coalbed attractive. In 1978, an oil and gas puts great emphasis on ventilation design to 
development company contracted with JWR to maximize mine air quantity.. , 
use oil field techniques to produce coalbed Methane drainage has become an accepted 
methane from vertical degasification wells. practice at JWR and several other underground 
Their objective was primarily economic: mining companies in the past decade. At JWR, 
developing coal as an unconventional gas definite improvements in mine safety and 
reservoir. After an experimental pzriod which productivity have occurred, with an additional 
resulted in the development of thirty-one wells, commercial benefit from the sale of the 
JWR and Enhanced Energy Resources, Inc. methane. Black Warrior Methane has a daily 
formed a partnership for continued production of about 30 - 35 Mmcf , Gob wells 
development and operation. The emphasis of produce most of this at 83 per cent, while 
methane drainage was shifted to gob wells and hydraulically stimulated vertical wells and 
horizontal drilling in order to provide more horizontal methane drainage produce 7 per cent 
immediate benefits to mining. Caving of the and I O  per cent respectively. The gob wells 
strata above the longwall panels can release benefit mining by removing methane from the 
large quantities of methane.. . longwall gobs to prevent its migration to  the 

Jim Walter Resources, Inc. (M) operates mine ventilation system. Horizontal methane 
four underground coal mines in the Black drainage and hydraulically stimulated vertical 
Warrior- Coal Basin of north Alabama, . . ,  wells both remove methane in advance of 
Three of the four mines are in Tuscaloosa mining. Methane liberation is reduced on the 
County, and the fourth is in Jefferson County. coal producing face, thus improving safety and 
These are vertical shaft mines ranging from reducing equipment delays caused by methane 
1300 -2100 ft  (396 - 640 m) in depth. Coal concentration in excess of the allowable 
production is from continuous miners on statutory limits.. .”  
development driveage and retreat longwall 
mining. Longwall panels typically are 5,500 ft 
(1676 m) long and vary from 850 - 950 fi (259 2.6 Pre-Droimqy - Draiimgr-Arrtr aitd 7inie 
- 290 m) in width. The coal is transported from 
the work face area by conveyor belt to 
underground storage bunkers near the The successfid removal of gas from a coalbed in 

in their report in 199 1 commented as follows: 

I’ararne iels 

27 1 



advance of mining by a conventional vertical well 
drilling pattern was first demonstrated by a U.S.  
Bureau of Mines/U.S. Steel Corp. (now USX COT.) 
prospect commenced in 1976. This program 
employed 23 wells and several core holes drilled at 
different locations and points in time to permit 
desorption tests to be performed at over time from 
the same area to measure the percentage of methane 
removal from within the drilling pattern and outside 
the pattern. The basic results were that 50% of the 
methane withn the pattern was recovered in 4-5 
years with 70% recovered in 10 years. The wells 
were drilled on 40 acre spacing but core holes outside 
the pattern indicate gas influx such that the effective 
drainage area was approximately 80 acres per 

The Bureau of Mines and others reported on the 
results in 1989 as follows:2” 

“...In 1976 the U.S.  Bureau of Mines and 
U.S. Steel Corp. began the first large scale 
pattern of vertical wells to remove gas from a 
coalbed in advance of mining. At the end of 
1987, a total of 3.2 billion stdfl’ of gas had 
been produced from the 23 wells in the original 
Oak Grove pattern, Alabama. Two coreholes 
were drilled in 1988 in the 6ak Grove pattern 
to obtain gas content data and to assess the 
reduction in gas volume and the radius of 
drainage in the Blue Creek Coalbed after 
approximately 10 years of gas production. 
Coal core desorption results for the corehole 
near the center of the pattern indicated that 73 
pct of the original gas in place has been 
recovered from the Blue Creek Coalbed. 
Reductions of 79 and 75 pct were found in the 
Mary Lee and New Castle Coalbeds, 5 and 45 
A respectively, above the Blue Creek. Results 
for the corehole 500 ft outside the pattern 
indicate a gas content reduction of 27 pct in the 
Blue Creek, 3 1  pct in the Mary Lee, and no 
apparent reduction in the New Castle Coalbed. 
Material balance and reservoir modeling studies 
indicate that the drainage radius of the pattern 
may approach 5,000 ft.. . ”  

The ability to pre-drain the methane from an un-  
mined coalbed is virtually absolute. If the commercial 
aspects of producing the methane to sales is 
secondary to other issues, then a sufficient number of 
wells can be drilled to drain a high percentage of the 
methane in place over a relative short amount of time 
When mining needs and commercial sales issues are 
jointly pursued planning and conventional vertical 
well drilling development, years in advance of mining, 
is necessary Coring, desorption testing‘analyses. 

pilot drilling programs and reservoir mbdeling are 
important issues in developing the particular 
development program that will pre-drain the desired 
amount of methane over the time available before the 
mine workings advance to the area of drainage. 

Too few wells, improperly spaced wells, or too 
little time available to drain the area to be mined can 
lead to unfavorable results from either inadequate 
methane drainage for mine productivity and safety or 
uneconomic gas sales operations, or both. These 
programs must be well coordinated with sufficient 
time to pre-drain the un-mined area in a cost effective 
and satisfactory manner. 

3 RESERVOIR CHARACTERISTICS - 
TECHNOLOGY 

Gas can be contained in a coal seam in two ways. It 
can be free gas within the natural porosity of coal 
(joints or fractures) or it can be present as an 
absorbed layer on the internal surfaces of the coal.” 
The free gas within the coal seam fracture and joint 
system will behave according to Boyles and Charles 
Laws. The absorbed gas contained in the internal 
surfaces of the coal behaves in a different and 
distinctive manner. Substances such as charcoal, 
coke, and coal are commonly known for their 
filtration qualities. This is accomplished by the 
preferential adsorption of gases In the absorbed 
state these gas molecules are “tightly packed and 
closely held” to the walls of the coal.” The critical 
factor in producing the absorbed methane from coal 
is the methane diffision parameter which is a function 
of coal type and fracture spacing ’.’ If the pressure is 
lowered by the removal of some of the coal’s free 
water, the coal will desorb some of its gases. Once 
the gas exists as free gas. the equations applicable to 
conventional petroleum reservoirs apply ‘ 

Validation of the simulation model was achieved by 
the analysis of laboratory and field studies performed 
by Intercorp engineers The desorption calculations 
were identical with the results obtained by Bielicki” 
and Hofer ’ Further, the coupling of the desorption 
calculation with the reservoir was tested against the 
analytic solution to the diffiision equation The 
results were that the laboratory experiments. as well 
as the analytic solution, could be described by the 
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model.’ The field example shown in this paper 
reflects the data from a 3 1 well pattern in Tuscaloosa 
County, Alabama referred to as Production Area I.  
See Figures 1 and 2 

FIGURE 1 
BROOKWOOD DEGASlFlCATlON PROJECT 

Warrior 
Basin 

FIGURE 2 
BROOKWOOD FIELD 

Transmission Line 

During the time period 1979-1982, a total of 31 
wells were drilled, the purpose of which was to 
degasifL an active mine at approximately 2000’ in 
depth and to produce satisfactory economics from a 
methane sales standpoint. The well spacing pattern 
as it relates to yet to be mined areas and existing and 
proposed longwall panels is shown in Figure 3 .  

FIGURE 3 
PRODUCTION AREA I 1 

WELL SPACING PATTERN 
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The wells penetrate a 60 inch coal seam, are open 
hole completions, and were hydraulically fractured 
via a staged and alternating waterhand procedure. 
The expected behavior was described by a coalbed 
model employing the dehsion and two phase (gas- 
water) Darcy Flow equations as discussed earlier. 
4.5.7.8 A comparison of measured and simulated gas 
and water production for both Production Area I is 
shown in Figure 4. Both water and gas predictions 
provide satisfactory matches of actual production. 

FIGURE 4 
PRODUCTION AREA I 

TOTAL PATTERN PRODUCTION DATA 
COMPARED TO SIMULATION RESULTS 
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4 ECONOMICS 

Degasification of active mining operations and/or 
pre-mine drainage via vertical wells years in advance 
of mining often has multiple goals, i.e., mine safety, 
increased mine productivity, improved mining 
economics as well as a commercially viable coalbed 
methane productionhales business. In this paper I 
cite some work relating to the economics of selling 
the produced methane gas from vertical well 
production areas at Brookwood. It was economic at 
the time even though costs were high in the early 
learning period because gas prices were high. Figure 



5 reflects actual water and gas production and a 20 
year forecast. Figure 6 graphically reflects the actual 
operating costs and revenues showing that the project 
was economic even in its early stages. The support 
information for these figures may be reviewed in 
previous publications by the author.””.“ 
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FIGURE 6 

OPERATING REVENUES AND COSTS 
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Profitability varies within the Warrior Basin. There 
are more than 15 fields with over 2800 producing 
coalbed methane wells operated by more than 17 
different companies. The Oak Grove Field and 
Brookwood Field are the only ones associated with 
underground mining. These two fields with over 800 
wells, have produced 216 BCF of gas for sales and 
currently produce more than 100,000 MCFD 

5 SUMMARY & CONCLUSIONS 

Pre-drainage of coalbed methane from virgin coal in 
advance of mining via a conventional vertical well 
program has been successhlly performed in the Oak 
Grove Field in Alabama. The technology of well 
stimulations available today enable the design of a 
well pattern and completion program which will drain 
the desired percentage of methane over the time 
available before mining. The best results require 
planning and coordination between the pattern well 
drilling and the mining plans and requirements. Time 
and coordination of efforts are key to the success of 
such an effort. 

The degasification of deep mines utilizing 
conventional vertical wells and gob wells in advance 
of mining and in-mine horizontal boreholes has been 
demonstrated to be successfd in the Brookwood 
Field of Alabama. The conventional vertical wells, if 
drilled years in advance of mining can pre-drain the 
areas to be mined such that gob wells and horizontal 
borehole requirements can be minimized. Again the 
key is planning and execution of the conventional 
vertical wells years in advance of active mine 
through. 

The dynamic phenomena in mines which produces 
Rock Bursts and Sudden Outbursts is apparently not 
present in the coal and surrounding strata in the 
Black Warrior Coal Field. The so called “natural” 
hazards of rock bursts explosive coal dust, 
spontaneous fires, methane outbursts resulting in 
rapid asphyxiation or death and injury as a direct 
result of the explosive shattering of the strata from 
within are seldom encountered in the U.S.A. The 
presence of methane however is an integral part of 
many of these hazards as well as the more 
conventional hazard associated with “gassy” coals 
such as the need to maintain a breathable and 
combustion free mine atmosphere. This hazard is 
virtually always present in the Black Warrior Coal 
Field and the removal of as much as 50% of the 
methane in place prior to mining has been 
demonstrated to be both practical and of significant 
impact on mining safety and costs. Such a target is 
possible over a 4-5 year period based on 80 acre well 
spacing. 

It would be beneficial with respect to all methane 
related hazards including Rock Bursts if the methane 
content could be reduced before the mine face 
advances. This can be accomplished with 
coordinated vertical well and mining programs where 
costs, time and goals are properly considered. 
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ABSTRACT: Numerical simulation of gas and water flow in coal seams for mine drainage is different from 
conventional gas reservoir simulation. Aside from the need to be able to model the developing mine 
excavation, boreholes and wells, there is the need to model mixtures of absorbed gases, including methane, 
carbon dioxide and nitrogen. These factors require specialised numerical simulators. This paper describes the 
development and application of a reservoir simulator, SIMED 11, to a number of applications in the coal 
mining context. SIMED I1 is an implicit finite-difference code developed to describe simultaneous gas and 
water flow in coal when more than one gas component is present. Applications presented in this paper include 
consideration of development headings and the effects of horizontal hole spacing on gas drainage. 
Hydrofractures from horizontal holes to enhance drainage are also considered. 

1 INTRODUCTION 

Coal seam gases have been a significant problem in 
coal mining for many years, and as mining becomes 
deeper the problem is exacerbated. The dominant 
strategy for tackling the gas problem is to drain the 
gas before mining, generally through horizontal 
holes drilled from existing workings. Other options 
exist, such as vertical holes drilled from the surface 
in conjunction with hydrofracturing. Central to 
economic assessment of drainage schemes and 
forecasting the performance of strategies and well 
patterns is a need to conduct reservoir simulation. 

Numerical simulation of gas production from coal 
seams is different from conventional petroleum 
reservoir simulation because of the need to account 
for gas adsorption within the coal. This additional 
requirement has led to a variety of modifications to 
conventional simulators to cater for the gas 
adsorption. For instance, one approach has been to 
take a three-dimensional conventional simulation 
code and modify it by using one of the dimensions to 
model gas adsorption, reducing the grid to two 
dimensions (Hemala et al, 1982). However, the 
increasing importance of coal as a source of natural 
gas has led to the development of specialised codes 

that accurately and comprehensively model 
multiphase flow in coal. It is the purpose of this 
paper to describe recent advances in coal seam flow 
simulation and illustrate unique issues in some 
specific applications in the mining context. 

A number of coal seam reservoir simulators 
currently exist (Price et al, 1973; Remner et al, 1984; 
King et  al, 1986; King and Ertekin, 1989; Paul et al, 
1990). Most of these simulators have been designed 
for the coalbed methane industry, where drainage 
takes place from vertical holes drilled from the 
surface. Relatively few codes have been applied to 
mining. Examples presented in this paper have been 
prepared using the coal seam reservoir code 
'SIMED 11' as this code contains all of the features 
discussed here (Spencer et al, 1987; Stevenson et al, 
1993; Stevenson et al, 1994). SIMED I1 is a two 
phase (gas and water), three dimensional, 
multicomponent reservoir simulator. It is based on 
the finite-difference formulation of the flow 
equations and has been written entirely in Australia. 
Primarily designed for modelling the drainage of gas 
from coal seams and coalbed methane applications, it 
can also be used to model conventional dry gas 
reservoirs. 
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2 ISSUES IN COAL SEAM SIMULATION 

2.1 Adsorption 

Coal is distinguished as a reservoir rock by its 
capacity to adsorb large amounts of various gases, 
including methane, nitrogen and carbon dioxide. 
Contemporary thinking is that this gas is adsorbed as 
a molecular monolayer within the micropores of the 
coal matrix, but definitive experiments that 
unambiguously identify the state in which the gas is 
adsorbed are yet to be conducted. It has been the 
convention to describe this adsorption by Langmuir's 
equation 
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where V is the volume of gas adsorbed, p is the 
pressure, and VL and p L  are constants known as the 
Langmuir volume and Langmuir pressure 
respectively. This equation describes quasi-static 
adsorption. The adsorptive capacity of coal for 
methane increases with the degree of maturity of the 
coal. 

2.2 Multicomponent Adsorption 

In some circumstances it is desirable to model 
multicomponent gas mixtures, with each component 
having different sorption properties (Stevenson et al, 
1991). For a multicomponent gas mixture, the 
concentration of the adsorbed material is a complex 
function of the free gas composition and pressure. 
Two models that exist are the Extended Langmuir 
Model and the thermodynamically based Ideal 
Adsorbed Solution model. Inclusion of this feature 
allows for the modelling of the drainage of mixed 
gas systems, and modelling of enhanced 
displacement processes such as nitrogen or carbon 
dioxide injection (Stevenson et al, 1993). 

Typical examples of desorption isotherms are 
shown in Figure 1 .  

2.3 Diflusion 

In the dual-porosity model generally used for coal 
seam simulation, the rate at which gases adsorb and 
desorb isusually assumed to be adequately modelled 

0 2.0 4.0 6.0 

Pressure (kPa) 

Figure 1. Examples of desorption isotherms for pure 
components. 

by Fick's diffusion law. In Fick's diffusion law, flow 
is driven by concentration gradients rather than 
pressure gradients. Greatest accuracy is given by the 
unsteady-state form of Fick's law. However, the 
unsteady-state implementation is numerically 
intensive and significant computer time savings can 
be made with the use of the pseudo-steady-state 
form. This latter implementation is simply a 
truncated version of the unsteady-state formulation. 
In practice, the loss of accuracy resulting from the 
truncation is small compared to the other 
uncertainties in the simulation, and can be partly 
corrected by variation in the characteristic desorption 
time constant. 

Flow in the cleat (or fracture) system of coal is 
gerlerally assumed to be described by Darcy's law. 

2.4 Readsorption 

For gas desorption, the transfer rate is assumed to be 
unaffected by the local water saturation in the cleat 
system. For readsorption, however, the surface area 
open to gas can be assumed to be reduced by the 
presence of water. The readsorption rate in SIMED I1 
can be optionally assumed to be proportional to the 
local gas saturation. This has the effect of increasing 
the sorption time for the component that is 
adsorbing. 
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2.5 Stress-Dependent Permeability 

Whereas the permeability of porous sandstone is 
relatively independent of stress, the permeability of 
coal depends very strongly on stress and pressure 
(Somerton et al, 1975; Durucan and Edwards, 1986). 
Stress sensitivity is characteristic of fractured 
reservoirs. Often it is important to capture this 
behaviour in coal seam reservoir simulation. 

The permeability tensor probably depends on the 
full triaxial stress state, but detailed information has 
not yet been collected i n  the laboratory, so a 
hydrostatic stress model is normally assumed. 

2.6 Irreversible compciction 

Hysteresis in  the stress-permeability curve is 
characteristically measured in laboratory tests in 
coal. The original permeability is not recovered after 
the coal has been subjected to stress that has been 
subsequently released (Somerton et al, 1975). 
SIMED I1 has some capacity to model this 
observation by having an option that can be switched 
on to only allow permeability decreases with stress 
changes. 

2.7 Boundary And Initial Conditions 

A coal seam simulator can be applied to mining 
problems in addition to the petroleum oriented 
surface drainage. These additional mining 
applications require a greater variety of boundary 
and initial conditions than vertical wells drilled from 
the earth's surface. This has led to the inclusion of 
additional features in coal seam reservoir simulators. 

2.8 Implicitness 

Coal seam reservoir simulation, like conventional 
petroleum reservoir simulation, is based almost 
exclusively on finite-difference methods of solving 
the flow equations. When using finite-differences, 
the degree to which the flow equations are 
formulated in an implicit manner greatly controls the 
efficiency with which the code can be executed. 
Implicit methods, as opposed to explicit methods, 
allow for larger time steps, particularly in difficult 
problems such as coning, flow in stratified coal 
seams with large permeability variations, and gas 

segregation problems. SIMED I1 uses implicit 
formulation of the flow equations. 

3 APPLICATIONS 

The presence of methane and carbon dioxide in coal 
can present several problems to mining. There are 
the hazards of asphyxiation, explosion and gas 
outbursts (Paterson, 1986) that have led to 
regulations regarding the concentrations of various 
gases that can be allowed to accumulate in the mine 
workings. Higher extraction rates have been made 
possible in gassy environments by pre-drainage from 
horizontal boreholes drilled from the underground 
mine workings. Economic impetus for the value of 
the methane by itself has generally been a secondary 
factor in the mining context. 

The contribution being made by numerical 
simulation concerns the design of borehole layout 
and drainage strategies, including comparisons with 
alternatives such as wells drilled from the surface. 
Numerical simulation requires representation of the 
mine workings in addition to the boreholes, in turn 
requiring a wider variety of boundary conditions than 
conventional petroleum reservoir simulation. 
Included in these requirements can be the need to 
account for developments in the excavation with 
time, thus creating a moving boundary problem. 

Like conventional reservoir simulation, the 
purpose of coal seam reservoir simulation is to 
predict future performance and to find ways of 
optimising gas drainage. Whereas a reservoir can be 
drained only once, a simulator can be run many times 
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Figure 2. Typical gas and water relative permeability 
curves for (A) highly fractured and (B) less fractured 
coal. 
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to examine possible scenarios. Applications using 
SIMED I1 have been directed at locations in the 
Sydney and Bowen basins in Australia, and the San 
Juan basin in the USA. 

An important input requirement for simulation is a 
set of relative permeability curves. Little data exist 
for relative permeability of coal, particularly outside 
the USA. However, laboratory measurements and 
history matching from both horizontal and vertical 
wells show that the curves in Figure 2 are typical for 
coal in Australia. Two sets of curves are shown, one 
for highly cleated coal and one for coal with 
relatively little fracture development. These curves 
were used for the examples presented below. 

3.1 Horizontal In-Seam Holes 

Horizontal in-seam holes are frequently used for gas 
drainage. Parameter sensitivity studies have shown 
that drainage results are most sensitive to 
permeability, relative permeability and gas content 
(King and Ertekin, 1984; Ertekin et al, 1988). For 
instance, shown below are some tests that we have 
conducted to examine the performance of horizontal 
holes with respect to relative permeability variations. 
Typical water production is shown in Figure 3 with 
gas production shown in Figure 4. The simulations 
were conducted with the relative permeability curves 
from Figure 2. The curves denoted by (A) 
correspond to highly fractured coal, whereas (B) 
corresponds to less fractured coal. However, both 
coal seams were assumed to have the same absolute 
permeability. The variation i n  the two sets of 
production curves demonstrates the significance of 
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Figure 3. Water production from a horizontal in-  
seam hole for two different sets of relative 
permeability curves: (A) highly fractured coal; (B)  
less fractured coal. 
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Figure 4:  Gas production from a horizontal in-seam 
hole for two different sets of relative permeability 
curves: (A) highly fractured coal; (B) less fractured 
coal. 

relative permeability. Relative permeability curve 
(A) results i n  a lower water production rate at any 
point in time when compared to the water production 
rate of relative permeability curve (B). In contrast the 
gas production (Figure 4) is always higher for 
relative permeability curve (A). It can therefore be 
seen that gas or water rates alone are not accurate 
indicators of absolute permeability. 

3.2 Development headings 

We have used simulation to examine gas emission i n  
an advancing development roadway that passes 
through both local high and low permeability zones 
lateral to the roadway (Figure 5 ) .  These zones may 
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Figure 5. Gas gradient in front of the face in an 
advancing roadway encountering: (A) a seam of 
uniform permeability; (B) a high permeability zone; 
and (C) a low permeability zone. 
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be associated with geological features such as faults 
or dykes. We have concentrated on the pressure 

which is relevant to the problem of outbursting 
(Paterson 1986). The line (A) is the pressure gradient 
in a seam of uniform permeability with a steady 
advance rate. Curve (B) shows the effect of a high 
permeability zone causing local high pressure 

that the pressure gradient in front of the face drops to 
a low value prior to the barrier being encountered, 

gradient jumps to higher values that are similar to the 

h 

c gradient immediately in front of the advancing face, .- 0 

gradients in the vicinity of the zone. Curve (C) shows ca ' 

but immediately the barrier is breached the pressure 0 Permeability (md) 1 

high permeability feature. Hence, in both cases, an 
outburst be more likely On  the feature than 
away from it. horizontal holes. 

Figure 7. Example of the effect of well spacing on 
unstimulated horizontal holes and hydrofractured 

3.3 Hydrojractures, We11 Spacing 4 CONCLUSIONS 

Hydrofracturing from horizontal holes represents a 
possible new approach to seam gas drainage. The 
effectiveness of a hydrofracture is shown in Figure 6, 
compared to a single horizontal hole and a pair of 
closely spaced horizontal holes. 

Spacing between horizontal drainage holes 
determines the effectiveness of gas drainage. 
However, more holes represent a greater investment, 
so i t  is desirable to establish the optimum 
compromise. Results for gas drainage simulations 
with different hole spacing are shown in Figure 7. 
Also shown in Figure 7 is the effect of adding a 
hydrofracture to the horizontal holes. The 
hydrofracture substantially improves gas drainage, 
and horizontal hole spacing is much less important 
when the holes are hydrofractured. 

Numerical simulation of coal seams has advanced 
significantly over the last decade, with codes such as 
SIMED I1 representing the current state of maturity 
of the field. Modem simulators have the capacity to 
model factors such as multicomponent desorption, 
diffusion, readsorption, irreversible compaction, and 
stress-dependent permeability. SIMED I1 can handle 
a variety of boundary and initial conditions that 
allow for horizontal and vertical holes, 
hydrofractures, and the developing underground 
excavation. State-of-the-art simulators also 
incorporate implicit solution methods for rapid 
execution. 
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Engineering techniques of gas drainage under suction while driving gate roadways in an 
underground mine with serious outburst 

Yingjie Xiao and Keqiu Xu 
Nan Shan Coal Mine. Hegang Coal Mining Adminisiration, China 

ABSTRACT: The paper describes techniques of gas drainage as practised in Nan Shan Cola Mine, Hegang 
Cola Mining Administration, China where very high gas emissions are associated with large outbursts. A 
number of indices for safe mining have been developed and used in practice. Using these indices, the mine has 
been able to control outbursts of gas and coal. These indices are described together with the gas drainage 
system adopted to achieve these indices. 

1 INTRODUCTION 

The Nan Shan coal mine is a large underground mine 
with high methane coal and gas outburst, with 
specific gas quantity of 87mVmin and gas content of 
16.3m3/t. The first outburst occurred in 1983 and 
caused an accident. The coal burst quantity was 
627t, gas quantity liberated was 11830m3. From 
then on, this mine was defined as the one with high 
methane and danger of outbursts. 

With increase of mining depth, outbursts are getting 
more serious. Gas pressure is constantly increasing 
and the maximum value reached is 27 MPa. It is 
impossible to drive safely and production work is 
affected. Although some methods have been 
adopted, little effect has been produced. After much 
practical research, the method of gas drainage under 
suction while driving gateroads has successfully 
opened all rise coal seams in West No. 1 mine 
district. Detailed engineering techniques of this 
method are described as follows: 

The method of gas drainage while driving gateroads 
consists of drainage ahead of the face and in a certain 
range around the roadway. Drilling is done in 
advance into the coal mass in the advancing face and 
tubes are inserted and sealed for drainage of gas. In a 
constantly advancing roadway and constant drainage 
of gas from drill holes and two rib walls, with 
concentrated suction in a certain range around and 
head of roadway and with increasing permeability of 
coal seam, a great quantity of gas is desorbed from 
coal mass and drained from drill holes. Gas pressure 
is continuously reduced. "Pressure reducing zone" is 
formed around drillholes which plays a role in 
reducing gas quantity and gas pressure ahead of the 
roadway and around the roadway. 

Advantages of this method are: 
(1) Because of gas drainage while driving, it 

shortens the drainage time. 

(2) With the aid of destressed circle formed during 
heading and increase in permeability of coal seam, it 
improves drainage. 

(3) Because gas drainage is conducted during 
drivage of heading, based on gas pressure in part of 
an area, the engineering quantity of gas drainage 
while driving can be determined. 

2 DRILL HOLE PA'ITERN IN ROADWAY FOR 
GAS DRAINAGE DURING DRIVAGE 

The steps to be followed are (Fig. 1 and 2): 
(1) When roadway drivage reaches at 1Om (vertical 

distance) to the coal seam (the maximum is not more 
than 20m), stop advance, prepare drill chamber in 
foot wall and hanging wall. 

(2) Each drill chamber is 4-5m in depth and 2.5m 
in height. Two rows of holes are drilled, 3-4 holes in 
each row, distance between two rows is about l.Om, 
hole spacing is about 1.0m. That is convenient for 
drilling. 

(3) Holes are mainly horizontal or upward. 
Normally, down holes would not be drilled because 
they are difficult to drill and water accumulates in 
down hole very easily. 

(4) The required hole depth be such that these 
penetrate the full thickness of coal seam. Only then 
drainage result would be the best. 

3 ATTENTION WHEN DRILLING HOLES THAT 
PENETRATE THE COAL SEAM 

(1) To prevent gas explosion during drilling, gas is 
drained during drainage. Devices are installed at the 
collar for drainage while drilling before the drillhole 
meets the coal and are connected to the gas drainage 
tube. 
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Fig. 1 Location of holes in drill chamber 
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Fig. 2A Plan of drill hole pattern in No. 1451 rise entry 
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Fig. 2B Cross section of Fig. 2 
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(2) To prevent coal and gas outburst, 
a) Operational people should be familiar with the 

signs of gas outburst and escape routes. 
b) When a sudden change in drillhole pressure is 

detected, immediately stop drilling and withdraw 
people and report to mine manager. 

c) Place protection apron between the drilling 
machine and holes so as to avoid coal extruded from 
drill holes injuring people. 

4 EXAMPLE OF GAS DRAINAGE WHILE 
D W A G E  IN NAN SHAN COAL MINE 

4.1 Example of gas drainage while driving intake 
and rise entry for a working face in West No. I 
distn'ct 

The working face in the north part of West No. 1 
district has below it South No. 14 fault and above it 
South No. 15 fault. The bamer pillar of North No. 5 

' district is on its left and a fault with non minable zone 
is on its right. No. 15 and 18 coal seams are mined 
in this district. The total thickness is 12-16m. The 
length on strike is 940m. The average length of dip 
face is 120m. Gas content in coal seam is large. 
Pressure is large as well the danger of outburst. In 
addition, this district has complex structure and many 
faults. This increases gas outbursts and causes great 
difficulty in drivage. 

In order to solve this problem, the method for gas 
drainage while drivage of rise entry of this district 
was adopted. This included the following steps: 

a) Drive a drill chamber in detour road of rise 
entry. Drill an exploration hole, determine the exact 
location and coal thickness of No. 18 and 15 coal 
seam. 

b) Drive rise entry and stop advance within 2m of 
vertical distance to the coal seam, drive drill chambers 
on two side walls, drill 5-8 holes from each chamber. 
All these holes should penetrate the coal seam. 

c) Drainage line is installed in drill chamber. 
Every hole should be connected with drainage line 
and all indexes and parameters of gas outburst are 
measured in the suction hole. 

d) After gas drainage has been continued for some 
time and when various outburst indexes are below the 
stipulated outburst protection values, i.e. AP<lO, 
f ~ 0 . 5 ,  P<6, drill one test hole in roadway and test it 
in accordance with the requirement and conduct of 
gas drainage while driving. 

4.2 Analysis of measured values obtained from 

Measurement of various indexes before and after gas 
drainage of No. 18 coal seam prone to outbursts. 
(a) Gas pressure 

Virgin pressure in the coal seam, P=18-19 
k g/c m2. 

driving No. 1451 rise entry 

(i) 

(ii) During gas drainage, gas pressure measured 
at the heed of drill chamber, P=3.0-4.9 
kgIcm2. 

(iii) After gas is drained from two drill 
chambers, gas pressure measured from test 
hole when drainage was stopped from two 
drill chambers before conducting drilling, 
P=3.0-4.5 kg/cm2. 

(iv) Before drilling, gas pressure measured from 
test hole after stopping drainage for 8 days, 
P=7 kg/cm2. 

(b) Strength factor of coal seam 
Top, f = 0.4317, 0.3727 
Middle, f = 0.3309,0.4225, 0.2371 (test hole) 
Bottom, f = 0.819, 0.444, 0.4615 (test hole) 

(c) Initial speed (AP) of gas desorbed from coal 
seam 

Top, AP = 1.4, 1.4 
Middle, AP = 12.5, 13, 16 (test hole) 
Bottom, AP = 10.0, 112.5, 15.0 

(d) Aggregative indicator k value calculated, 
Top, K = 37.5 
Middle, K = 30.8 
Bottom, K = 25.9 

(e) Gas drainage status 
Five holes in left drill chamber drilled in 
advance of roadway started drainage on March 
16. Five holes in right drill chamber started 
drainage on April 15. The average gas flow 
measured when drainage from both drill 
chambers was Q = 4.47 m3/min. From the 
time of drainage to drivage (2.0m of vertical 
distance to No. 18 coal seam on Sept. 25), gas 
drainage quantity was 1.1 Mm3. Gas pressure 
in coal seam was obviously reduced from 
1.72- 1.8 MPa (pre-drainage) to 0.3-0.4 MPa 
gas pressure (after drainage). This should be 
less than 1 MPa as stipulated in "Detailed rules 
to prevent coal and gas outburst". The 
measured indicator to prevent outburst 
compared with rules indicates that ils AP, f and 
P value belong to conventional category of 
danger of outburst. In order to guarantee 
safety in drivage, the Hegang Coal Mining 
Administration and Nan Shan coal mine have 
discussed and decided that when drilling from 
drill chamber and to implement management of 
danger of outburst, drive roadway to 2m of 
vertical distance to No. 18 coal seam and 
adopted a series of combined measures such as 
full-face blasting, reinforce roadway support 
and use  remote blasting which prevent coal and 
gas outburst. This safely opened No. 18 coal 
seam. 
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5 ANALYSIS OF INDEX TO PREVENT 
OUTBURST 

(1) Gas drainage while driving is concentrated in a 
small area around roadway with short time and good 
result. It is different for a large area for drainage, the 
latter would need some years to have obvious result. 

According to analysis of practical situation, the 
drainage radius for drainage time >3 months = 5-8 m; 
for more than 4 months = 8-15 m; for more than 6 
months = 10-17 m (Fig. 3). 

(2) Drivage is conducted after a large quantity of 
gas has been drained in advance of the roadway. The 
gas pressure and gas content is reduced and this 
eliminates coal outburst when driving. 

(3) Because of gas drainage in advance, roadway is 
affected by concentrated stress and cracks are 
enlarged. This increases permeability of coal seam, 
speed up drainage and quick release of stress and 
improves drainage efficiency. 

6 SAFETY MEASURES 

(1) Gas drainage should not be stopped during the 
whole process of roadway driving. Once gas 
drainage stops, roadway driving should also be 
stopped. 

(2) Sufficient fresh air should be supplied to the 
face. Two local fans should be utilised. Air quantity 
should not be less than 300 m3/min. 

(3) Independent ventilation system should be 
provided. Return roadway and reversing doors 

should be securely installed when connected with 
other roadway. Isolated roadway should be tightly 
sealed. 
(4) Gas alarms for cutting off electricity should be 

installed on designated locations. Their sensitivity, 
accuracy and reliability should be guaranteed. 

(5) Reinforce roadway support. Support should 
tightly contact roof and side wall. Roof-falls in 
roadway should be strictly prohibited and induced 
outburst avoided. 

(6) Safety fence should be installed at the place 
behind the heading face before blasting to prevent 
large quantity of coal mass bursting. 

(7) Full-face blasting method should be adopted. 
Use milli-second electric blasting cap. The last delay 
time should not exceed 30 seconds. Delay jump is 
strictly prohibited. 

(8) Gas should be drained for 8 hours after the first 
blast. Every two hours, rescue brigade should enter 
the face to examine gas. When rescue brigade 
finishes examination, inspector will enter the face to 
conduct detailed inspection. If conditions for 
outburst are present, people are withdrawn to a safe 
place immediately. 

(9) Mechanic and electrician should carefully check 
various mechanical and electrical equipment, and 
guarantee that all electrical equipment is flameproof. 

(10) All operational people should be familiar with 
safety measures and rigorously implement all 
measures. All operational people should be educated 
on prevention of outbursts and should be on duty 
only after thorough training. 

3 months 

4 months 8-15 m 

10-17 m 6 monlhs 

Fig. 3 Effect of time on gas pressure reduction zone 

287 



Int. Symp. cum Workshop on Managenlent & Control of High Gas Emission & Outbursts 
Wollongong, 20-24 March, 1995 

Practical techniques for safety of drivage in coal seam with coal and gas outburst 

Yaping Zhong 
Chief Engineer, Kailuan Coal Mining Administration, China 

ABSTRACT: The paper describes characteristics of outbursts in mines of Kailuan Coal Administration where a 
large number of outbursts have occurred. The control of outbursts is based upon advance gas drainage of 
headings using boreholes drilled from the face and consolidation of strata using resin injection. The system has 
been successful in preventing outbursts. 

1 INTRODUCTION 

The Kailuan Coal Mining Administration has 116 
years of mining history since its establishment in  
1878. The Kailuan mining area comprises Kaiping 
coalfield, Chezhoushan coalfield and part of Jiyu 
coalfield with 890 km* of total area. The Tangshan 
mine, Zhaogezhuang mine and Majaigou mine which 
are located in the northern boundary of Kaiping 
coalfield are the three earliest developed underground 
mines. With extension of mining time, the mining 
depth is gradually increasing. Coal and gas 
(methane) outbursts have occurred many times since 
fifties and sixties respectively in Zhaogezhuang and 
Majiagou mine. These seriously threaten safety of 
production and restrict the improvement of 
production efficiency. In several decades of mining 
practices, we have progressively accumulated a set of 
practical techniques for safe drivage and better 
methods for preventing damage due to coal and gas 
outburst. 

2 COAL AND GAS OUTBURST STATUS 

The coal formation period in Kaiping coalfield is 
Permocarboniferous. The total thickness of coal 
measure strata is about 500 m. It comprises 5-8 
minable coal seams. The average total thickness is 
about 16 m. All seams are of middle metamorphic 
grade, bituminous coal. The basement of coal 
measure strata is a very thick Ordovician limestone. 
The overlying sediments are Quaternary alluvium. 
Zhaogezhuang mine and Majiagou mine are all 
underground mines which were put into production at 
the beginning of the century. All have vertical shafts 
and blind shafts; horizontal main haulage roadway in 
rock, partial cross-cut development method and 
centralised diagonal complex exhaust ventilation 
Sys tem. 

In Zhaogezhuang mine, the first coal and gas 
outburst occurred in 1955 during heading drivage in 
No. 7 level seam. The vertical depth of No. 7 level 
seam is about 600 m. After that, with deepening of 
mining depth, coal and gas outburst gradually 
increased. Among them the outburst with maximum 
intensity occurred in 1973 during crosscutting to 
open the coal seam at No. 10 level. The bursted coal 
quantity was 100 t. The gas emitted was 3000 m3. 
Currently, the mining depth has reached to more than 
1000 m. Development in deep levels has reached to 
more than 1100 m. Thus, the problem of prevention 
and control of coal and gas outburst is getting more 
and more important. 

In Majiagou mine, the first coal and gas outburst 
occurred in 1964 during crosscutting conducted to 
open coal seam at No. 7 level. The vertical depth 
here is about 500 m. From then on, with increase in 
mining of depth, coal and gas outbursts have 
obviously increased. Among them the outburst with 
maximum intensity occurred in 1976 during 
crosscutting conducted to open coal seam at No. 8 
level. The bursted coal quantity was 255 t, the gas 
emitted was 18387m3. Currently, the mining depth 
has reached 750 m, development in deep levels has 
reached 850 m. Coal and gas outburst is one of the 
most prominent problems which threatens mine 
safety and restricts production. 

3 FEATURES OF COAL A N D  GAS OUTBURST 

Gas in coal seam was formed during coalification. 
Part of it exists in crevasse of coal mass in free state. 
Most of it exists on the internal surface cracks of coal 
mass in a state of absorption. Along with increase in 
depth of coal resources, bearing pressure of coal has 
progressively increased. Moreover, it is a function of 
geological stress. When pressure reaches a certain 
value, it causes coal and gas outburst under 
disturbance of mining. So, "initial outburst" 
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occurred during crosscutting conducted to approach 
the coal seam at vertical depth of 600 m and 500 m 
respectively in these two mines. After then, with 
increase of mining depth, outbursts were getting 
more frequent. Based on statistics and analysis of 
many outbursts, characteristics of coal and gas 
outbursts in these two mines are as follows: 

(1) Coal and gas outbursts occur in the forms of 
burst, press out, flow out and gush out from 
drillhole, frequently accompanied by a loud noise 
causing sudden roof falls and caving of roof and side 
wall in roadway. Space in the roadway is filled up, 
gas discharge rapidly increases. Its suddenness 
causes serious threat to safety of people. 

(2) Along with increase of mining depth and gas 
pressure, the law of increase in number and intensity 
of coal and gas outbursts is  presented. From 
statistics in Majiagou mine, the mining depth in No. 8 
level is 140 m more than that in No. 7 level. Number 
of outbursts increased by more than 20 times and the 
intensity of a maximum outburst increased by more 
than 10 times. 

(3) Coal and gas outburst have close relation with 
geological structure. Most were concentrated near 
faults, folds and changes in dip angle of coal seam. 
It indicates that stress of geological structure 
intensifies coal and gas outburst. 

(4) Coal and gas outbursts usually occur in soft 
coal of sub seam at tectonpdastic zone, where the 
strength factor of coal is generally less than 0.5. 

(5) Based on experience of outbursts which have 
occurred up till now in these two mines, all coal and 
gas outbursts occurred during crosscutting conducted 
to approach coal seams in rise heading or gateroads in 
the coal seam. Outbursts have not yet occurred on 
longwall faces. 

4 PRACTICAL TECHNIQUES FOR 
PREVENTION AND CONTROL OF COAL AND 
GAS OUTBURST 

Based on the above statistical and analytical results, it 
can be seen that in addition to strengthening gas and 
geological survey, optimisalion in design of mining 
and better prediction in these two underground mines 
is the priority to prevent coal and gas outbursts 
currently. Through long period of experimentation 
and study, the following practical techniques have 
been adopted. These are summarised below: 

4.1 Gas suction 

For coal seam with outburst, conduct drilling into 
coal seam from roadway in rock placed under the 
floor of the coal seam. The drillholes should 
penetrate the whole thickness of the coal seam. After 
the collar of the hole is closely sealed and before 
further drivage, gas can be sucked out from coal 
mass through drillhole by negative pressure. 
Concentration of holes pattern is dependent on 
permeability of coal seam, gas contcnt of coal seam 

and time for gas suction. It is required that gas 
suction should reduce gas pressure in coal mass to 
less than 0.6 MPa and more than 25% of gas in coal 
mass should be sucked out so as to greatly reduce or 
eliminate outburst during drivage of roadways. 
These two mines have also set up transportation and 
distribution system for gas suction. Sucked out gas 
is transported by pipeline to resident buildings as 
fuel. This has turned the disadvantage to an 
advantage. Currently, these two mines are 
experimenting new techniques such as large diameter 
drillhole, high pressure water cutting and high 
negative pressure suction in order to improve suction 
efficiency and speed. 

4.2 Coal mass consolidation 

During the drivage of crosscuts to approach the coal 
seams in these two mines, coal mass is frequently 
soft and caves, causing coal and gas outburst. For 
this reason, high pressure pump is utilised to inject 
resin into drillhole drilled. The liquid pol yaminoresin 
is diffused into cracks around drillhole. It results in 
consolidation of coal mass, increases strength and 
prevents caving. According to observation, the 
effective consolidation radius is  1.5 m, the number 
and depth of drillholcs is determined according to 
cross section of roadway and thickness of coal seam. 
Since adopting this technique in these two mines, 
caving and outburst have not occurred during 
crosscutting when approaching coal seams. It 
guarantees safety as well as finish of work twice 
faster ahead of schedule of construction. 

4.3 Release gas pressure in advance 

Driving rise heading and gateroads in coal seam with 
outburst, adopt advance drillhole in face to relcasc 
gas pressure from coal mass. This prevents coal and 
gas outburst. Model TXU-75 hydraulic drill has 
been used before for drilling in advance. Due to its 
large size, it is inconvenient to move. Moreover, 
drilling speed is slow. Drilling and driving is 
conducted alternately. This holds up the mining. 
Currently, these two mines adopt Model KHYD 
electric rock drill to drill holes in advance. It is a very 
convenient machine to move and operate. With this 
drill, drilling speed is fast. Everyday maintenance 
crew conducts drilling of advance boreholes into the 
face. The length of boreholes should meed one day 
of driving plus another 5 m of advance distance. 
Thus gas pressure in coal mass ahead of the face can 
be sufficiently released. The number of drillholes is 
dependent on the size of the cross section to be 
excavated. Thcre should be at least 2 holes. The 
diameter of drillhole is 100 mm. Auger drill stems 
are convenient for drilling and extraction. In some 
heading faces, coal mass is also anchoraged with 
wooden bolt to prevent caving of coal mass. By 
adopting advance drillhole to reduce gas pressure 
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ahead of face and release gas from coal mass in 
advance, coal and gas outburst have been prevented. 

Moreover, under the condition of complicated 
geological structure, the electric rock drill can also be 
used for drilling blasthole. To substitute for the 
pneumatic drill, it makes this tool multi functional. 
Slatistics indicate that electric rock drill to drill 
advance borehole when compared with hydraulic 
drill, the former can finish work 60-90% ahead of 
schedule when mining; when drilling in rock it can 
finish 120% ahead of schedule. It also saves labour 
and electric energy. Thus, it is well received by 
working sites. 

5 CONCLUSIONS 

The three methods used for control of coal and gas 
outbursts in the mincs of Kailuan Coal Mining 
Administration include advance gas drainage, resin 
injection and release of gas pressure. In 
Zhaogezhuang mine and Majiagou mine, by adopting 
thc abovc three practical techniques for safety of 
drivage, in spite of constant increase of mining depth, 
the number and intensity of coal and gas outbursts 
have been greatly reduced, thus guaranteeing safety 
of production, improved drivage efficiency and 
increased rate of drivage. 
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Effect of stress, gas pressure and vacuum on permeability of Bulli coal samples 

R. D. Lama 
Manager Mining Technology, Kernbla Coal & Coke Ply Ltd, Wollongong 

ABSTRACT: The paper presents results of investigations on the permeability of Bulli Seam coal samples 
subjected to stress, gas pressure and suction under laboratory conditions. Results show that Klinkenberg slip 
factor is reduced at higher stress levels for carbon dioxide very rapidly but remains unaffected for methane. 
Studies also show that application of vacuum causes shrinkage of coal matrix resulting in higher permeability 
by 30%. The permeability of the Bulli coal samples to COz is 1/4 of that to CH4. 

1 INTRODUCTION 

The drainage of the Bulli Seam prior to mining is 
becoming extremely important particularly because of 
the problems of outbursts in many mines working the 
seam. Permeability of coal is the most important 
parameter in the design of underground inseam 
drainage holes. The exact spacing of the holes and 
the time required for drainage is becoming critical. 
There are zones in the seam which have very low 
permeability. It is postulated that these zones carry 
high stress and this may be the cause of low 
permeability of these zones. These zones are also 
associated with a high percentage of carbon dioxide. 

It is a well established fact that permeability of coal 
is highly stress dependent. 

Flow of gas through the coal into drainage holes 
occurs first by diffusion from the coal matrix into the 
pore spaces and then along the micro crack system 
into the borehole. While diffusion is stress 
independent, the conductivity of the micro crack 
system is highly sensitive to the stress imposed. 

Patching (1965) reported the effect of stress on coal 
as early as 1965 and over the years a number of 
investigators have studied coal under uniaxial and 
triaxial (radial confining) stress conditions (Pomeroy 
and Robinson, 1967; Rose and Foh, 1984; 
Somerton, 1975; Harplani, 1986; Dabbous et al, 
1964). These studies concluded that the effect of 
stress is to decrease permeability due to compression 
of the crack/joint/cleat system. Compressibility 
models proposed by Walsh (198 1) with an equation 
of the type 

where A = permeability at zero stress 
B = measure of compressibility 
Pe = effective pressure 

(1) ~ 1 / 3  = A ,B,Pe 

Studies also indicate that log of permeability is 
linearly related to effective stress and with change in 

effective stress of 0- 10 MPa, permeability can change 
by 1-3 orders of magnitude (Summers, 1993; Rose 
and Foh, 1984). Work on Australian coals by 
Lingard and Phillips (1984) on coal samples showed 
changes 2-3 orders of magnitude with permeability in 
micro Darcy range. Bartosiewicz and Hargraves 
(1984) show permeability changes with stress by an 
order of magnitude and for different gases. 

Coal is also found to have differing permeability 
parallel to and right angle to the bedding planes. The 
ratio of the two varies from 0.4-0.7 on small samples 
(18 mm diameter) with permeability in the micro 
Darcy range (Summers, 1993). 

Permeability (K) is related to porosity ($) of coal 
and follows a general relationship of the type 

with the exponent n varying between 2-3 (Bump and 
McKee, 1986). 

While the general concepts outlined above are 
correct, in reality, flow of fluids through coal is much 
more complex. The crack and pore size distribution 
in coal has a wide range and shapes and small pores 
may be of the order of a few Angtroms falling close 
to the size of the gas molecules. This very small size 
with high sorption capacity of some gases on to the 
surface of the pores, should normally result in 
extremely low permeabilities. This, however, does 
not happen. The vibrational energy (mean free path) 
results in molecules leaving the pore walls and move 
with the fluid, a phenomenon known as Klinkenberg 
slip effect which results in increase in the flow rate. 
Klinkenberg (1941) derived an equation which relates 
the apparent permeability (K,) to the Darcy 
permeability of incompressible stream line flow (160) 
(at no slip) 
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K, = K, (I+:] (2) 

where b = slip factor 

The factor b is related to the mean free path of gas 
(x) and the radius of the passage (rc) 

F = mean gas pressure 

(3) 4C'Xjj b = -  
TC 

with C1 constant. Since the mean free path is 
dependent upon temperature and viscosity, it is 
obvious that slip factor would be temperature 
dependent. Rose (1948) in his studies on flow 
through capillary tubes showed the mean free path of 
the gas can be given by 

where p = viscosity and 
Mw = molecular weight 

Introducing the value of ?, into Klinkerberg 
relationship for b, 

and K, = K, ( I+  8.52 C'p .F) 
MW (6) 

This clearly shows that for a glven system, the 
permeability will depend upon the viscosity (u) and 
inverse of pressure and inverse of the square root of 
the molecular weight of the gas. 

As such, the slip factor would decrease with 
pressure and inverse square root of molecular weight. 

Adzumi's (1937) work on flow of gas mixture had 
shown that gas flowing through capillary tubes when 
the mean free path is small compared to the capillary 
radius, the flow at low pressure can be described by 

x r c 4  p AP 
9 = -.-.- 8 u  pu L 

where Pu = upstream pressure. When the mean free 
path is large compared to the capillary radius, then 
flow is governed by Knudson diffusion where 
molecule to surface interaction will dominate. Then 

For coals with low permeability Ertekin, King and 
Schwerer (1983) combined the two equations by 
introducing a factor (Ke) such that 

The value of Ke was found to be = 0.9. 
Permeability is thus dependent upon the 4th power 

of the openings and partially controlled by the 
molecular weight. 

2 SAMPLE PREPARATION 

Coal samples were prepared from blocks of coal 
taken from West Cliff Colliery and cored to obtain 
50 mm diameter cores. The cores were cut to 50 mm 
length and the end surfaces polished to ISRM 
standards. A central hole of 5.35 mm was drilled 
through the sample and the two ends were sealed 
with a plastic adhesive type 4475 made by 3M 
Company. In the initial test the two ends were sealed 
with aluminium foil using Araldite. This system 
resulted in leakage from under the foil due to high 
stiffness of the Araldite. A total of twelve samples 
were prepared for testing. All samples were 
equipped with strain gauges for measuring sample 
strain. 

3 DESIGN OF LOADING AND FLOW 
MEASUREMENT EQUIPMENT 

The equipment for measuring permeability of gas W~LS 
cspecially dcsigned and built for this purpose. It 
incorporated thc following test parameters: 

* Application of stress 
* Application of constant suction * Application of constant circumferential gas 

pressure * Measurement of strain of sample 
* Measurement of flow rate at a given suction 

Thc schematic of the system is given in Fig. 1. The 
sample is placed in a high pressure chamber with the 
load cell placed in the chamber itself. The top loading 
piston is centrally bored for the flow of gas from the 
sample and is aligned to fit the hole in the sample. 
The top piston seals the hole using an annular O-ring 
of 10 mm diameter. 

The load cell has a capacity of 2000 kg. The load 
on the sample is exerted manually through a torque 
wrench and a loading frame till the load cell indicator 
(18) shows a given load value. The top platten of the 
load cell is provided with a spherical seat for ease of 
alignment. 

The high pressure chamber containing the loading 
cell and the sample is also equipped with the 
following: * Inlet for high pressure gas 

* Outlet for the discharge of gas 
* Outlct for strain gauges * Safety valve for limiting prcssurc 
* Gas pressure sensor 

The chamber is designed for a maximum internal 
gas prcssure of 30 bars. This prcssurc is limited by 
the strength of the glass windows, although the 
chambcr can stand 40 bar intcrnal pressure. This 
chamber has two largc 25 mm thick glass windows 
for observation of the status of the sample. 

Gas penetrates from the walls of the samples into 
the central hole in the sample and escapes to the 
atmosphere after flowing through the measuring 
system. 
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The measurement system for gas flow through the 

* High range gas flow meter 0- loo0 cc/min (9) 
* Low range flow meter 0-100 cc/min (10) 
* Vacuum pressure sensor (7) * Two units of two-way servo valves (12 and 13) 

The vacuum in the central hole is controlled through 
the vacuum control and display unit (22) through two 
servo valves and the flow sensor (9 and lo). The 
high and low flow sensors are electrically switched to 
the differential flow pressure transducer (1 11, 
depending upon the flow rate. A digital manometer 
displays pressure in the high pressure chamber. A 
DC-chart recorder records the flow rate and vacuum 
as a function of time. Load on the sample, samplc 
strain and gas pressure in the chamber are manually 
recorded. Fig. 2 gives a general view of the 
equipment set-up. 

sample consists of the following: 

4 TEST PROCEDURE 

The coal sample is placed in the chamber and the 
chamber is closed ensuring that the central hole is 
aligned with the top platten while all the valves on the 
discharge side are open. 

At the time of measurements, the vacuum pump is 
started and the vacuum level is pre-set. The system is 
started through the high flow sensor and switched on 
to low sensor, if needed, depending upon the flow 
rate. 

The sequence of loading and unloading and now 
measurements is given in Fig. 3. In sequence A, gas 
pressure was kept constant while the vacuum was 
changed in stages with the load varying through the 
full cycle in each step. In sequence B, gas pressure 
was kept constant while load and vacuum was 
changed for the full cycle. The sample is loaded to a 
very small initial load (100 kg setting load) and the 
initial reading is taken. Gas is allowed in the 
chamber at a pre-determined pressure and the flow 
through the sample is allowed to stabilise. Strain 
gauge readings are taken until the strain in the 
samples has stabilised. With the load on the sample 
remaining constant, the vacuum is changed in stages 
and stabilised flow readings are taken. Usually it 
takes about 20 minutes for the flow to be completely 
stable through the sample. The time is less for higher 
gas pressures. 

With inlet gas pressure maintained constant, the 
load is changed and the test is repeated for different 
values of vacuum. 

Tests were conducted at a load of 100, 500, IOOO, 
1500 and 2000 kgs. The vacuums are changed from 
0 to -900, -800, -700, -600 and -500 m bars, and the 
gas pressures used were 6 bars, 11 bars, 19 bars and 
29 bars absolute. 

The system was tested for leakage by closing the 
shut  off valve (26) and measuring the gas (air) 
pumped out of from the system. The leakage at high 
vacuums (-500 bars) was found to be less than 1 
cc/min. At lower vacuums, the leakage using a 100 
cc cylinder was not detectable. The flow meters were 

calibrated for different vacuums using a measuring 
cylinder placed at the discharge end of the vacuum 
pump. The calibration curves for the low and high 
flow sensors were found to be linear. 

5 EFFECT OF STRESS ON PERMEABILITY OF 
COAL 

The radial permeability of the samples was calculated 
using the relationship: 

PQ 
(7 1 ( 1 1  ,J K =  

“((Po2 - P U 2 )  
where: 

K = permeability,Darcy 
p = viscosity of CH4 (0.01087 cp) 
Q = rate of flow of gas, cm3 sec-1 
ro = external radius of sample, cm 
ri = internal radius of hole, cm 
I = length of the sample, cm 
po = absolute pressure in the chamber, bars 
pu = absolute pressure in the outlet, bars 

The effect of stress on the mean radial permeability 
of all the coal samples for methane and carbon 
dioxide gas is given in Fig. 4. The values calculated 
here are the mean values for the range of gas 
pressures used in the study. The permeability drops 
with increase in stress by a factor of 4-10, the drop is 
much higher for methane than for carbon dioxide. 
The effect of stress noticed in this study is in line 
with that observed by other investigators, and the 
permeabilities in this case are more or less the same. 
Summers (1993) studied permeability of the Bulli 
seam from samples taken from West Cliff and 
subjected these to confinement at stress levels of 1.3 - 
5.6 MPa and reported permeabilities of 3 - 20x10-5 
Darcy with a ratio of change in permeability varying 
from 4-7. O’Mealy (1985) subjected to confinement 
of 3.6 - 10 MPa and reported permeability of Bulli 
Seam samples from Tower Colliery varying from 0.4 
- 7 . 1 ~ 1 0 - ~  Darcy with a ratio of change in 
permeability of 18 with stress. These authors’ 
studies conducted were for methane only. 

6 EFFECT OF GAS PRESSURE 

The effect of gas pressure on the permeability of coal 
samples is shown in Fig. 5.  Studies conducted using 
different gases showed that decrease in permeability 
with pressure increase is much more for methane than 
for carbon dioxide. This is in line with the 
Klinkenberg effect. The effect is more marked for 
lower stress values. At higher stresses the effect 
reduces and usually disappears at stress level of 10 
MPa for CH4, though it is still apparent at that stress 
level for COz. The value of Klinkenberg slip factor 
for the different stress levels are given in Table 1. 
While the value of b for methane remains about 8 and 
fairly consistent, it drops rapidly for carbon dioxide 
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Fig. 2 General view of the system for permeability tests on coal samples 
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Fig. 3a Sequence type ‘A‘ applied during testing of coal samples 

Fig. 3b Sequence type ‘B’ applied during testing of coal samples 
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Fig. 4 Effect of stress on permeability 
parallel to the bedding plane of Bulli coal samples 

Table 1. Slip factor values for the Bulli Seam coal 
samples 

Gas 

Methane 

Carbon dioxide 

I 

~ 

Stress, 
MPa 
0.5 
2.5 
5.0 
7.5 

0.5 
2.5 
5.0 
7.5 

Slip factor, 
b, bars 
7.46 
7.02 
7.34 
9.83 

177 
41.2 
22.9 
11.61 

297 



160 

1 40 

120 

100 

80 

60 

40 

20 

0 

9 

8 

7 

6 

5 
P, 
J 4  

3 

2 

1 

0 
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25 

Reciprocal of Mean Gas Pressure, llbar, CH4 Reciprocal of Mean Gas Pressure, llbar, C02  

Fig. 5 Effect of gas pressure on permeability of Bulli coal samples for CH4 and CO2 

from a very high value. The reason for drop in b 
value with stress is not clear. Obviously it is related 
to the changes in permeability It is unlikely that pore 
size changes with stress, but crack size will change 
and b value is affected with this change. The value of 
b for methane is in agreement with that determined by 
other investigators (Somers, 1993). Calculation of b 
for carbon dioxide or for other gases using viscosity 
and molecular weights can only lead to highly 
erroneous values. 

The change in values of Klinkenberg effect for 
carbon dioxide and at higher gas pressures and lower 
stress as observed is not compatible with the theory 
of fluid flow through porous media as outlined 
earlier. At high pressures and at laboratory 
temperature of 2OoC carbon dioxide does not behave 
as an ideal gas. The compressibility factor Z in Eq. 6 
gives the K, value by 

(8) 

The value of Z at 20°C and at 3.0 MPa gas pressure is 
about 0.8. This would mean that the value of the b- 
factor will change only by 10%. The drop in fact is 
much greater. Also from Eq. 8 the ratio (C02/CH4) 
of Klinkenberg slip factor b for the two gases should 
be in the ratio of 0.824 at low pressures and decrease 
to 0.737 at higher pressures. The true ratios are 22 
and drop to 1.2 at higher pressures which is not 
compatible with the theory not just because of change 
in p, but also due to change in the value of Z if all 
other factors remain constant. The measured 
permeability of coal for methane should be only 
slightly higher, and the ratio of (Kco~/KcH,) should 
be in the range of 0.7 - 0.8. This is not supported by 
experimental data. 

8.52 C'u ZRT 
K, = K, [I+ ~ &] 

This explanation needs to be sought somewhere 
else. There may be several phenomena occurring 
simultaneously. 

1. It is possible that carbon dioxide at these 
pressures and temperatures with interaction of the 
coal structure ceases to be in gaseous state (possibly a 
solidsolution) resulting in much higher molecular 
weight and this influences the viscosity and mean free 
part of the gas resulting in higher drop in 
permeability. 

2. At high pressures, high adsorption of C02 gas 
takes place within the matrix of the coal samples and 
the internal surface of the pore and crack structure. 
The effect of this is that the free flow of gas through 
the crack system is hindered resulting in lower flow 
at lower pressure and decrease in permeability, but at 
higher pressures slippage becomes more important. 

3. At higher pressures, turbulence factor becomes 
important, particularly when the flow of gas occurs 
through a finer crack system and open pores. The 
flow rate increases with pressure and changes from 
lamilar to a turbulent flow and hence Darcy's 
equation no longer adequately describes the flow 
through the porous medium. Flow through the coal 
samples in these tests represents spot flows through a 
network of cracks. Tests conducted on the samples 
by blowing gas through the central hole and applying 
a foaming solution to the sample, showed fine cracks 
which formed loci of soap bubbles (Fig. 6). 
Velocities at these points, and particularly at high 
pressures could be several metredsecond. 

While at certain points, where constrictions occur, 
these velocities could be even much higher. It is well 
established that Darcy's law for higher velocities is 
not applicable. The deviation from Darcy's law starts 
at Reynolds number of 1. Studies on flow of air 
through glass beads has shown that pressure drop 
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can be best represented by the relationship (Muskat, 
1937) 

Methane gas pressure, bars 

Lateral strain, pm 

50 115 160 
30 70 145 
10 70 120 
10 70 120 
15 95 190 

1 1  19 I 29 

A t  = a(p+b(p)o )  

Carbon dioxide gas pressure, bars 

Lateral strain, pm 

25 25 65 
80 130 250 
55 150 270 
75 210 350 
40 90 220 

1 1  I 19 I 29 

(9) 
where t h e  value of n varies between 1.753 and 
2.018. This factor is more important for methane 
than for carbon dioxide due to higher viscosity of 
CO2, lower fluid velocity and in the case of C02 
possibly due to change in the state of the gas. As a 
result, the slip factor effect continues to play a role 
even at higher mechanical stresses for carbon 
dioxide. 

The second factor in Eq. 9 indicates that at higher 
velocities there will be an additional pressure drop 
resulting in lower apparent permeability. 

7 EFFECT OF VACUUM 

In the studies on effect of stress on permeability of 
coal, certain samples were equipped with strain 
gauges and the deformation of the sample during 
loading and on application of gas pressure and 
suction were measured. 

Stabilised results are given in Tables 2 and 3. 
These results indicate that the application of gas 
pressure causes lateral expansion of the samples up to 
220 pstrains and application of vacuum causes 
contraction of the sample by 2 - 45 p s t r a i n s  
depending upon axial stress, gas type and vacuum 
applied. Carbon dioxide causes more expansion, and 
expansion is higher, the lower the stress value. The 

Fig. 6 Points of high flow of gas through the sample, see soap bubble of the sample surface 

Table 2. Changes in lateral strain (expansion) on application of gas at constant axial stress 

Axial stress 
MF’a 

10 
7.5 
5.0 
2.5 
0.5 
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Fig. 7 Effect of stress and vacuum on permeability of cylindrical coal samples, 
gas - CH4 , pressure 6 bar abs., sequence type 'A' 

1 500 I 600 1 700 I 800 I 9 0 0 ,  

10 
7.5 
5.0 
2.5 
0.5 

-6 -5 -3 -2 
-15 -12 -10 -9 -3 
-18 -12 -11 -8 -6 
-34 -20 -18 -14 -9 
-45 -33 -28 -19 -6 

I I Lateral strain, u.m I 

contraction of the sample on application of vacuum is 
higher, the lower the axial stress. These values are 
undoubtedly influenced by loading regime and platten 
friction as well as the elapsed time of application of 
gas pressure and vacuum.Expansion of the sample 
under gas pressure means that the porosity will 
decrease and hence result in drop in permeability of 
coal. The effect of vacuum however opposes it. Fig. 
7 shows the effect of application of vacuum on the 
sample permeability at different stress levels. 
Increase in permeability by 20-30% is quite obvious. 
The effect of contraction on the internal surface of the 
borehole and the surrounding coal is to increase the 
effective distance between the crack system and hence 
increase in permeability. 

These factors support Klinkenberg effect and 
become more dominant at high gas pressures 
particularly for carbon dioxide which shows greater 
swelling of coal resulting in decreased permeabilities 
of coal for carbon dioxide gas at higher pressures. 

8 CONCLUSIONS 

In coal samples, therefore, three types of flow could 
simultaneously exist 

(i) Flow through large cracks and pores - where 
there is no interaction between the surface and 
molecules - bulk flow. Here gas flow would be 
independent of the gas pressure and gas type. 

(ii) Flow through small pores and cracks where 
Knudson flow dominates. Here the flow rate will be 
influenced by the molecular weight. 

(iii) In extremely small pores where there is 
interaction between the adsorbed layer and surface 
flow, the slippage becomes important. Here flow 
will be governed by 

(iv) The slippage effect becomes more important in 
C02 and the slippage factor b is stress dependent. 

(v) The application of gas causes expansion of the 
coal matrix and this decreases permeability at high 
pressure with effect of slippage becoming more 
important. The mechanical stress influences slip 
factor far more in carbon dioxide and the value of b 
drops rapidly with stress. 

(vi) Effect of vacuum causes contraction of the coal 
matrix and this has the result of increasing 
permeability by 20-30%. 

and molecular weight. 
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(vii) The mean permeability of the Bulli coal 
samples for the range of gas pressures is almost 0.25 
that for carbon dioxide compared to methane at lower 
stresses, but at higher stresses the difference is much 
smaller and the permeabilities are more or less the 
same at >10 MPa axial stress. 
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ABSTRACT: In-situ permeability of a coal seam is one of the most important reservoir properties required 
in planning productioddrainage activities for the removal of methane from the coal seam. In the first part of 
this paper, the in-situ permeability of Bulli Seam is estimated using a coalbed methane reservoir simulator, 
COALGAS, with data from a slug test conducted in an exploration surface borehole located at one of the BHP 
Steel Collieries' mine sites. The influence of 'skin' on the estimated in-situ permeability is examined. 

In the second part of the paper, values of estimated in-situ permeabilities are applied to the modelling of 
pre-drainage of the Bulli Seam from in-seam holes, again using COALGAS. A range of hole spacings is 
simulated to assess the effectiveness of the pre-drainage strategies. The modelling provides quantitative 
information on 

the drainage time required to achieve a target drainage efficiency or target in gas content (or gas pressure) 
for a given hole spacing or 
the hole spacing required to drain a given quantity of gas within a given time frame. 

1 INTRODUCTION 

Methane gas is a serious safety hazard in 
underground coal mining of gassy seams. Pre- 
drainage of the working seam has been the most 
effective means in preventing coal and gas outbursts 
during development and reducing gas emissions 
during development and longwall mining. As 
longwall  productivity increases, a faster 
development rate is required. Among other things, 
more efficient and cost effective gas control 
measures are essential for faster development and a 
higher productivity longwall. Safe and commercially 
successful mining requires careful planning and co- 
ordination of longwall mining, development and gas 
pre-drainage operations. Furthermore, as mining 
becomes deeper, the initial gas content tends to be 
higher. Gas pre-drainage becomes more important. 

One of the most important coal properties relevant 
to methane drainage is its in-situ permeability. 
There are various methods of estimating coal 
permeability. These methods include laboratory and 
field tests, well testing, and history matching of 
producing wells or drainage holes as in the case of 
mining. The slug test, due to its simplicity, 
reliability and cost effectiveness (Koenig & 
Schraufnagel 1987 and Shu et al. 1994), has become 
a widely used method to estimate in-situ coal 
permeability in a water saturated coal seam. 

This paper aims to demonstrate the application of 
a three-dimensional, two-phase coalbed methane 

reservoir simulator, COALGAS (Holditch & 
Associates 1994), to the estimation of in-situ coal 
permeability and modelling of methane pre- 
drainage. The in-situ permeability of Bulli Seam is 
first estimated using data from a slug test conducted 
in an exploration borehole located at one of the BHP 
Steel Collieries' mine sites. The values of estimated 
in-situ permeabilities are then applied to the 
modelling of pre-drainage of the Bulli Seam from 
in-seam holes. 

2 ESTIMATION OF IN-SITU C O A L  
PERMEABILITY BY ANALYSING SLUG 
TEST DATA 

2.1 Description of the slug test 

The slug test begins with an instantaneous 
withdrawal of a slug of water from a well. The 
pressure build-up is then measured until the bottom- 
hole pressure reaches its 'pre-slug' value. Slug tests 
can also involve injection of a slug of water and 
recording of pressure fall-off to the 'pre-slug' value. 
Results from a slug test can be analysed using the 
traditional type curve method of Ramey (Ramey et 
al. 1975) as well as numerical simulation techniques. 
Analysis of slug tests by the type curve method can 
only yield values of permeability and skin factor and 
this method is valid only for single water-phase flow 
conditions. On the other hand, numerical simulation 
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techniques using two-phase models (e.g. COALGAS ) 
can provide quantitative information such as 
dynamic changes in fluid pressure and saturation 
around the wellbore during the slug test in addition 
to providing permeability and skin factor. 

Slug test data from an exploration borehole 
located at one of the BHP Steel Collieries' mine 
sites, in the Southern Coalfield of New South Wales, 
is analysed in this study. This particular test, of the 
injection type, was conducted in the Bulli Seam at a 
depth of about 710 m below the surface with the 
seam thickness of 3.47 m. Borehole diameter was 96 
mm and tubing ID 77.8 mm. Static head was 6.68 
MPa and the maximum downhole pressure 
immediately after the injection of a slug of water 
was 7.71 MPa. The pressure fall-off from the 
instantaneous slug pressure to the 'pre-slug' pressure 
was measured using a piezometer. 

2.2 Analysis of the slug test data 

A one-dimensional radial model is set-up using 
COALGAS to analyse the slug test data. The well 
with an actual wellbore radius of 48 mm is located 
in the first grid block. The absolute reservoir 
pressure of 6.78 MPa is calculated by adding the 
atmospheric pressure to the static head of 6.68 MPa. 
It is assumed that the slug of water was injected to 
the wellbore instantaneously. Thus, the initial 
absolute pressure at the f m t  grid block is 7.81 MPa, 
equal to the maximum downhole pressure. 

The wellbore volume, represented by the pore 
volume of the first grid block. is calculated from 
wellbore storage coefficient and wellbore 
compressibility. Wellbore storage coefficient is the 
ratio of the casing capacity divided by the water 
pressure gradient. Wellbore compressibility is equal 
to the fluid compressibility in the wellbore as the 
formation compressibility is set to zero in the 
wellbore grid block. A large 'porosity' of 62444 for 
the first grid block is then calculated from the pore 
volume (equal to wellbore volume) and the bulk 
volume of the grid block. This large 'porosity' is 
necessary to simulate the proper wellbore storage 
behaviour during the slug test. Examples for 
calculation of such 'porosity' are given in COALGAS 
Manual (Holditch & Associates 1994) and also 
elsewhere (Shu et  al. 1994). 

Since the fust grid block represents the wellbore, 
a very high permeability (1.0 x lo6 md) is assigned 
to this grid block to minimise the pressure drop 
between the wellbore cell and the formation. 

As the coal seam is 100% saturated with water 
and the pressure in the coal seam will never fall 
below the initial pressure during the simulation, the 
slug test is simulated using only the water phase. 
Accordingly fluid properties (e.g. shrinkage factor, 
viscosity and density) are required only for water in 
the input data file. 

The well is shut in from the start of the 
simulation. Except for the wellbore grid block, the 

initial porosity is set to 4% and the pore 
compressibility is assumed to be 1.5 x loe4 psi-'. 
Permeability and skin factor are the two unknowns 
to be back calculated by matching the simulated 
transient pressure profile with the actual data. Skin 
represents a wellbore damage or improvement. A 
positive skin factor implies wellbore damage and a 
negative skin factor represents wellbore 
improvement. 

2.3 Results 

Theoretically, for a given slug test, the skin factor is 
a constant. However, the actual wellbore condition 
is often unknown, making it uncertain what the 
actual skin factor is. Therefore, a series of 
simulations were performed, adjusting both the 
permeability and skin factor to obtain a good match 
with the actual data. How negative and positive 
skin factors are modelled using COALGAS is 
described in detail by Shu et al. (1994). 

Assuming a normal wellbore, i.e. zero skin factor, 
the best match of the simulated result to the actual 
data is obtained for the case of coal permeability 
equal to 2 md, as shown in Figure 1. For 
comparison purposes, cases with permeabilities 
equal to 1, 5 and 10 md are also included. The 
corresponding transient pressure profiles do not 
match the actual data. 

7.8 , I 

0 5 10 15 20 25 30 35 
Time (hours) 

Figure 1 Match of simulated transient pressure 
profiles with the actual data, skin factor = 0 

However, when non-zero skin factors are 
considered, a match may still be obtained for 
different cases of permeability and skin factor. As 
shown in Figure 2, reasonably good agreement is 
achieved between the simulated and actual transient 
pressure profiles for the cases of permeability equal 
to 1 md, 5 md and 10 md with corresponding skin 
factors of -3,8 and 22 respectively. 

The above result implies that as both permeability 
and skin factor are variables in the simulation, the 
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solution for a given slug test problem may not be 
unique. The solution depends on how the slug test is 
modelled. The issue of non-uniqueness in solution 
has been addressed elsewhere (Shu et al. 1994). To 
resolve this issue, further tests and analysis may be 
required. For example, history matching of the 
performance of drainage holes in a similar area may 
be conducted to assist the choice of permeability and 
skin factor from the multiple sets. 

In summary, the in-situ permeability of the Bulli 
Seam at the site of the slug test is estimated to be 
within a range of 1 to 10 md. For a normal hole, the 
estimated in-situ permeability is about 2 md. In the 
following section, the range of the estimated 
permeabilities is considered in the modelling of in- 
seam hole pre-drainage of the Bulli Seam. 

7.8 , I 

D Measured ._.._ kl md. s=-3 

- 
6.6 , , , ,  ,,,,,,, , , , ,  I ,,,, , , , ,  I , , . ,  

0 5 10 15 20 25 30 35 
Time (hours) 

Figure 2 Match of simulated transient pressure 
profiles with the actual data, combination 
of permeability with skin factor 

3 SIMULATION OF GAS PREDRAINAGE 
FROM IN-SEAM HOLES 

3.1 Model Description 

The model described in this section is generic to the 
four cases of permeability (1 md, 2 md, 5 md and 
10 md) except where explicitly stated. All the 
simulations conducted in this study assume the seam 
gas to be predominantly methane. In simulating gas 
pre-drainage from in-seam holes, an area of 
80 m x 290 m representing part of a longwall panel 
is considered. The Bulli Seam is assumed to be 
horizontal, 3.47 m in thickness and about 710 m 
below the surface. Parallel in-seam holes of 80 mm 
diameter and 240 m length are drilled perpendicular 
to longwall development headings. These holes 
extend across the longwall block with width of 
160 m and reach the development headings of next 
longwall to allow for the pre-drainage of both the 
longwall block and the development panel (Figure 
3). The gas drainage through the in-seam holes into 
a gas conveying pipeline is under a vacuum of 
15 kPa. The holes with a zero skin (representing 
normal holes) are sealed from the hole collar by a 
4 m long standpipe to prevent air leakage from the 
roadway into the drainage system through the 
nearby rib. The cases of no in-seam holes and in- 
seam holes at spacing of 80 m (1 hole), 40  m 
(2 holes), 20 m (4 holes, Figure 3) and 10 m 
(8 holes) are considered. The coal and reservoir 
properties used are given in Appendix A. 

The development roadway of width 5 m is along 
the left boundary of the area simulated. This 
roadway is represented by a column of grid blocks 
with desorption time of 0, initial reservoir pressure 
equal to the atmospheric pressure and infinite 
conductivity (extremely high permeability of 
4 . 4 ~  lo7 md). The initial gas content of the 
roadway grid blocks is zero. Gas emission into the 
roadway through the rib is simulated by a horizontal 
well with an equivalent wellbore radius of 44.6 cm, 
zero skin and hole pressure equal to the atmospheric 

Next development headings 

160m (=longwall width) 4 40m 4 

Figure 3 Schematic for gas pre-drainage from in-seam holes. Hole spacing: 20 m (4 holes) 
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pressure. This well is placed along the roadway grid 
blocks. The wellbore radius is calculated using the 
equivalence of the area of the wellbore surface to the 
area of the roadway rib surface. 

Dynamic features of roadway advancement and 
in-seam hole drilling are not considered in these 
simulations. It is assumed that the roadway is 
created instantaneously, and the in-seam holes are 
created instantaneously 30 days later. This 
establishes gradients of gas pressure and 
concentration from the rib into the solid coal due to 
gas emission through the rib into the roadway before 
the in-seam holes start to drain gas. 

Permeability of coal is stress dependent 
(Somerton et al. 1975, Lingar et al. 1984 and 
Durucan & Edwards 1986). Excavation of a 
roadway causes the redistribution of stresses in its 
vicinity. As a result, there is a yield zone (or 
fractured or relaxed zone) and an abutment zone (or 
highly stressed zone) at the ribside (Whittaker 1974 
and Wilson 1983). In the yield zone, fracturing of 
coal increases its permeability. In the abutment 
zone, the increase in stress above the pre-mining 
stress (oo) results in the reduction i n  coal 
pernic.ability below the pre-mining coal permeability 
(b). The low permeability zone acts as a barrier 
between the roadway rib and the coal block, 
reducing gas rib emission into the roadway. 
Conceptual stress (a) and permeability (k) 
distributions across the ribside are shown in 
Figure 4. The size of the yield and abutment zones 
and the stress distribution across the ribside for a 
given coal seam and mining scenario can be 
obtained either from field measurements or from 
results based on geomechanical modelling. The 
quantitative stress-permeability relationship can be 
established from laboratory experiments, provided 
sampling related issues such as heterogeneity and 
scale effects are carefully considered. 

In the grid blocks near the roadway, stress effects 
on the permeability of coal are taken into account in 
the simulation. Due to the absence of actual data on 

stress profiles and stress-permeability relationships, 
coal permeability within 10 m distance from the 
roadway rib is hypothetically adjusted as shown in 
Figure5 for the case of 2 md seam. These 
hypothetical values of permeabilities are multiplied 
by 0.5 for the 1 md seam, by 2.5 for the 5 md seam 
and by 5 for the 10 md seam. 

3.2 Results and discussion 

Profiles of rates, cumulative amounts and percentage 
of gas and water drained are obtained from the 
simulation. Contour maps of gas pressure, gas 
saturation, water saturation and gas content at any 
given time can also be obtained for any region. 

The percentage of gas drained for the block of 
coal considered is shown in Figure 6 for the 2 md 
seam. The in-seam holes, as expected, are draining 
more gas than the rib on its own. Also, as the in- 
seam holes become closer to each other, the 
percentage of gas drained is increased. 

The influence of hole spacing on drainage lead 
time can be determined using Figure 6. Drainage 
lead time is the time required to remove gas from a 
block of coal to meet a drainage target. This target 
may be defined based on any one of the following: 

the fraction of gas drained from the coal 
the gas content in the coal block is reduced below 
a threshold value 
the fluid pressure in the coal block is reduced 
below a threshold value. 
When the drainage meets the target, the block of 

coal is ready for development of new gateroads for 
the next longwall block and longwall extraction of 
the current coal block. 

Drainage lead time is one of the most critical 
factors to consider i n  planning co-ordinated 
development, longwall and gas pre-drainage 
operations. Using a target gas drainage efficiency of 
70% (equivalent to a regional reduction of average 
gas content from 17 m3/ton to about 5 m3/ton) and 

Abutment zone ,-A ' Yieldzone * 
Figure 4 Conceptual stress and permeability distributions across the ribside 
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Figure 5 Hypothetically adjusted permeability distribution across the ribside for 2 md seam 

A 

I 
I 

I I I I ~ I I I I ~ I I I I ~ I I I I ~  

100 

80 

- s 
60 

a, 
C 

U 

.- 
2 
v) 40 
d 

20 

0 

Hole spacing (m) 
......... ........_.....-... _._______ ___. ..... .-. ........................ -1 0 ......... 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - _ _ _ _ _ _ _ _ _ _ _ .  

______-- ------ 

............................................................... no holes, rib only 
.___.__-.-.-- 

I ,  1 ~ 1 , ' ~ " '  l l l ~ l l l ~ l , l  

- 

- 

- 

- 

100 

80 

60 

40 

20 

0 

0 200 400 600 800 lo00 1200 
Time (days) 

Figure 6 Percentage of gas drained from in-seam holes and emitted from roadway rib - 2 md seam 

the profiles similar to those shown in Figure 6, the 
relationship between drainage lead time and hole 
spacing can be obtained for different coal seam 
permeabilities, as shown in Figure 7. This result 
shows that drainage lead time increases with 
increase in hole spacing and it increases faster with 
larger hole spacings. For example, with a 2 md 
seam, the drainage lead time for holes at 20 m 
spacing is about 5 months whereas the lead time for 
80 m spacing holes increases to 37 months. 

The effect of coal seam permeability on drainage 
lead time is also shown in Figure 7.  For a given 
hole spacing, as the permeability increases from I 
md to 10 md, the drainage lead time decreases 
significantly, particularly for drainage holes at larger 
spacing. 

Since the drainage lead time is at least of the order 
of several months, the need to plan effective gas 

drainage prior to mining becomes very important. 
Inadequate gas pre-drainage will cause 

safety problems, 
slower longwall development and 

Thus, the relationship between coal seam 
permeability, hole spacing and drainage lead time as 
established in Figure 7 is useful information for 
planning of co-ordinated longwall mining, 
development and gas pre-drainage operations. 
Figure 7 demonstrates that for a coal seam with a 
specific permeability, the modelling provides 
quantitative information on 

the drainage time required to achieve a target 
drainage efficiency or target in gas content (or 
gas pressure) for a given hole spacing or 
the hole spacing required to drain a given 
quantity of gas within a given time frame. 

production delays in the longwall itself. 
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Figure 7 Influence of hole spacing on drainage lead time (target gas recovery = 70% ) 
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Figure 8 Distributions of residual gas content (initial gas content = 17 m’/ton) - 2 md seam 

Figure 8 shows the distribution of residual gas 
content in a 2 md coal seam along the drainage 
boundary half way between two drainage holes after 
drainage for a period corresponding to the lead time 
given by Figure 7. The drainage is most effective 
near the rib and least effective near the end of a 
hole. For the longwall block with the width of 
160 m and the development panel with the width of 
40 m, the longwall block has been drained almost 
uniformly for a given hole spacing except in a 
region near the rib. The residual gas content within 
the longwall block for all the four cases of in-seam 
hole drainage is below the drainage target of 70% 
reduction in gas content. The region of the next 
development panel - on the far right side in Figure 3 
- has also been drained with the residual gas content 
below the drainage target except for the case of 
80 m spacing holes. Figure 8 reveals that, to ensure 
the drainage meets the target everywhere within the 
longwall block and next development panel, the 
highest residual gas content in the region of the next 

development headings (rather than the overall 
percentage of drainage or the average residual gas 
content for the whole area simulated as used in 
Figure 7) should be examined in determining the 
drainage lead time. It is recognised that if the in- 
seam holes are not drilled through the future 
development heading, as practised in some mining 
operations, the steep rise in residual gas content will 
be shifted to a position closer to the rib than shown 
in Figure 8. 

Gas flow rates from individual holes for a 2 md 
coal seam and different hole spacings are shown in 
Figure 9. As the spacing decreases, the drainage 
radius (or drainage area) decreases and hence the 
flow from individual holes decreases. 

If actual data on gas flow rate from such 
individual holes is known for a particular mine site, 
simulations can be performed to back-calculate 
permeability. The gas flow rate shown in Figure 9 
can also be used to assist in estimating the 
appropriate size of gas conveying pipes if the 
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Figure 9 Gas flow rate from individual holes at various spacings - 2 md seam 

drained gas is to be transported to the surface 
through pipes or the design of the ventilation 
requirements. 

4 CONCLUSIONS 

It has been demonstrated that COALGAS can be used 
to estimate in-situ coal permeability from slug test 
data and simulate methane pre-drainage from in- 
seam holes. However, for a given slug test scenario, 
the estimated values of in-situ permeability and skin 
may not be unique and further tests and analysis 
may be required. 

The in-situ permeability of the Bulli Seam at the 
site of the slug test is estimated to be within a range 
of 1 to 10 md, depending upon the actual skin factor 
of the test hole. 

Values of the estimated in-situ perrneabilities have 
been applied to the modelling of pre-drainage of the 
Bulli Seam from in-seam holes at different spacings. 
The effectiveness of the various pre-drainage 
strategies has been assessed. The relationship 
between coal seam permeability, hole spacing and 
drainage lead time established from the modelling is 
useful in planning of co-ordinated longwall mining, 
development and gas pre-drainage operations. 
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APPENDIX A COAL AND GAS PROPERTIES USED IN THE SIMULATION OF 
METHANE PRE-DRAINAGE FROM IN-SEAM HOLES 

Permeability = 2.0 md or 5 md or 10 md (except in roadway and yield and abutment zones) 
Permeability in the yield and abutment zones: 

Distance Permeability, md Permeability, md Permeability, md Permeability, md 
from rib, m (1 md seam) (2 md seam) (5  md seam) (1 0 md seam) 

0-2 10.0 20.0 50.0 100.0 
2-4 2.5 5.0 12.5 25.0 
4-7 0.5 1 .o 2.5 5 .O 
7-10 0.75 1.5 3.75 7.5 
1 o+ 1 .o 2.0 5.0 10.0 

Permeability = 4.4 x lo7 md in the grid blocks 

Porosity = 0.02 
Initial gas pressure = 4778 kPa 
Initial water saturation = 1.0 
Desorption time = 3 days 
Matrix compressibility = 6.176 x 10-9 m3/m3 
Pore compressibility = 1.450 x 10-5 kPa-1 
Langmuir volume (VI) = 26.9 m3/ton 
Langmuir pressure (Pl) = 2764.8 kPa 

where P = Gas pressure, kpa and 
V = Gas adsorbed at'pressure P, m3/ton 

The relative permeability curves (Holditch & 
Associates 1994) are shown in Figure Al .  The 
capillary pressure was set close to zero (less than 
0.07 psia) 

representing the roadway 

Langmuir isotherm equation: V = PI+P v1 p 
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Figure A1 Relative permeability curves 
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ABSTRACT: The flow of gas through coal was studied to investigate its permeability to seam gases, ie. 
methane, carbon dioxide, and their mixtures. A relationship was established theoretically between the 
pelmeability of coal to a mixture of methane and carbon dioxide and its permeability to methane and carbon 
dioxide separately. The relationship was verified experimentally at three sets of effective c o h g  stresses (0, 
20.7, and 44 bars). It was fouud that the difference between theoretical and experimental results was less than 
15 per cent. 

1 INTRODUCTION 

The permeability of coal to methane has been 
extensively studied due to the fact that the major gas 
in coal seam is usually methane. In some coalfields, 
however, carbon dioxide exists as a principal seam 
gas. Mixtures of methane and carbon dioxide have 
been found extensively in Australian coal seams. 
These vary from almost pure methane to almost pure 
carbon dioxide. A need has thus risen to study 
hrther the permeability of coal to various seam 
gases, particularly to  a mixture of methane and 
carbon dioxide 

Published experimental results have shown that 
coal consistently has a higher Permeability to 
methane thau to carbon dioxide (Bartosiewicz, 
1985). This might be explained with gas slippage 
theory and different adsorption capacity of coal to 
methane and carbon dioxide (Xue, 199 1). However, 
there appears to be very little published information 
on the permeability of coal to a mixture of methane 
and carbon dioxide 

This paper presents some research results to 
discuss the following aspects of coal permeability. 
( a )  To establish a theoretical relationship 
between permeability of coal to a mixture of methane 
and carbon dioxide and its permeability to methane 
and carbon dioxide separately; 
(b) To investigate the relationship 
experimentally. 

2 THEORETICAL DERIVATION 

Assume that a seam gas consists of two kinds of 
gases, namely, gas A and gas B, and that: 

N ,  
Nz 
K1 
K2 

K,, 
pi 
p2 
pm 

is the volumetric percentage of gas A; 
is the volumetric percentage of gas B; 
is the permeability of coal to gas A; 
is the permeability of coal to gas B; 
is the permeability of coal to a mixture; 
is the viscosity of gas A; 
is the viscosity of gas B; 
is the viscosity of the mixture. 

By using Darcy’s gas flow law and Dalton’s 
pressure law, the relationship between permeability 
of coal to the seam gas mixture, and its permeability 
to gas A and gas B separately can be established as 
follows: 

Then the equation ( I )  becomes: 

+ BK 
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The coefficients A and B are dependent mainly on 
the composition of seam gases. The values of A and 
B also depend on the temperature of seam gases but 
negligibly on gas pressure. Table 1 lists some 
representative values of A and B at 30°C for seam 
gases having various mixtures of methane and carbon 
dioxide. 

There are three limitations to this theoretically 
derived formula: 
(a) The mutual influences of carbon dioxide and 
methane are ignored. 
(b) Any adsorption effects on coal are ignored. 
(c) Ideal gas behaviour is assumed for the limited 
range of temperature and pressure. 

C&,% I A 

Table 1 Values of A and B for mixtures of 
C& a d  CO2 

B 
- 
8 
16 

0.0086 0.8380 
0.0341 0.6910 

I 24 I 0.0758 I 0.5580 I 

72 
80 
88 
96 

I 56 I 0.3840 

0.6020 0.0668 
0.7180 0.0329 
0.8350 0.0 1 14 
0.9470 0.0012 

0.4890 1 0.1140 I 

3 EXPERIMENTAL MPARATUS 

A five-cell semi-automated triaxial stress test bed for 
gas-mechanical measurements on coal and rock cores 
was developed. The test bed consists of five high 
pressure steel cells in which cores are contained 
within rubber sheaths and can be subjected to triaxial 
confining stresses. A flexible hydraulic control 
system permits any combination of radial and axial 
pressures. Two hydraulic pumps are used to supply 
radial and axial pressures separately. The 
measurement of permeability of coal and rock core 
can be achieved by presetting upstream and 
downstream pressures on the core and measuring the 
flow rate by collecting gas in burettes. 

The equipment can be divided into six inter-related 
components: 

(a) The environmental housing, which contains the 
test cells and thermostatically maintain the 
atmosphere inside the housing at a coristaiit 
temperature. 
(b) A gas management system. Air was used in the 
initial experiments to establish best experimeiital 
procedures and to determine expected values of the 
permeability of the samples and the likely duration of 
the experiment. It was also used with the aim of 
checking the reliability of the equipment for the 
successive experiment. 
(c) The test cell. A cross section through such a cell 
is shown in figure 1. It was effectively a triaxial stress 
cell adopted for axial gas flow. 
(d) An hydraulic system, which supplies pressurised 
oil for both vertical and horizontal stresses. 
(e) A data acquisition and monitoring system. 
(f) An electrical power supply system. 

SECTIONAL VIEW SHOWING CAS LINE 

1:  channel ,  main f rame 2: cell body 
3: moin retoining flange 5&6: gaskets 
8: plunger 10: upper gas d is t r ibut ion 
ploten 12: lower gas distribution 
ploten 14: 12-pin electrical contact 
port 15: gosltet 18: keeper plate for 
plunger 20:  polyurethone rubber s h e a t h  
24: p lo ten retoininq screws 25: 12-pin 
port  retoininq screws 26: main retaining 
flange bolts 23. locating pin 30: seoling 
ring 31 - 3 E .  O-r ing seals w i t h  Porboks 

Fig. 1 Cross section of a test cell 
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4 RESULTS AND DISCUSSIONS 

A total of eleveii coal samples from Appin and West 
Cliff Collieries were used at effective confitling 
stresses of 0, 20.7, and 44 bars. hi addition to pure 
methane and pure carbon dioxide, another five gas 
mixtures of methane and carbon dioxide were used. 
Typical experimental results are presented with 
theoretical results in figs 2 and 3. 

Fig 2 shows the permeability of sample S1 to 
mixtures of methane and carbou dioxide. The 
ex? eiimen t a1 results show that the p enneability 
changes with the mixture ratio of methane and 
carbon dioxide. With an increase in proportional 
percentage of carbon dioxide in the gas mixture, 
peiineability reduces and is lowest a t  about 50% 
carbon dioxide and then the permeability increases 
with hither increasitig carbon dioxide to 100%. 

Three sets of coufiuing stresses (0.  20.7 and 44 
bars) were used in the experimental tests. It was 
found that  the confining stress had no significant 
effect as far as the proportional relationship between 
the coal permeability to the mixture of methane and 
carbon dioxide was concerned, but it did reduce the 
value of pelmeability in absolute terms. 
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Fig. 2 S 1 permeability to mixtures of'C& and C02 

I 1 carbon dioxide, O h  
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Fig. 3 S2 Permeability to mixtures of CH, &d C 0 2  

Fig 3 show experimental results of sample S2 to the 
gas mixture of methane and carbon dioxide. The 
results again show that there is a change point (about 
50% of carbon dioxide) in the gas mixture. From 
100% methane, coal permeability reduced with 
increase of percentage of carbon dioxide, however, 
after 50%, the coal permeability increased with 
increase m percentage of carbon dioxide. 

That is predictable from the theoretically derived 
equation. As the content of carbon dioxide in the gas 
mixture reaches 50%, that is, the content of methane 
is less than 50%, the second term in the equation will 
play a more dominant role in the total value of coal 
permeability. The fact that coal permeabilrty to 
methane is larger than that to carbon dioxide, the 
experimental results shown in Figs 2 and 3 are also 
understandable. 

It was found from experimental data that the 
difference between the experimental results and 
theoretically derived results is less than 15% for aU 
coal samples tested under three different confining 
stresses. The theoretical results shown in Figs 2 and 
3 are based on two experimental results, that is, the 
permeability of coal to pure methane and to pure 
carbon dioxide, therefore it could be expected that 
the influence of gas adsorption on coal and molecular 
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phenomena (molecular sieving and surface diffusion) 
has been partialljl reflected in the theoretical results. 
Therefore, it is not surprising to obtain quite similar 
results fiom experimental tests and theoretical 
calculations. 

Figs 2 and 3 also show that experimental results 
are higher at low content of carbon dioxide and 
lower at high content of carbon dioxide. It seems to 
be more than coincidence. To explain this 
phenomenon, two terms need to be defined. One is 
called mutual ahorption effect, which is the effect of 
the adsorption of a gas mixture on coal permeability; 
the other is called individual adsorption effect, which 
is the effect of the adsorption of an individual gas on 
coal permeability. 

The following t h e e  factors should be considered: 
(a )  the molecular diameters of methane and carbon 
dioxide are respectively 2.30 nm and 3.23 nm; 
(b) the adsorption capacity of coal to carbon dioxide 
is larger than that to methane. At low gas pressures, 
the former is three to four times larger than the latter; 
(c) the adsorption of methane and carbon dioxide on 
the surface of the pores in coal follows Langmuir’s 
law, that is, monolayer adsorpti0.n. 

The adsorption distributio6 patterns of methane 
and carbon dioxide and their mixtures on the surface 
of a capillary tube are shown in Fig 4. According to 
Poiseuille’s gas flow law, the flow rate in a capillary 
tube is proportional to the fourth power of the radius 
of the capillary tube, which means that a small 
variation in the effective radius will cause a 
sigmlicant change in gas flow. 

At lower percentage of carbon dioxide in the gas 
mixture, the synergetic effect of mutual adsorption 
(Fig 4c) seems to be more sigtuficant than the 
combined effect of individual adsorption of methane 
and carbon dioxide. The combination of individual 
adsorption of methane and carbon dioxide is 
reflected in the theoretically calculated results, while 
experimental results reflect synergetic effect of 
mutual adsorption. Therefore, the experimental value 
of coal permeability is slightly smaller than the 
theoretical value. 

At a higher percentage of carbon dioxide in the gas 
mixture, the synergetic effect of mutual adsorption 
(Fig 4d) seems to be less significant than the 
combined effect of individual adsorption of methane 
and carbon dioxide. The combination effect of 
individual adsorption of methane and carbon dioxide 
is reflected in the theoretically calculated results, 
while experimental results reflect the synergetic 
effect of mutual adsorption. Therefore, the 

experimental value of coal permeability is slightly 
larger than the theoretical value. 

(b) Co;! adsorption 
(a) CH4 adsorption 

n 

(c) adsorption at low ratio 

of C Q / C H 4  mixture 

(d) adsorption a t  high ratio 

of CO-L/Cm mixture 

Fig. 4 Adsorption distributions of various CH4/C02 
mixtures 

5 CONCLUSIONS 

(a) The relationship between coal permeability to 
mixtures of methane and carbon dioxide and to 
methane and carbon dioxide separately has been 
derived theoretically. The equation is as follows: 

(b) It was found that the difference between 
theoretically calculated results and experimental 
results is less than 15%. 

(c) As the ratio of carbon dioxide in a COdCH,, mix 
increased, there is a drop in permeability to 50% 
carbon dioxide followed by a restoration of 
permeability at about 70% to 80% of the original 
value as the percentage of carbon dioxide increases. 

(d) Theoretical values of permeability were slightly 
lower than those measured at low ratios of COdCICI 
mixtures, this might be explained by a synergetic 
effect of mutual adsorption. 
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(e) Theoretical values of permeability were slightly 
lugher than those measured at high ratios of 
C02/CI-h mixture, this might be explained by 
combination effect of individual adsorption of 
methane and carbon dioxide. 
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ABSTRACT: A project being undertaken by a multidisciplined group at The University of Queensland is 
described. The project is examining fundamental aspects of coal seam methane and the scope of the various 
project sections is outlined. Coal bed methane flow into mine openings or drainage networks is strongly 
influenced by the scam property of permeability. Representative measurement of permeability must take into 
account aspect such ground stress, gas pressure, existence of water and structures within the coal. Laboratory 
measurements of this propcrty have often in the past been undertaken on small diameter (<25mm diameter) core. 
An approach to large sample permeability testing is described based on the use of HQ (61 mm diameter) core 
tested in a permeability cell. This apparatus allows both axial and transverse core loading. Permeability is tested 
under varying gas pressures in either axial or transverse directions. Transverse testing allows permeability in 
flow paths parallel to coal plies to be established in core from holes drilled across the seam. 

1 INTRODUCTION 

Potential methane gas extraction from coal seams is 
dependent on many factors. Important considerations 
relate to the origin of the gas, the form in which it is 
stored within the seam, flow mechanisms and 
production technology. A multidisciplined group 
within The University of Queensland is attempting to 
gain a fundamental understanding of gas and coal 
seam properties lhrough an interlinked study 
involving disciplines of engineering, surface 
chemistry and geology. 

An overview is given of this project and the 
approaches being undertaken to gain a better 
fundamental understanding of Queensland’s and 
Australia’s coal seam methane resources. Emphasis 
is placed on the project component devoted to gaining 
a better understanding of coal permeability. Methane 
flow into mine openings or drainage networks is 
strongly influenced by the seam property of 
permeability. Representative measurement of 
permeability must take into account aspects such as 
ground stress, gas pressure, existence of water and 
structures within coal. Laboratory measurements in 
the past have most frequently been undertaken on 
small diameter cored samples. An approach to large 
smplc  permeability testing is described based on the 
use of HQ sized (61 mm diameter) core tested in a 
permeability cell. The apparatus allows both axial 
and transverse core stress loading. Permeability is 
tested under varying gas pressure in either core axial 
or transverse directions. 

2 PROJECT STRUCTURE 

This broad project examining fundamental aspects of 
coal seam methane is being undertaken by The 
University of Queensland through the Departments of 
Chemistry, Earth Sciences and Mining and 
Metallurgical Engineering under the administration of 
Uniquest. Principal support has come from a major 
grant from the Queensland Elec tncity Commission. 
The Energy Research and Development Corporation 
have made a substantial grant to the project. A 
number of Queensland resource companies are 
involved in the project through provision of financial 
support and newly drilled coal seam core. Overall 
direction is given to the project through the proposing 
of the questions: 

1. What geological and geochemical conditions 
predispose coal to gas generation? 

2.  What is the source of the gas? 
3 .  How and where is gas stored and retained? 
4. When and how is gas released from site? 
5. How can this knowledge be used to increase 

coal mine safety and predict (commercial) gas 
production? 

The approach taken is that all participants undertake 
research on coal samples from the same source to 
allow cross interpretation between the various 
disciplines. 
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3 BACKGROUND 

Underground coal mining practice has been forced to 
develop strategies for combating methane and other 
seam gases which permeate into the workings. 
Methane is explosive across the range of about 5 to 
15 per cent in air at standard temperatures and 
pressures. As a first defence, mine ventilation air is 
used to dilute any gas to a safe working level (1.25 
per cent at the working face under Australian 
practice). There are limits to the capacity of 
ventilation systems to handle the problem where high 
flows exist and so forms of methane drainage 
technology have been developed. These involve use 
of extraction boreholes placed approximately 
horizontally in seam in advance of workings, inclined 
holes drilled from underground to capture gas in 
overlying or underlying strata and vertical holes 
drilled from the surface. 

Increased energy costs in the 1970s and these mine 
safety considerations initiated consideration being 
given to use of coal seam methane as an energy 
source. Initial developments occurred in the US 
relying on well established petroleum industry 
technology. Considerably success has been achieved 
commercially in extracting seam gas in the Black 
Warrior and San Juan Basins in North America to the 
point where a significant industry is in place. 

Australia has a major domestic and export coal 
industry with over 90 per cent of extraction from the 
Sydney and Bowen Basins. Parts of both of these 
Basins carry coal with high methane contents which 
have led to difficulties with mine safety in 
underground extraction. Forecasts of coal seam 
methane resources in these Basins have calculated 
vast reserve figures which may potentially exceed 
national conventional gas resources (Anon., 1994). 
Furthermore, these energy resources lie close to 
major population and industrial centres in New South 
Wales and close to expanding industrial centres on the 
Queensland seaboard. 

Various commercial producers, consultants and 
research groups have undertaken studies and 
production trials over recent years in both the Sydney 
and Bowen Basins. Results have been mixed, 
apparently due to the differences in geological and 
geotechnical conditions from areas being successfully 
exploited in the US. The current University of‘ 
Queensland project is attempting to interlink 
understanding of the various complex factors that 
influence the presence and flow of‘ methane through a 
multi- disciplined approach. 

4 PROJECT DESCRIPTION 

The project is divided into three principal sections: 

studies. 
1. Acquisition of test core and initial desorption 

2. Studies on gas generation and reten tion. 
3. Studies on gas storage and transport. 
A number of Queensland companies holding coal 

exploration or mining leases have agreed to give 

freshly drilled core for use within the project. 
Pressure tested stainless steel canisters to hold HQ 
size (6 1 mm diameter) have been constructed. Newly 
drilled fresh core of approximately 300 mm length is 
placed under water in these canisters on field sites for 
transport to Brisbane. Normally a number of core 
lengths through the seam are taken as drilling 
intersects coal and a number of intersected Seams are 
sampled from the same hole. On arrival in Brisbane, 
cores remain within the canisters and desorption ratc 
is plotted. Gas relcased is collected in “wine cask” 
bladders held under water with volume measured 
through water displacement. This process avoids 
problems of gas loss in solution. Gas is then 
analysed through gas chromatography. Desorption 
usually takes about one month. A typical desorption 
plot is shown in Fig. 1. Core material is then 
available to be used intact or in a crushed form for the 
remainder of projcct tests. 

1 Desorption Data I 
1 

v) E 5000 

4 

0 10000 20000 30000 40000 

Time. t h i n s  

Fig. 1. Desorption daia from HQ coal core. 

The objectives of the gas generation and retention 
understanding project phase are: 

1. To  identify the constituent of coal that are 
responsible for gas generation. 

2. To identify the mechanism of gas generation. 
3.  To gain an understanding of the physio-chemical 

changes which occur in coal during gas generation. 
4. To identify likely movements of gas within the 

seam and stratigraphic sequences. 
Achievement of these objectives involves the use of 

optical and transmission electron microscopy to 
determine the precise rank of coal and the role of 
individual maccral groups in gas generation and 
retention. Laboratory simulation of the processes of 
in-seam hydrocarbon generation in sedimentary 
basins by maturation experiments are to be 
undertaken. Measurement of the stable carbon and 
hydrogen isotope compositions of individual 
hydrocarbons of coal seam gases and pyrolysis 
products of coals and individual macerals is being 
undertaken to establish the processes responsiblc for 
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coal seam gas formation and the role of macerals in 
gas generation and retention. Also, the chemical 
compositions (C, H, N, 0) of coals, individual 
macerals and their pyrolysis products and coal seam 
gases are being measured to place additional 
constraints on models for gas generation from coals. 

The objectives of the gas storage and transport 
understanding project phases are: 

1. To identify the site specific storage and release 
characteristics of gas in coal at the molecular level. 

2. To identify the transport mechanisms of gas in 
coal at the molecular level. 

3. To measure and gain an understanding of the 
transport of gas in coal at the macroscopic level. 

Achievement of these objectives involves 
measurement of sorption isotherms using gravimetric 
techniques. A second phase involves the 
measurement of gas movement and storage using a 
series of high technology techniques including static 
and dynamic secondary ion mass spectrometry, 
electron spin resonance, diffuse reflectance Fourier 
transform infrared spectroscopy, atomic force 
microscopy and cross polarisation 13 C nuclear 
magnetic resonance. The samples in this study are to 
be progressively transferred between the sorption 
apparatus and the various instruments while 
maintaining the environment. 

The macroscopic phase involves block and large 
diameter core sample multiphase permeability 
measurement. Large sized coal samples are being 
used to represent the behaviour of coal in the mass 
where formation structures and stress induced planes 
and fine discontinuities play a part in determining 
flow within the permeability measurement apparatus. 
Samples are returned to stress conditions found in the 
field. Gas pressure across samples is so applied to 
simulate a drainage cycle as though gas production 
was underway. Porosity and other related fluid 
mechanics property tests will be undertaken. It is to 
the details of coal permeability testing that a major 
section of this paper is directed. 

5 PERMEABILITY MEASUREMENT 

The principal approach taken to large sample 
permeability is to test large diameter core in a 
laboratory cell. Samples utilised are core sections 
obtained from field drilling programmes which have 
been desorbed. Samples are HQ size (61 mm 
diameter). Samples are prepared by cutting a length 
of about twice the diameter (about 120 mm) and 
finishing ends. Coal sample often shatter easily. 
This approach is generally more successful in 
delivering an intact core sample than the alternative of 
attempting to drill out a core from a block sample in 
the laboratory. 

The laboratory permeability and associated control 
system core testing was designed by Sigra Pty Ltd. 
Fig. 2 shows a section view through the permeability 

cell in the axial direction. In use, the cell is placed in 
a load frame which allows loading representative of 
ground stress in the axial (or vertical) direction to be 
applied. 

U 

Fig. 2. Axial permeability test cell. 

The core sits within a rubber sleeve. Hydraulic 
load is applied to the outside of the sleeve to create 
lateral force on the core representative of ground 
stress in the horizontal direction. The test gas passes 
through an orifice in the top loading rod piston and 
through a diffusion plate on top of the specimen. It 
leaves the cell through a similar arrangement at the 
bottom after having passed through the test core. 

An extra feature of the cell design is its ability to 
undertake permeability tests in the transverse direction 
on the same specimen that has had axial direction 
tests. The transverse direction tests cell as shown in 
Fig. 3 uses a double port loading rod. Inlet gas 
passes through one of these ports and is led to copper 
braid which lies in two strips running vertically on 
opposite faces of the core (set 180" apart). The 
copper braid (material used for earthing strap on a car 
battery) is a web matrix of fine copper wire enclosing 
air filled interconnected spaces. The test gas passes 
down the braid along the length of the core under 
pressure and then permeates across the core to an 
identical braid arrangement on the opposite face. The 
test gas then flows up the braid and up through the 
gas outlet port in the loading rod. Tests are 
undertaken under triaxial load conditions to represent 
ground stress. 
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Cu D i a r i b v l i a  

Fig. 3. Transverse permeability test cell. 

The bottom plug of the test cell has been designed 
to allow strain gauge wires to be led into gauges 
attached to the core specimen. Up to 9 strain gauges 
can be used, configured in both axial and transverse 
directions 

The cell can be used in a number of loading modes. 
It is the intention of this project to reproduce as 
accurately as possible the in situ conditions. To do 
this the coal sample can be resorped with gas, 
saturated and brought up to in situ virgin stress. 
Then to simulate drainage the fluid pressure can be 
lowered producing both water and gas. Whilst doing 
this the vertical load can be held constant so as to 

represent overburden load. Through the use of strain 
gauges, lateral strain can be maintained by changing 
the confining load. This represents the actual 
situation that exists in a laterally extensive coal seam. 
The importance of the effect can be seen in the 
increasing rates of permeability that occur during 
drainage. This phenomena is theoretically explained 
on the microscopic scale by Gray (1987) and will 
hopefully bc explained on the molecular and 
macroscopic scale by this project. 

To allow accurate permeability test results to be 
obtained, tests on low value specimens will be 
undertaken over extended periods, necessitating 
automation of the process. Fig. 4 sets down a 
schematic diagram of the permeability cell with flow 
measurement and control arrangements. 

A data acquisition card senses transducer readings 
for computer storage. Key features are as follows: 

1. The Mohr and Federhaff hydraulic load frame 
applies a constant load in the axial direction. 

2. The pressure of test gas from the high pressure 
cylinder is read from a dial gauge and recorded by 
transducer belore delivery to the cell. Gas pressure 
difference across the test specimen can be adjusted 
and is recorded by a differential pressure transducer 
(that is, outlet gas pressure does not have to be set at 
zero gauge pressure). Test gas is collected in a 
bladder in water so that volume flow is calculated 
from water displacement readings. Gas flow is also 
recorded by a flow sensor transducer. 

3. Moisture in outlet gas is measured by means of a 
micro-balance. A constant volume pump can be set to 
add moisture to the gas input line to simulate 
groundwater conditions. 

4. Strain gauge wires are connected to amplifiers 
and thence to the computer. Changes in these reading 
activate software which alters the transverse hydraulic 
load on the specimen to maintain constant load in this 
direction. 

Fig. 4. Schematic diagram of relative permeability testing apparatus. 
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The permeability cell when loaded weighs in excess 
of 50 kg. A special loading table and lifting device 
has been constructed to assist in setting the cell into 
the load frame. The complete laboratory assembly is 
housed in an air-conditioned room to maintain 
standard test conditions. 

The permeability cell has successfully proved that it 
can measure a parameter essential to the calculation of 
methane flow through the ground. It has the ability to 
test large sized specimens, vary simulated ground 
stress conditions in all directions, incorporate water 
saturation features, test flow in the directions parallel 
to and across or normal to coal plies and undertake 
tests ovcr extended periods under automated 
operating conditions. 

5 CONCLUSIONS 

An overview of a research project being undertaken at 
the University of Queensland into fundamental 
aspects of coal seam methane has been given. The 
project is multi-disciplined and the scope of each 
scction has been briefly discussed. The design of a 
new test cell for permeability measurement has been 
discussed. This new approach allows measurements 
to be undertaken on the same specimen in both axial 
and transverse directions. Variations in important 
ground condition aspects can be simulated and 
completc data acquisition and control featurcs are 
incorporated for automated operation. 
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ABSTRACT Until now it has been pointed out at the deeper underground mines in the Ishikari coal field in Japan 
that working faces of coal became hard prior to coal outbursts and gas in the outburst sources was sealed by the 
cover coal. In this study the effects of temperature on gas permeability of stressed coal were considered 
experimentally in order to make clear the factors of coal hardening. As the experimental results, gas permeability of 
coal decreased irreversibly in response to an increase in applied hydrostatic stress or temperature. Such effect of 
earth temperature on gas permeability of stressed coal gave a reasonable explanation to the reason of frequent 
occurrences of coal and gas outbursts at the deeplevel development in the Ishikari coal field 

1 INTRODUCTION 

At the Ishikari coal field in Hokkaido, Japan the 
working faces of coal became hard many times at entry 
driving of the deeplevels and gas outbursts occurred 
occasionally. This tendency has become more 
remarkable since the depth of working faces and the 
earth temperature were not less than 1,000 m and 
40 "C respectively. These phenomena suggested that 
earth pressure and earth temperature contributed to 
form the cover coal for gas pressure in a working f x e .  

In this study, the effect of stress and/or temperature 
on gas permeability of coal was investigated 
experimentally in order to make clear the irreversible 
opening of gas permeable cracks due to coal fractures 
and the irreversible closing due to coal creep 
Practically, the triaxial compression tests and the creep 
tests of coal specimens were conducted under a 
constant temperature, and gas permeation rate was 
measured by changing the experimental conditions of 
the applied stress or temperature as a parameter. 

As the experimental results, gas permeability of coal 
increased and decreased irreversibly in response to the 
proceeding of fracture and creep respectively 
Especially, the effect of temperature on creep and gas 
permeability of stressed coal was remarkable. For 
example, the gas permeability of coal became one order 
in magnitude smaller than the primary value after a 
cycle of loading and unloading of a hydrostatic stress 
of 20 Mpa under a temperature of 40 "c. Such effect 
of earth temperature on gas permeability of stressed 

coal gave a reasonable explanation to the reason of the 
frequent occurrences of coal and gas outburst at the 
deeplevel development in the Ishikari coal field. 

2 EXPERIMENTAL WETHOD 

The gas permeability tests of coal in the triaxial 
compression tests and the creep tests were carried out 
by using the apparatus as shown in Fig. 1 

A : water Tank B : Heater C : Plston Gulde Plece D : SYnihetlc Reslns Cwllng 
E : Coal SDeclmn F : End Plece G : Tmerature Transducer H : Vessel 

Fig. I Apparatus of creep and gas permeability tcsi o l  
coal specimens tinder hydrostatic stress 
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In this apparatus, a coal specimen is assembled into the 
vessel with a set of two gas distribution plates, an end 
piece, a spherical seat and a piston. The vessel is fixed 
in the thermostatic water bath and is kept at a constant 
temperature during the tests. The axial stress and the 
confining pressure act on the coal specimen through 
the loading machine (Instron 1127) and the hand pump 
respectively. Gas flows from the lower end piece to the 
upper piston through the coal specimen and the 
attachments. 

At the tests, the axial stress, the axial strain, the 
confining pressure, the gas pressure and the gas 
permeation rate were measured by the respective 
transducers and instruments as shown in Fig.l. 
Additionally, acoustic emissions from the coal 
specimen were monitored by the AE transducer 
(Endevco 2220 D) and instrument (DuneyanEndevco 
SO00 series) The AE transducer is an accelerometer 
which has a sensitivity of 2.5 pc/g and a frequency 
response of 10-10,000 Hz? 5%, The acoustic 
emissions could be detected with sufficient sensitivity 
by the AE transducer mounted on the back side of the 
end piece. 

The coal specimens were sampled at Taiji, Fushun 
and Yangquan Coal Mine in China and were formed 
cylindrically from the cores. The specimen size was 
about 35 mm in diameter and 60 mm in height. All 
specimens were stored in a desiccator at room 
temperature. Prior to the tests, the specimen was set u p  
with the attachments by gluing with synthetic resin on 
its side. This test piece was assembled carefully into the 
vessel. 

3 IRREVERSIBLE INCREASE IN GAS 
PERMEABILITY DUE TO COAL FRACTURE 

In order to prove the irreversible opening of gas 
permeable cracks, the gas permeability tests were 
carried out in the triaxial compression tests of the coals 
Fig2 is a typical example of the experimental results 
of Taiji coal The normalized permeation rate and the 
acoustic emission count rate are plotted on the stress- 
strain diagram Here, the normalized permeation rate is 
the ratio of gas flow rate under the stressed state to 
that under the unstressed The acoustic emission count 
rate is the number of counts per a strain of 1 67 A IO- '  

(iJ-@: NllMer o f  Fracture 

O c ~ m a c t i o n  Process. @ P r e - f o l l u r e  process. @ ~ o s t - f o i ~ u r e  Process 

Fig2 Rcsults of gas permeability tests of Toiji 
coal in processes of fracture under triasial 
stresses. 

In  the first process of loading, the normalized 
permeation rate decreases exponentially as the axial 
stress increases under a constant confining pressure of 
3.0 WVa. In this compaction process, low acoustic 
emission count rate continues with a slight tluctuation. 
In  the next pre-failure process, in which the axial stress 
approaches the fracture strength, the normalized 
permeation rate changes from the decreasing tendency 
to the increasing and steepens in response to a 
remarkable increase of the acoustic emission count rate. 
This high count rate decreases with a high fluctuation 
in the post-failure process. 

During the test of Fig.3, gas permeation rate was 
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Fig3 Rclatioils between q and ptndp III gas periiieab~l~l! 
tests of Tai,ji coal at various fracturc proccsses. 
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measured by changing the inlet gas pressure under the 
stress states at the point numbers marked on the stress- 
strain curve. Fig.3 shows the relations between the gas 
permeation rate and the product of mean and 

differential gas pressure in the progress of fracture of 
Taiji coal. The gas permeation rate increases concave 
downwards in the compaction processes and concave 
upwards in the post-failure processes. Each relation 
changes from non-linearity to linearity according to an 
increasing of mean gas pressure as expressed by the 
following equation’ 1. 

where 
q = gas permeation rate per unit area 
K = gas permeable coefficient 
p ,  = mean gas pressure 
Ap = differential gas pressure 
C = constant 
F(p,,) = opening rate of gas permeable cracks 
k = gas permeability 
p = gas viscocity 
L = length of specimen 
pi = inlet gas pressure 
p1 = outlet gas pressure 
p, = gas permeable pressure 
8 = convergent factor 

In the above equation the effects of gas pressure on the 
opening and closing of gas permeable cracks are 
considered on the basis of the gas permeability into 
netted microcracks2). 

In Fig.3 special attention should be paid to the 
change from the relation of the point number 5th to 
that of 6th. At a turning process between these point 
numbers the non-linear relations reverse from a 
concave downward increase to a concave upward 
increase as expressed by the plus and the minus sign in 
the exponential term of the openins rate F(pll f ) .  The 
gradients of the linear relations also tune reversibly 
from a decreasing tendency to an increasing tendency 

3 . 2  Iiwvei~sible openirrg of gas permeable cracks 

Fig4 shows the amplitude-frequency distribution of 
acoustic emissions detected in the triaxial compression 
test of Fig.2. The distribution of acoustic emissions 
detected in the compaction process consists of only a 
straight line (Type A). On the other hand, the 
distributions in the pre-failure and the post-failure 
process consist of three straight lines broken at two 
point (Type C). 

Talji Coal 
IO00 Csnflnlng Pressure: 2 .0 MPa 

I : CamDactlan Process 
@ : Pre-fai lure Process 
@ : Past-fa1 lure  Process 

50 
a, 

40 50 60 70 80 
Amp1 I tude (arb1 t r a w  u n l t  In dB)  

Fig-! Amplitude-frequent!. distributions of acoustic einissions 
detected in processes of fracture oFTaiji coal. 

According to Magi;) (1962) the amplitude- 
frequency distribution of Type C is related always to a 
few different kinds of regular structures where cracks 
are arranged regularly in the materials. The amplitudes 
corresponding to two broken points among three 
straight lines depend on the dimension of the unit of 
regular structure. Actually, coal is considered to be 
composed of a few different kinds of regular structure 
because many layers and cleats intersect each other. 
From this remark it is reasoned that the scale of crack 
propagation in the distribution of Type A was within 
the dimension of smallest unit of regular structure and 
that in Type C was beyond the dimension of largest 
unit. In  other word, the scale of crack propagation is 
considered to be insufficient for gas permeation in the 
case of Type A while sufficient in the case of Type C. 
As a matter of fact, the relations between q and p l t lAp  

turn reversibly from the concave downward increasing 
tendency to the concave upward in response to the 
change from the amplitude-frequency distribution of 
acoustic emission of Type A to that of Type C .  From 
the above considerations, it is seen that the irreversible 
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opening of gas permeable cracks occurred with the 
progress of coal fracture. 

I 

2 1 6 -  
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- 

4 IRREVERSIBLE DECREASE IN GAS 
PERMEABILITY DUE TO COAL CREEP 

T a l j i  Coal No.2 
I H y d r o s t a t i c  S t ress :  10 MPa 

4 1 Chnnge in gmpernienbility in creep lests 

In order to prove irreversible closing of gas 
permeable cracks, the permeation rate was measured 
during the creep tests of the coals. Fig.5, Fig.6 and 
Fig.7, Fig.8 are the experimental results of Taiji coal 
obtained by changing the creep stress and the 
temperature as a parameter respectively. Fig. 5 and 
Fig.7 are composite diagrams of the strain-stress 
curve and the strain-time curve. In these diagrams the 
axial strain is plotted against the abscissa of the 
applied stress and the applied time. Fig.6 and Fig8 
also are composite diagrams of the normalized gas 
permeation rate plotted against the same abscissa as 
Fig5 and Fig.7. Additionally, the black circle and the 
open are the values measured in the loading cycle and 
the unloading respectively. 

Fig. 5 illustrates the diagrams,. .of the strain-stress 

z " r  
2 0  

20 
2 4 6 8 IO 0 5 I O  15 20 25 30 

16 c T o i j i  Coal Na.15 
H y d r o s t a t i c  S t r e s s :  5 MPa 

12 1 

Hydrostat  Lc + Eioosed Time ( h o u r s )  
S tress(MPa 1 

Fig.5 Stress-strain c m z s  and creep ciin'cs or  T;iijI 

coal in creep test tirider diffcrenl crccp strcsscs 
at a room temperature. 

curve and the creep curve obtained by changing a creep 
stress from 5 to 20 blPa as a parameter under a 
constant temperature of 20 "C In each diagram the 
axial strain increases concave downwards in the 
loading cycle of the hydrostatic stress and linearly with 
the lapsed time. The hysteresis appears between the 
loading trace and the unloading, and the difference 
between them expands with the parameter of the creep 
stress. Therefore, both the creep strain and the residual 
strain increase remarkably with the parameter of the 
creep stress. 

Fig.6 illustrates the change in yas permeability with 
the hydrostatic stress and the time in the creep test of 
Fig.5. In  each diagram in Fig.6, the normalized gas 
permeation rate decreases exponentially with the 
hydrostatic stress and linearly with the time. Also in 
each diagram the hysteresis appears between the 
loading trace and the unloading of gas permeation rate 
and the dif'erence between them expands with the 
parameter of the creep stress. 

Fig.7 illustrates the diagrams of the strain-stress 
curve and the creep curve obtained by changing a 
tetnperature from 0 to 40 "C as a parameter under a 
creep stress o f 5  MPa. In each diagram the axial-strain 
increases and decreases in the loading and iinloading 

I T O I J I  Caa! No.5  
HydroSraric Stress: 20 MPa 
:as F low under Iniiial 
Score :  529. l a  cm3/min 
Differenciol Gas 
Pressure: 1.0  MPa 
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T C i ! !  Cool NG 2 
H v d r o s t a i i c  S t r e s s :  IO MPa 
Cas F ; o n  m d e r  In ! : l o l  
Stcre: 521 .j5 c m V m i n  
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- 3  

Fig.6 Cliiingcs in gas pcrmc;ktioil ratc wltll applied 
stress ;ind elapsed tiiuc i i i  crccp icsts 0rTai.j; 
coal mdcr diffcrcnt crccp strcsscs a t  ;I rooill 
tcii1pcr;iturc 
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2 - x 16 
Toiji Cool No.6 

- Test Temseroture: 20°C 

Fig.7 Stress-strain curves and creep cunm of Taiji 
coal in creep test under a constant creep stress 
at different temperatures. 
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Fig 8 Changes in gas permeation rate n i t h  applied 
stress and elapsed time in creep tests of Taiji 
coal under a constant creep stress at difFercnt 
tempera tures 

.................................. - 
9" 

Elapsed -Hydras ta t i c 
Stress  Time 

cycle in the same manner as Fig.5. The difference 
between the loading trace and the unloading expands 
remarkably with the parameter of a temperature. 
Particularly, the creep strain and the residual strain 
become outstanding at a temperature of 40 "c. 

Fig8 shows the change in gas permeability with the 
applied stress and the lapsed time in the creep test of 
Fig. 7. The normalized permeation rate decreases 
remarkably with the applied stress and time at 40°C in 
comparison with the cases of a low temperature of 0 
and 20 "c . Consequently, the difference between the 
loading trace and the unloading of gas pmneation rate 
expands remarkably at 40°C. 

The irreversible closing of gas permeable cracks was 
considered on the basis of the difference between the 
loading trace and the unloading of the normalized gas 
permeation rate as illustrated in Fig 9. The stress- 
dependent efiects were evaluated by the normalized 
permeation rate after unloading ( q ~ . q o )  or the 
dityerence between the loading trace and the unloading 
( A q r .  p) which is the lowering ratio of gas permeability. 
The time-dependent effects were evaluated by the 
normalized gas permeation rate after the creep ( q c ' p )  
or the ditference between the normalized permeation 
rates before and after the creep ( A q . q o )  which is the 
lowerins ratio of gas permeability due to the creep. 

Fig 10 shows the effects of the hydrostatic stress on 

Fig.9 Typical curves of ratio of gas permeation rate 
in creep test under hydrostatic stress. 
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Fig 10 Changes of gas permeability. creep strain and 
residual strain with applied creep strcss i n  

creep tests of Taljl coal 

the irreversible change in gas permeability. The %as 
permeability decreases exponentially with the 
parameter of the creep stress. The normalized gas 
permeation rate after the unloading ( c p q o )  decreases to 
44 % at a creep stress of 20 MPa and a temperature of 
20°C. Conversely, the irreversible loweriny ratio of gas 
permeability due to the stress-dependent effects 
( A q d q o )  reaches 56 %. Moreover, the irreversible 
lowering ratio due to the time-dependent effects 
reaches 9 % at hydrostatic stress of 20 MPa and a time 
3 0 hours. 

Fig11 shows the effects of the temperature on the 
irreversible change in gas permeability. The gas 
permeability decreases exponentially with the 
temperature. The normalized gas permeation rate after 
unloading ( p q o )  decreases to 35 YO at a temperature 
of 40 "c and a creep stress of 5 MPa. Conversely, the 
irreversible lowering ratio of gas permeability due to 
the temperature-dependent effects ( A  (1,. q o )  reaches 
65 %. Moreover, the irreversible lowering ratio due to 
the time-dependent effects ( q , c ; q 0 )  reaches 1 I % at a 
temperature of 40 "C and a lapsed time of 30 hours. 
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Fig. I I Changes of gas permeability and Young's rnodulos 
with temperature in  creep tests of T'aiji coal. 

From the experimental results above described, it 
became clear that the gas permeability of creeped coals 
depended on stress, temperature and time. The 
irreversible lowering ratio of gas permeability is 
considered to be caused by the permanent closing of 
gas permeable cracks. As a matter of fact, a linear 
relationship exists between the lowering ratio of gas 
permeability and the residual strain as shown in Fig. 12. 
The relation also between the lowering ratio due to the 
time-dependent effects and the creep strain is linear as 
shown in Fig. 13.  The residual strain is considered to be 
the ratio of the closing width of cracks to the opening. 

Coal is a kind of high molecular substance. 
Therefore, the mechanical properties of coal are 
sensitive to temperature. The brittle-ductile transition 
may be generated at the range of a temperature 
between about 30 and 40 "C under a high stress The 
creep on a contact point in coal cracks proceeds with 
the et'fects of stress, temperature and time, and the both 
sides of a crack sticks permanently. From the above 
remarks it is seen that the irreversible lowering of gas 
Permeability proceeds in the coal faces which receive a 
high earth pressure under a high temperature. 
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5 CONSIDERATIONS ON OUTBURST 
OCCURRENCE 

At the deeplevel under a high temperature in the 
Ishikari coal field, the driving faces of coal became 
hard many times and the gas concentration in the 
headings of entries fluctuated unusually prior to coal 
and gas outbursts. According to the monitored results 
of acoustic emissions and gas emission, the outburst 
was considered to be generated through the processes 
as shown in Fig. 144). 

At the first process in Fig. 14, the driving face of an 
entry approaches to the weak zone including many 
cracks saturated with high pressure gas. At the second 
process gas in the cracks leaks through the cleats 
connected to the driving face. Consequently, the local 
fracturing activity increases according to a decrease in 
the effective stress. The local fracturing activity must 
generate not only an increase in gas emission into the 
weak zone through the irreversible opening of new 
fissures but also the irreversible closing of the cleats in 
the cover coal with the effects of a change in stress in 
addition to a high temperature and a lapsed time. 
Moreover, this must cause an irreversible lowering of 
gas permeability of the cover coal and an increase in 
the gradient of gas pressure. At the final process the 
cover coal breaks suddenly in the approaching 
processes of the driving face. At this moment, the coal 
and gas outburst goes into action. 

From the above reasoning on the outburst processes, 
the irreversible opening and closing of gas permeable 
cracks is seen to be indispensable for the occurrence of 
a coal and gas outburst. In these regards special 
attention should be paid to the effects of earth 
temperature in addition to earth pressure on gas 
permeability of coal. 

6 CONCLUSIONS 

In this study the gas permeability tests were carried out 
in the processes of coal fracture and coal creep in order 
to prove the irreversible change in gas permeability of 
stressed coal. Moreover, the occurrence mechanism of 
a coal and gas outburst was considered on the basis of 
the experimental results. As the summary it was proved 
that the effects of earth temperature in addition to earth 
pressure on gas permeability were important for the 
outburst occurrence. The conclusions are summarized 
as follows. 

(2) The amplitude-frequency distribution of acoustic 
emissions is usehl as an index for judging the 
irreversible opening of gas permeable cracks. 

( 3 )  The irreversible closing of gas permeable cracks 
increases with the proceed of coal creep 

(4) The lowering of gas permeability of coal depends 
on the effects of stress, temperature and time. 

(5) A linear relationship exists between the lowering 
ratio of gas permeability of coal and the residual strain. 

(6) The effects of earth temperature on gas 
permeability of stressed coal cannot be disregarded for 
the outburst occurrence 
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Stress, gas, water and permeability - their interdependence and relation to outbursting 

Ian Gray 
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ABSTRACT: The complex inter-relationship between stress and sorption pressure, and the effects of stress 
and saturation on gas permeability are discussed in relation to the outburst process. Particular reference is made 
to the situation at Leichhardt Colliery in Central Queensland which had regular severe outbursts from solid coal. 

1 OUTBURSTS 

Outbursts are expulsions of gas and coal or salt from 
the working face. They only occur in gassy coal or 
salt. While outbursts are a form of failure, and 
failure occurs all the time in a coal mine, they are 
different in that the failure occurs with significant 
energy release. It is proven that gas drainage 
prevents outbursts and it can be calculated that the 
majority of energy release in an outburst can only be 
derived from expanding gas. For these reasons gas 
is a necessary component for an outburst to occur. 

The majority of outbursts occur in structurally 
disturbed zones. This occurs because the material is 
weak, easily eroded and able to desoi b gas quickly. 
Outbursts from solid coal do however occur. In 
Australia the main example of this type of outburst in 
Australia was at Leichhardt Colliery in Central 
Queensland. The solid coal outburst seems to be a 
phenomenon whereby the coal close to the face is at a 
gas pressure permits it to self disintegrate and as it 
does so i t  desorbs gas which propels the broken 
material into the roadway. 

Outbursts cease when they either choke off or when 
the gouge material has been fully eroded. 

2 LEICHHARDT COLLIERY 

Leichhardt Colliery was at 400 rn depth. The coal 
was bituminous coking coal with a low ash content 
(8%) and a uniaxial compressive strength of about 15 
MPa. It was composed of approximately 47% 
inertinite and 45% vitrinite with a Ro Max of 1.24%. 
The seam gas composition was 95% CH4 and 5% 
C02.  The sorption pressure was 3.8 MPa with a 
very slightly higher hydrostatic pressure. The stress 
field was highly directional with principal stress in 
the direction of the major cleat. Stress measurement 
by overcoring in the roof indicated that the principal 
stress was about 22 MPa and the minor about 12 
MPa. The vertical stress component was close to the 

minor value. Stresses in the coal were less but to 
what degree is uncertain. Boreholes drilled in already 
degassed coal and then grouted showed vertical 
closure indicating that in this situation the vertical 
stress component was greatest. During mining 
significant induced cleavage occurred around the 
face. 

The mine suffered some hundreds of outbursts in a 
comparatively short life and short roadway distance. 
The outbursts from solid coal invariably came from 
across the cleat and direction of major stress. The 
coal appeared to buckle outwards, as shown in 
Fgure 1, leaving an outburst cone before choking. 
Some tens of tonnes were normally ejected from 
these outbursts. Larger outbursts did occur, notably 
a solid coal burst of 350 tonnes and a fatal outburst 
from a mylonitic zone of some 500 tonnes. The 
threshold gas pressure for a solid coal outburst to 
occur at Leichhardt colliery appeared to be 2.5 MPa. 

The stress and cleating very strongly influenced the 
gas drainage attempted. Gas would freely flow along 
the cleat with flow building up from low values to 
quite high flows with time. Gas flow across the cleat 
and the direction of major stress was virtually non 
existent. As permeability changes all the time during 
drainage, precise estimates of permeability are 
difficult to arrive at but indications are that the 
permeability ratio between across cleat and along cleat 
flow must have been several hundred. An example 
of gas drainage across the cleat for Leichhardt and 
other Queensland mines is shown in Figure 2. It 
shows low initial flow increasing and then declining. 

3 STRESS AND PERMEABILITY 

The effects of stress on the permeability of coal are 
well known yet surprisingly ignored. Numerous 
core tests have been conducted and from these it can 
be seen that the log of coal permeability declines 
linearly with increasing effective stress. Figure 3 
shows this relation derived from a field example in 
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Queensland. Here stress and permeability 
measurements were conducted from surface 
boreholes. The average permeability versus average 
effective stress is plotted. Permeability is seen to 
decline an order of magnitude with 1.47 MPa 
increase in stress. This graph has been extended to 
portray the lines of maximum and minimum 
horizontal stress associated with the average stress 
value. Doing this permits its use as a nomogram to 
calculate the horizontal permeabilities at different 
stresses. It should be borne in mind that the average 
permeability is the square root of the product of the 
principal directional permeabilities. 

An example is shown for a depth of 300 m. A line 
is drawn from 300 m through the corresponding 
mean effective stress to the line relating average 
effective stress to permeability. The mean value 
derived is 28.9 mD. The line is then extended 
laterally to minor and major stress turning lines and 
then vertically back to the effective stresdpermeability 
relation from whence principal permeabilities can be 
read. The values are 778.6 and 1.12 mD 
respectively. The square root of their product is the 
mean value. 

The significance of this process is the enormous 
range of permeability, namely a ratio of 695:l. While 
the example is of a high permeability case the 
principal remains. In the case.of Leichhardt Colliery, 
core permeability declined in the range from 0.1 mD 
to 0.001 mD with an effective stress increase of 5.7 
MPa or 2.85 MPa per decade. On this basis it was 
likely that permeability ratio's in excess of 1OO:l 
existed in  virgin conditions at Leichhardt Colliery. 
This ties with field experience. 

Sornerton et  ul's (1975) work showed that for 
Pittsburgh coals the stresses required to bring about 
an order of magnitude permeability reduction were 
8.1 MPa from 10 to 1 mD and 5.5 MPa from 0.1 to 
0.01 mD. 

S hrinkagc, Strain Total Stress Change Effective Stress Change 
(1MPa) (MPa/MPa) (MPa/MPa) 

1.82 x 10 -' -5.87 -4.87 
2.8 x 10 -0.4 +o. 1 
1.25 x 10 -4 -0.4 +0.6 1, 

4 SHFUNKAGE OF COAL WITH GAS AND 
WATER LOSS 

Gas and water are complexly attached to coal. The 
different gas types and water compete for sites in the 
coal structure. As they give up fluid the dimension of 
the coal changes. This dimensional change has 
enormous consequences for the level of stress in the 
coal and hence coal permeability. Shrinkage is 
known to be particulzrly great when C02 is lost and 

less so when CH4 is lost. An indication of 
importance of shrinkage can be gained by examining 
the strains that it can cause. Hargraves' (1963) 
reported a value of 1.82 x 10-3 strain per MPa for 
C 0 2  on Metropolitan Colliery Coal. Recently 
Milewska-Duda et a1 (1994) have conducted 
experiments on Polish coal and shown that the 
shrinkage is not a linear function of pressure but 
rather follows the shape of the sorption isotherm, 
being related to the quantity of gas absorbed. 
Linearised values show a shrinkagdexpansion of 2.8 
x 10-4 strain per MPa. Values obtained from Ishikari 
coalfield coals by the Coal Mining Research Centre in 
Hokkaido showed values of 1.25 x 10-4 (Gray 
1980). The stress changes associated with shrinkage 
can be calculated for a coal seam which is under 
constant overburden load but is laterally extensive 
and can therefore not change these dimensions. 
Assuming a modulus of 2 GPa and a Poisson's ratio 
of 0.38 for the coal the stress changes corresponding 
to the above shrinkages are shown in Table 1. 

As can be seen from the table depending on the 
degree of shrinkage the effective stress may increase 
or decrease. 

As described in Section 3 changing effective 
stresses strongly influence permeability. An analysis 
of these effects was prepared by Gray (1987) and is 
summarised in Figure 4. This shows the case as 
could best be established for Leichhardt Colliery with 
several shrinkage cases. It can be seen that he virgin 
average absolute permeability is approximateIy 0.1 
mD (0.1 X 10-15 sq.m). As seam water pressure is 
lowered but remains above the sorption pressure the 
permeability decreases with increasing effective 
stress. When pressure drops below the bubble point 
shrinkage may occur. The figure shows cases of no 
shrinkage, when the permeability continues to 
decline, to the shrinkage reported by Hargraves' €or 
Metropolitan Colliery Coal. In the latter case the 
permeability increases rapidly to 1 mD when 
complete lateral de-stressing has taken place and the 
cleats open up with further shrinkage. In this case 
h e  permeability has the potential to increase nearly 
four orders of magnitude. 

5 TWO PHASE EFFECTS 

Coal is a fractured porous media which like any other 
reservoir shows two phase effects. In this instance 
the phases are gas and water. Where two phases 

hes .  
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Figure 1. Plan of normal Leichardt CoUiery 
Outburst. 
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Figure 3. Field relation between permeability and 
effective stress. Graph also used as nomogram to 
show variations between principal permeabilities. 

\ Leich h o r d t  

Figure 2. Measured average flow per unit length for 
h e r  boreholes at Leichardt Colliery. Mouar No.4 
mine and Bowen No.2 mine. 
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Figure 4. Changes in single-phase permeability 
during drainage with various coal shrinkage 
characteristics. Example from text. (Note: 1 md = 
0.987 x lo" pm'). 
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exist each interferes with the free passage of the other 
through the reservoir. The effective permeability to 
each phase is always less than the absolute 
permeability. The difference from conventional 
reservoirs is the fact that gas is stored chemically in 
the coal and the dimension of the passages changes 
with desorption. This means that no single unique 
set of relative permeability curves can exist. The 
relative permeability values will be just as variable, if 
not more so than absolute permeability itself. This 
poses significant problems for attempts at numerically 
modelling reservoir behaviour. 

6 MIXEDGASES 

Outbursts seem to be more likely to occur in areas 
with carbon dioxide in the seam gas, Theoretically in 
a mixed gas situation methane should be liberated 
before carbon dioxide as carbon dioxide is held more 
tightly into the coal structure. This is the case where 
re adsorption testing with mixed gases is carried out. 
In practice in virgin desorption tests, such as from 
exploration core, carbon dioxide is liberated before 
methane. 

The explanation proposed for this is as follows: 
Coal is lain in a wet environment. It generates gas. 
Normally in bituminous coals the gas remaining is 
principally methane. In the event of igneous activity 
some of the methane is displace by carbon dioxide. 
This displacement is only of the most easily removed 
methane molecules. Those preferentially attached 
methane molecules remain in place occupying the 
sites of highest bonding energy. The less stable sites 
are replaced by carbon dioxide. The effect of water 
molecules competing for sites undoubtedly also 
occurs but the exact nature of the competing process 
has yet to be fully understood. What is however 
apparent from this model is the fact that field mixed 
gas sorption isotherms are not going to be the same 
as those derived in the laboratory as the order in 
which the gas becomes attached is important. In all 
probability pressures will be higher than gas contents 
and individual isotherms suggest. 

7 HYPOTHESIS FOR A SOLID COAL 
OUTBURST 

Numerous authors describe the cyclic process of 
gassy mining conditions followed by a reduced gas 
make and then an outburst. This was certainly the 
case at Leichhardt Colliery. What is apparently 
happening is that while gas is draining permeability is 
increasing and the system is de-stressing. As mining 
rate increases it catches the zone of degassing and is 
in a high stress, high gas environment, that has such 
a low permeability that it can not drain into the face 
zone. The permeability is undoubtedly directional 
with virgin and mining induced stress strongly 

influencing this value. As the face gas pressure and 
stress reach a critical value the face fails. As it does 
so the gas pressure causes the coal to disintegrate and 
the gas propels the material outward. 

8 CONCLUSIONS 

Stress, gas pressure, gas type, its origin, and water 
strongly influence permeability. The particular 
combination of these will vary from seam to seam 
and with location within a mine. The ability of gas to 
drain, ie its permeability and the rate of mining 
control whether an outburst will occur or not. The 
other factor in outbursting is the rate at which gas will 
desorb from the coal to provide the energy which 
changes a coal failure to a self propagating outburst. 
The violence of the outburst is strongly tied to the rate 
at which gas will desorb from the coal particles. 
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ABSTRACT: As a component of a study of instantaneous outbursts (1.0.) the property of swelling when taking 
up gas was quantified for Metropolitan coal in 1963, but apart from acknowledging the phenomenon and its 
corollary, little work was done subsequently. Now, the importance of the property is acknowledged, other 
workers have experimented with other coals and its contribution to the mechanism of 1.0. of coal and gas is 
evident. Retrospectively the significance of this property is reiterated and its importance in other day to day gas 
aspects and mining incidents is suggested. 

1 INTRODUCTION These experiences substantiate the contributions of 
increases in both depth of cover with the progressive 

The expansion of coals with sorption of gas was depletion of shallower reserves, and rate of advance 
confirmed by Hargraves (1963) in experiments using with the progress of development technology. 
samples from Metropolitan Colliery and compressed 
carbon dioxide (C02) gas. The seam gas in the area 
being mined at Metropolitan Colliery in the early 2 M X " J S  OF DRAINAGE OF GAS FROM 

COAL 
was regularly reiterated since and by Hargraves 
(1993) including the corollary, that coal shrinks as it 

1960s was virtually all C02. This property of coal 

2-1 
desorbs gas, inauding in-sitk Gustkiewicz (1994), 
in subjecting coal to high pressures of C02 observed 
swelling of the coal, and, with coal under constraint, 
increase in stress. It is not known whether 
Gustkiewicz expressed the corollary that degassing 
coal could be correspondingly relieved of stress. 

In 1991/1992, preparations were made to extend the 
early and limited "sorption coefficient of expansion" 
experiments to wider suites of coals and to a greater 
range of seam gases, including mixtures, particularly 
50% CH4, 50% C02,  but disappearance of support 
in a recession-influenced time of apparently more 
pressing coal research matters postponed such work. 
The more widespread quantification of the sorption 
coefficient of expansion is still seen as an urgent need 
for the deep coal mining industry. 

Although other incidents may be related to the 
sorption coefficient of expansion, its relationship to 
the 1.0. mechanism is the major spur to its study. 
The urgency is due to the more widespread 
occurrences of 1.0. in Australia in the past two 
decades, matched by experience in various countries. 
As examples Bobrov (1994) states that in five years 
the number of affected seams in the Donetz has 
increased by 3096, and information from China is that 
now, 300 Seams in 200 Chinese mines are prone to 
1.0. 

Gas in coal seams exists at a gas pressure somewhat 
related to depth below water table. Thus, in the 
deeper working areas of the Bulli Seam in the Sydney 
Coal Basin, such as at Appin Colliery at a depth of 
550 m, seam gas pressures of over 4 MPa have been 
measured. Seam gas pressures have been found to 
increase with distance into the coal ahead of 
underground exposures,  increasing rather 
asymptotically towards a maximum at that depth 
below surface, such maxima being regarded as virgin 
gas pressures. These gradients of gas pressure flatten 
with time ahead of standing faces and steepen ahead 
of advancing faces, the steepness increasing with rate 
of advance. The increase of gassiness of coal with 
increase of rate of advance was known as early as 
1942 (Anon, 1942), even at rates of face advance 
which today would be regarded as slow. 

In unmined circumstances the ever-generating 
essentially methane (CH4) seam gas is ever-trying to 
permeate to the surface, losing pressure in transit. In 
mined circumstances the seam gas within reach of 
mine exposures, that is within the artificial gas 
pressure gradients induced, is trying to short-circuit 
its normal difficult passage upward to the atmosphere 
by escape through exposures into the mine 
atmosphere. 
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The mine ventilation accepts the escaped seam gas 
as it sweeps the coal exposures on its way to 
exhausting into the surface atmosphere. This 
escaping seam gas, not only passing through the coal 
substance, but especially aided on its way by any 
simpler escape paths such as bedding and cleat and 
any other structures in the seam, undergoes a process 
known as permeation. 

2.2 "Natural" seam gas drainage 

The geometrical pattern of mine openings will have, 
at any time, an instantaneous expression of the gas 
pressures and the gas pressure gradients existing 
around the openings. Taking into account the 
expanse of coal seams, tens, even hundreds of 
kilometres, and the seam gas content of deep coals, 
sometimes more CH4 than 15 m3/tonne, from a mine 
ventilation point of view the reservoir of seam gas in 
virgin coal can be regarded as inexhaustible, infinite. 
But, for practical purposes it is reasonable to accept a 
finite distance ahead of an opening where seam gas 
pressure is virtually a maximum at that horizon, 
virtually virgin Pv. Also it is reasonable to accept that 
the gas pressure in exposed coal is zero (gauge) Po. 
On these bases, Hargraves, (1993) showed a typical 
underground layout of development for longwall 
retreating as used in the Bulli Seam. The isobars of 
seam gas pressure give the notion of "natural" seam 
gas drainage - the depletion of the gas naturally in the 
coal - and the existence of the various gas pressure 
gradients of permeation intersecting the isobars at 
right angles. Had the development been done more 
quickly, the natural Pv isobar would be closer to the 
development pattern, and vice versa. With the pattern 
of development standing unadvanced, with time the 
notional Pv isobar would recede from the 
development pattern. 

2.3 Seam gas drainage holes 

"Natural" seam gas drainage into the mine ventilation, 
as well as being the major ventilation need, may 
create hazards due to flammability, toxicity andor 
oxygen deficiency. Further, mining coals with high 
gas contents at deep (highly stressed) environments 
may involve risk of violent dynamic hazards. For 
these and other reasons, possibly utilisation, seam 
gas pre-drainage, generally through special 
boreholes, may be used. Hargraves (1993) gave an 
idealised example of seam gas pre-drainage to protect 
heading developments from gas problems. Both 
lateral and advance pre-drainage holes were shown as 
alternatives to protecting a new group of development 
headings. 

3 GAS PROPERTIES OF COAL 

3.1 Test specimens 

Coal is a fairly soft material, readily cut and 
smoothed. Having natural planes of weakness, 
bedding planes and cleat planes, their spacing 
influences the maximum size of any geometric test 
specimens which it is possible to cut. Gerierally the 
higher the proportion of bright coal types in the 
sample, the closer the planes of weakness tend to be, 
and the more difficult it becomes to prepare geometric 
specimens of significant testing size. In some highly 
vitrainous coals, geometric samples of testing size 
may not be possible at all. Beamish (1994) attributes 
higher sorptive capacity to vitrinite-rich coals yet a 
much faster desorption rate to inertinite rich coals 
"which has serious implications for outburst 
proneness, particularly where gas pre-drainage is 
used". Apparently Beamish sees danger in 
differential drainage of different coal types in the one 
seam section. For some tests granular samples may 
be satisfactory and for such tests closely sized 
fractions of crushed product from lump specimens 
may be used. Because coal is a sedimentary rock, 
some properties may not be isotropic, and it may be 
necessary to prepare multiple test specimens at 
different orientations to establish directional 
differences in a property. Because coal is porous, 
care must be taken in the preparation of specimens 
that temporary or permanent changes are not made to 
the near-surface of the specimen by any lubricant or 
cooling medium used in the preparation. Likewise, 
as its porosity gives a specimen a moisture content, 
care should be taken in testing that the moisture 
content is constant, and it may take many days or 
months for larger specimens to reach a uniform 
moisture content throughout. And, in general, it is 
best to use specimens at the moisture content of coal 
in-situ to provide coal property data for input into 
mining considerations. Some workers prefer to avoid 
problems of anisotropy and difficulties of geometric 
sample preparation by use of briquetted test 
specimens, sometimes even with monitors cast within 
the briquette. 

3.2 Physical properties 

Coal is one of the weaker rocks, and there are no 
problems associated with laboratory measurements of 
uniaxial and triaxial strengths and elastic moduli. 
Much of the testing done has been as a guide to the 
strengths of pillars, and this has even included 
measurements of small pillars up to a size of 2m x 2m 
virtually cut in-situ in the seam. The convention of 
testing samples of height twice the lateral dimension 
does not fit well with the normal pillar sizes where 
lateral dimensions are many times the height. Indeed, 
in some contexts, pillars with ratio of minimum width 
to height of seven or more are regarded as 
indestructible. Typical uniaxial compressive 
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laboratory tests on 25 mm cube test specimens gave 
strengths ranging from 0.9 MPa to 3.9 MPa with an 
average of 2.3 MPa for eight Australian coals. In 
general, there are great differences in physical 
properties of coals from the surrounding rocks, 
typified by the great strength of some sandstones, 6.5 
MPa, ultimate compressive, and lesser value for 
shales, 2.6 MPa (Radmanovich and Hargraves, 
1962). Other workers have shown even greater 
differences between coal and surrounding rocks. 

The above related to coals without gas. But gas- 
free coal is not a normal condition of mining unless it 
is pillar coal a considerable distance outbye of 
development faces, or old, long-standing pillars 
anywhere. Experiments at Metropolitan Colliery have 
shown that pillars up to 40 m square in the Bulli 
Seam are virtually winded of gas (C02) within six 
months of their formation. But a pillar at 
Metropolitan Colliery 120m wide when split over 10 
years after formation still had significant seam gas 
(C02)  in the coal in its centre. Any virgin coal in 
development will contain seam gas in accordance with 
the gas pressure gradient and during virgin 
development advance gas pressure gradients steepen 
to as much as 0.2 MPdm or more. Often freshly 
won development coal noisily fizzes as its contained 
gas continues to escape. Under largely C 0 2  seam 
gas conditions, steel bodied skips at Bulli Colliery 
being loaded with freshly-won development coal 
filled to the skip edge and overflowed with the 
heavier-than-air C 0 2  issuing from the won coal. 
Obviously the use of strength figures for gas-free coal 
falls short of the real mechanics in development 
geometry and coal winning. 

It is not an easy matter to obtain the physical 
properties of coal containing gas to contribute to the 
understanding of the mechanics of mining deep virgin 
coals. Having produced a conventional geometric test 
specimen of coal, it could take months to 
satisfactorily saturate it with seam gas, let alone to 
produce an appropriate strength testing apparatus and 
then test the coal to destruction under such gas 
pressure conditions. Workers have physically loaded 
gas-laden briquetted coal (Famin, 1959) and real coal 
(Botham, 1957) in a triaxial press. On releasing one 
face of the press, the coal explosively disintegrated 
doing great damage. Perhaps a suite of similar 
experiments, preferably with real coal, using various 
gas pressures, and successively increasing triaxial 
constraints could provide better strength data with 
least damage. Tankard (1958) used granular samples 
of coal quickly tested in a drop weight crusher 
(Pomeroy, 1957) after rapid release from equilibrium 
with high gas pressures, with disappointing results. 
It was hoped that any significant trends could be 
converted to equivalent compressive strengths with a 
relationship between the Pomeroy Impact Strength 
Index and uniaxial compressive strength. But 
certainly gas content has been shown to affect 
physical properties. Anthracite specimens immersed 
in 5 MPa gas for 2.5 hours reduced strength and 
reduced elastic modulus by up to 35% depending on 

proportion of C 0 2  in the gas. (Keltsakh and 
Vinokurova, 1983). 

3.3 Sorption isotherms 

Many workers have established experimentally the 
sorption isotherms of particular coals and particular 
gases - such as the work of Bartoseiwicz and 
Hargraves (1985) on some Australian coals (Fig. 1). 
The work is best performed at or near the temperature 
of mining gassy coals, in Australia, say 25OC in 
NSW and 30OC in Queensland. Such laboratory 
sorption isotherm measurements carried out on coal 
unstressed (apart from the surrounding pressure gas 
of the experiment) fall down in simulating the 
condition of the coal in situ. Whereas the virgin gas 
pressure is related in general to the depth below water 
table, at least the average vertical stress is related to 
the deck of superincumbent strata right through to the 
surface, perhaps three times the seam gas pressure. 
Lateral stresses could be close to equal vertical stress, 
but stress measurements in Australia often give lateral 
stresses greater than vertical. But to measure 
sorption isotherms, normally done on granular 
samples, under conditions of such mechanical 
constraint is not easy. Because, by reducing pore 
volume, increasing stress is presumed to reduce 
sorption, and, as increasing stress also reduces 
permeability, perhaps the best way to establish 
sorptive capacity under stress is to sorb gas into coal 
unstressed, then stress triaxially until gas pressure 
stabilises, presumably an equilibrium condition. But 
performed on geometric samples, it is seen as a most 
complex and prolonged technique for just one gas, let 
alone other gases and mixtures and varying amounts 
of gas. 

01 
3 1 2 3 

Sorpcion pressure (ma) 

Fig. 1 Typical sorption isotherms, extrapolated 
to higher temperatures 
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If seam gas pressure can be measured, a figure for 
seam gassiness, m3/tonne, can be obtained from the 
appropriate sorption isotherm at the seam gas 
pressure. But the time taken for such a determination 
generally precludes its use as a gassiness measure. 

Sometimes, at the working face a partial desorption 
test, highly standardised, has been used as an index 
to the gassiness (sorption content) of face coal, 
usually without concurrent gas pressure 
measurement. 

3.4 Permeability to gas 

Due to the nature of coal in seams it cannot be 
regarded as a continuous solid substance. It is 
comprised of roughly rectangular prisms of size 
determined by spacing between inherent planes of 
weakness, bedding planes, and by two directions (at 
least) of cleat planes roughly normal to bedding and 
roughly at right angles to each other. In the seam 
these are "planes for storage and movement of gas "in 
addition to the storage and movement of gas in the 
coal substance, including the pores. The movement 
of fluids through the coal is due to a fluid pressure 
gradient and to the permeability of the coal, and 
notionally there are the microperrneability, fluid 
movement in coal substance,' without influence of 
bedding and cleat, macropermeability, including 
bedding and cleat, and gross permeability of the 
whole seam including planes of weakness and in the 
natural seam environment. Naturally, gross 
permeability is influenced by the stresses acting on 
the seam - which stresses may change with working 
and with time. In macropermeability experiments it 
has been shown that permeability is dramatically 
reduced by increase in stress, for instance by 
Bartosiewicz and Hargraves (1985). As with 
sorption experiments it is customary to carry out 
permeability experiments at or near the temperature of 
the natural seam environment. 

3.5 Sorption coeflcient of expansion 

The sorption coefficient of expansion is a most 
important aspect of the mechanics of coal workings. 
Nominal experiments only (Fig. 2)(Hargraves, 1963) 
have shown that for Bulli Seam bottom coal from 
Metropolitan Colliery the Co;! sorption coefficient of 
expansion of the coal is approximately 1.75 x 10-3 
cmkm at 1 MPa. Because the sorptive capacity of 
coal for C02 is greater than for CH4 (Bartosiewicz 
and Hargraves 1985) probably the magnitude of the 
C 0 2  sorption coefficient of expansion will be greater 
than that for CH4. 

Steel hemisphere 

Ga? inlet O-Ring seal 
O-Ring 
seal eter head 

Hole for 
electrtcal L e d  

Cool cube 0-Ring \ .'tp$;-i::s 
l'side seal 

(a) Schematic 

(b) Operating in constant temperature cupboard 

Fig. 2 1963 apparatus for determination of 
sorption coefficient of expansion 

Whilst the sorption coefficients of expansion of 
coals have been determined on coal without 
mechanical loading it is presumed that under triaxial 
stressed conditions other real expansion coefficients 
would exist and apply in the same way as other real 
sorption isotherms would apply to stressed coal. The 
considerations below are based on these premises. 

3.6 i'lerrnalproperties 

The two basic thermal properties of coals are: 
1. the coefficient of thermal expansion, as with 

most other solids, the dimensions increase as the 
temperature rises and over limited ranges of 
temperature a substantially constant coefficient 
cm/cm/oC, exists, and 
2. the reduction in sorptive capacity of coals for 

gases as the temperature rises (Hargraves, 1993), and 
for which reason it is customary to measure sorptive 
capacities at constant temperatures, hence for each 
temperature and each gas, a coal has a sorption 
"isotherm". (Fig. 1). 
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4 INSTANTANEOUS OUTBURSTS 

4.1 Australia and elsewhere 

All of the bases of forecasting extension of 1.0. into 
new areas depended on depth, related to gas and 
stress, and on the existence of high rank coal, 
seemingly a prerequisite on all experience bases, and 
seemingly the higher the rank, the more likely. From 
an Australian viewpoint, in 1957 this seemed 
reasonable. At Metropolitan Colliery the deeper old E 
area had had greater experience than the W area. At 
Collinsville rank was equivalent to Metropolitan W 
area. The traditional French, Polish and Belgian 
experiences were in high rank coals, as were the 
Canadian, if not semi-anthracites. The only U.S. 
experiences were in the Pennsylvania anthracites, and 
only hearsay. Later, the Indian Chinakuri disaster 
appeared not to be due to an 1.0. but a floor burst. 
Other affected countries had their 1.0. in very 
disturbed seams of moderately high rank. 

With this background extended in 1966 with 
possible 1.0. categories attributed to Pocahontas 
Seam at Beatrice, confined in intruded coals in China 
and to intruded coals at Killoch Colliery in Ayrshire, 
the high rank necessity remained. It was only with 
the reporting of outbursts in lignites at Valenje, 
Yugoslavia, apparently without intrusion, that lower 
rank coals appeared possible candidates. Hargraves 
(1993) dealt with the Greta Seam and at least one 
phenomenon symptomatic of instantaneous outbursts. 
Experience since that time has reinforced the 
possibility of real instantaneous outbursts in fast 
drivages in deep Greta Seam. Now Beamish (1994) 
reports symptomatic phenomena from lower rank 
coals in New Zealand. 

In previous considerations of susceptibility to gas- 
dynamic phenomena, the freedom from such in the 
Pittsburgh seam has been attributed to its high volatile 
content - low rank - but with this property in doubt as 
a safeguard against I.O., who knows but that an 1.0. 
is possible in a fast advance in deeper development 
there? Perhaps a laboratory experiment conducted on 
a Pittsburgh Seam sample in the apparatus of Botham 
(1957) would result in a laboratory outburst too! 

Looking for high stress environments as locales for 
LO., the widely experienced floor rolls in the 
Illawarra surely set the stage for high stresses when 
superimposed by mining abutments. Why has their 
mining been benign? 

5 DEVELOPMENT FOR SUBSEQUENT 
EXTRACTION 

5.1 Background 

Presently in Australia, the preferred production 
method is longwall retreating. In the development for 
longwall retreating faces of about 200m width, gas 
and roof support problems in the driving of headings, 

even two roadway development, result in the 
development being the bottleneck in the system 
holding up commencement of the (new) longwall 
face. Thus Phelps (1992), dealing with retreating 
longwalls generally made the statement "Modern 
longwalls have an insatiable appetite for development 
drivage". This has given rise to several studies and 
considerations aimed at resolving such holdups 
(Lama and Misra, 1991), (Anon, 1993). But bearing 
in mind several unplanned threatening events in 
development for extraction, all contributory factors 
should be included in considerations of improved 
development performance. 

5.2 Development 

5.2.1 Continuous mining 

For the past 40 years development for extraction and 
to a reducing extent extraction itself has been 
pioneered by United States manufacturers and mines 
based upon machining coal from the solid, 
"continuously" with minimal flitting of the winning 
machine. This has ideally suited the comparatively 
shallow, thick, flat seams of most of the U.S. coal 
areas resulting in high productivities which have 
maintained the high US position in world coal 
production. Australia, with only a fraction of US 
production and different coals, has largely depended 
on US continuous miners for development, and also 
to a diminishing extent, for pillar extraction and 
shortwall extraction. Although the thick and flat 
Australian seams resemble US conditions the coal and 
gassiness tend to differ and more gas and stress 
problems result in the generally deeper Australian 
experience. 1.0. have been occurring with increasing 
frequency in development in deeper collieries of 
Australia since the first outburst, experienced at 
Metropolitan Colliery in 1893. This has included 
during continuous mining over the past 40 years. 

Unless it has been shown and declared to be non- 
prone, all development advance in the Bulli seam is 
regarded as not without possibility of 1.0. 
Concerning other seams in the Sydney and Bowen 
Basins of Australia, prior history should be the first 
basis of assessment of proneness, bearing in mind 
that C 0 2  seam seam gas, high gassiness, high coal 
rank, known geological structure, depth below 
surface, narrowness of roadways and high rates of 
advance are all contributory factors to proneness to 
1.0. in development, although experience has shown 
that none of these factors including prior history is 
essential. Thus in other seams with prior history the 
same basis as the Bulli Seam should apply. Until 
particular properties of other seams are identified 
which give freedom from I.O., development in those 
seams should proceed with awareness and alertness 
that the factors of C02 seam gas, high gassiness, 
high coal rank, geological structure, depth below 
surface, narrowness of roadways, high rates of 
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advance, etc., are all contributory to proneness to 
1.0. in affected seams. Also some events overseas 
and in Australia throw doubt on the necessity for high 
rank as a factor in proneness to 1.0. 

5.2.2 Afwtdamental approach 

In the matter of just matching the capabilities of 
machine outfits to the logistics of development, Lama 
and Misra, (1991) have investigated the development 
performance nominally achievable. It was found that 
on the basis of machine capability/performance only, 
rates of advance many times greater than those 
presently possible should be attained. To achieve this 
Lama and Misra (1991) suggest eliminating breaks in 
continuity of production and providing appropriate 
manning. 

Having shown the potential for the highest 
development rates, it only remains to remove the 
remaining bar, the high gassiness of the coal, and to 
prove that it has been removed to allow fast, benign 
development to proceed free of the risk of dynamic 
events. 

5.2.3 A pragmatic gas approach 

In accepting the practical bars to fuller deep 
development performance in the Bulli Seam, 1.0. of 
coal and gas, gassing out, and roof control, not 
necessarily unrelated, seam gas pre-drainage appeared 
to offer a solution. Pre-drainage boreholes offer the 
prospect of accelerating seam gas drainage in the 
paths of developments. Because of a general 
relationship between rate of advance of drainage holes 
and their tendency to deflect from alignment, as well 
as other tendencies to deflection and length 
limitations, first thoughts turned to lateral pre- 
drainage ahead of new panel alignments. The real 
advantage of lateral pre-drainage is in shorter holes 
and therefore less deflection from target. Because of 
anticipated problems in intersecting lateral pre- 
drainage boreholes encountered .in headings in new 
panel alignments, such lateral boreholes initially were 
terminated short of the first heading of the new 
alignment. This provided conditions for the new 
drivage ideally equivalent to having an exposed 
ribside some distance to the left-hand side of the left- 
hand heading (the right-hand side being the virgin 
side). Subsequently the pattern was changed with the 
lateral pre-drainage holes being terminated just to the 
right of the right-hand ribside of the right-hand 
heading. Notwithstanding, drivages have not been 
without gas-dynamic and gas and other problems, 
and development rates have still been unsatisfactory. 
It is clear that the idealised situation of straight pre- 
drainage holes does not always exist, and likewise the 
uniformity of gas drainage in the coal traversed. 
Also, if drainage of gas from coal between successive 
holes crossed is not complete at time of drivage, the 
progress of development will be through less gassy, 

more gassy and less gassy coal in each interval. 
Kelly (1983) showed lateral drainage holes, less than 
300 m long averaging 300 deflection to the left. No 
doubt such holes have improved since in regard to 
straightness. Precision drilling would avoid the need 
for much surveying, and re-boring to correct errant 
patterns. 

5.2.4 A pragmatic geometric approach to heading 
drivage 

Anon (1993) has proposed a variant of the 
(American) "change place" method as a basis for 
increasing development rates in Appin Colliery, then 
BHP Coal Collieries in general. Appin in common 
with most deeper Bulli Seam Collieries, has been 
subject to some 1.0. of coal and gas during 
development. In general, seam gas pre-drainage 
boreholes have protected developments against such 
outbursts, but there have been examples of outbursts 
notwithstanding. Hargraves (1993) has stated that, in 
addition to instituting the boring of pre-determined 
drainage holes, confirmation should be obtained that 
the pre-drainage has been effective before 
development advance should proceed. This involves 
gassiness tests on face coal as frequently as needed to 
confirm adequate degasification of the coal. 

Unless hole surveys have confirmed that holes have 
not deflected from planned pattern, perhaps the real 
pattern has not provided sufficient drainage. If 
permeability characteristics of the seam are not regular 
for instance in higher stressed environments, perhaps 
there are zones of more highly gassy coal remaining. 
Again, regular checks on face coal gassiness should 
locate such anomalous failures of complete pre- 
drainage down to a benign gas content. 

In 1.0. prone environments the use of pilot drivage 
of narrower width to provide more stable roof 
conditions closer to the face again heightens the risk 
of 1.0. occurring not only because the risk of 
outbursts increases as the face width reduces but 
because the risk increases with irregularity of the 
face, re-entrant angles being particularly features of 
geometry to avoid. Narrower headings, as 
considered by Lama and Misra (1991) and pilot 
drivages used to improve early roof support both 
increase proneness to 1.0. 

Machine-mined longwall advancing appears to 
present the least instantaneous-outburst prone method 
of advancing mine openings into virgin coal. It 
presents a long, straight face, and, dependent on the 
winning equipment, just one step in the face with a 
maximum offset of one metre. The only other angles 
are at the face ends, the right angles terminating the 
face. In the case of second and subsequent 
longwalls, there may be only one such 900 face end, 
the other face end being a 2700 angle against a 
standing goaf. In the case of 900 face ends, under 
1.0. prone conditions, strict limitations are placed on 
the depth of stables and on the use of advance 
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gateroads because of the increased risk of outbursts 
with such geometries. Hargraves (1993) has 
suggested that a semicircular shortwall face could be 
used to remove the more outburst-prone angled face 
ends. If this presumption could be shown to be 
valid, perhaps a semicircular heading face could 
reduce stresslgas problems in headings. 

Experience under 1.0. prone conditions has shown 
that outburst proneness is increased in narrower faces 
and in faces with irregularities. Some Australian 
guidelines to operating under outburst-prone 
conditions recommend wide faces and limits to the 
depth of machining the face where such machining is 
not full-frontal. Presumably the more irregular a face 
is, the more complex are the stress abutments induced 
by the face and the greater are the maximum stresses 
likely to be - high stresses contributing to outburst 
proneness. Of course, if the coal ahead of the 
advancing (heading or longwall) face has been pre- 
drained, and pre-drainage down to a benign gassiness 
value has been confirmed by measurement, such 
geometrical limitations do not apply. But the 
threshold benign value cannot be surmised, it must be 
known on the basis of considerable experience of 
gassiness measurements and outbursts occumng. 

In retrospect, when Hargraves, Hindmarsh & 
McCoy (1964) interpreted the results of holes up to 
0.6 m dia. ahead of faces for destressing and 
degassing (Fig. 3) the outburst tendency at the sides 
of the face was attributed to protection of the centre 
face by the degassing and destressing effect of a large 
hole. In retrospect, it could equally be the localisation 
of the outburst tendency in the stress abutment created 
by the hole itself superimposed on the more highly 
stressed face sides. Routine 300 mm advance holes 
at Metropolitan Colliery for protection of headings 
were always on ribline alignments, and no outbursts 
ensued. (Under the CO2 seam gas conditions 
prevailing, CO2 issuing from the holes during mining 
was tolerable. The practicality of the practice under 
CH4 conditions would be different). 

Hargraves, Hindmarsh and McCoy (1964), in 
visualising stress relief around large diameter advance 
holes (Fig. 3) attributed a "radius of drainage" to such 
holes. Now, notions of radius of gas drainage of 
degasification boreholes, favoured by some as late as 
mid- 1994, perhaps pertinent in drainage of pillar coal, 
are regarded as fallacious in the case of virgin coal. 
Pre-drainage holes usually have a virgin side which 
will make inflow patterns asymmetric. Holes of 
intermediate dia. may not create stress relief at all. 
Virgin deep coal is backed up by millions of tonnes of 
gas laden coal, the gas of which is ready to replenish 
any drained gas. The only safe notion of drainage 
and distance in virgin coal is in gradients of gas 
flattening with the progress of drainage such as gas 
pressure gradients. Although a particular gas 
pressure, or other form of gassiness specification, 
may be regarded as a benign threshold, in most cases 
this threshold will not be equidistant on either side of 
the hole. The situation in regard to stress relaxation 
by degasification holes is not so clear. There may be 

a radius of effective stress relaxation, but, notionally 
at least, the relaxation should diminish with 
increasing radius from the borehole and should 
increase with increasing radius of the borehole. Also, 
would it not need a uniform stress field to give similar 
stress relaxations on each side of a borehole? Thus, 
at Metropolitan Colliery in the 196Os, when testing in 
situ the outburst prevention effect of advance 
boreholes, very large boreholes (usually 300 mm 
dia., exceptionally 600 mm dia.) were used, plus a 
waiting time after boring, with a final gassiness of 
face coal check before face advance (Hindmarsh, 
Hargraves and McCoy, 1964). 

Fig. 3 Stress monitoring during boring of a 600mm 
hole 

6 A ROOF CONTROL PROBLEM IN 
LONGWALL EXTRACTION 

6.1 WestcLifSCoLliery 

In the extraction of a retreating longwall block at 
Westcliff Colliery a severe roof fall caused great 
disruption to coal production (Martin et al, 1993). 
Massive roof fell ahead of the longwall supports 
presenting 'a great challenge to recovery of the face 
and restoration of production, which took many 
weeks. The problem was attributed to I"' But is there 
any possibility of such face falls becoming recurring 
features of retreating longwall extraction? Do the 
sorption coefficient of expansion, and the thermal 
coefficient of expansion and other factors play some 
part in such a fall? 

6.2 Is the sorption coefficient of expansion 
contributory ? 

6.2.1 The coal 

There are gradients in the coal ahead of the coal 
face, some of which are 
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1. sorption gradients, with corresponding gas 

2. temperature gradients, 
3. stress gradients, and 
4. permeability gradients 
These are interrelated, and the first three give rise to 

subtle changes in seam thickness. The gas sorption 
condition of coal in the longwall block is influenced 
by the pattern of drainage holes. The holes may 
deflect and so the pattern of holes may not be regular; 
the extent of irregularity will only be known if the 
holes have been surveyed. Also, as for development, 
if drainage is incomplete, the progress of a face will 
be through zones of fluctuating gassiness, minima at 
the holes and maxima somewhere in between holes. 

It is possible that such fluctuations between holes 
could be detected by gas measurements somewhere 
along the face least influenced by gas from roof and 
floor breaks - especially floor in the case of the Bulli 
(top) seam. With holes at varying distances apart if 
differently deflected, one would expect the degree of 
degasification (if incomplete) to vary, altering the gas 
experience between each pair of holes. 

Depending on the degree of drainage there will be 
differential shrinkage of the coal (based on the 
sorption coefficient of expansion), not necessarily 
isotropic under the constrained conditions in the 
seam, and, presumably more differential vertical 
shrinkage. Thus the coal between holes will have 
shrunk less and can be considtired to create abutments 
subparallel to the face irrespective of the abutments 
created by the face itself. From the sorption isotherm 
of C02 each cm3 of gadgram of coal difference in 
sorption content of a 2.5 m seam will mean a 
thickness difference of lmm. 

In a situation of lateral pre-drainage, the side of the 
longwall block with the collars of the drainage holes 
will be preferentially drained, leaving the "virgin" 
side of the block with more residual gas. Also, the 
"virgin" side of the block is where hole deflections 
should be greater, to make gas fluctuations and 
abutments between holes greater also. 

In general there will be thermal gradients in the 
longwall block from the originally warmer virgin 
temperature of the coal as it cools towards ventilation 
temperature around the perimeter, cooler in the 
maingate, warming toward the face and warming 
more as it moves out of the tailgate. Thus a 
differential shrinkage of the coal occurs, mainly 
toward the maingate. The gas issuing from the 
drainage holes may also have a cooling effect, 
diminishing with time, so this may induce thermal 
gradients between holes, with maximum temperature 
somewhere in between, accentuating any local 
abutment effect and differential thickness due to 
residual gas. As with the sorption coefficient of 
expansion, the lateral constraint on the coal may tend 
to concentrate relative thermal contraction movements 
of coals in the vertical direction. 

pressure gradients, 
6.2.2 The roof 

The roof of the Bulli seam vanes from shales to 
larninites to sandstones. If the immediate roof is not 
sandstone, then a sandstone bed may be found not far 
in the roof as the superincumbent strata are mostly 
sandstones. Current bedding is a characteristic of the 
sandstones overlying the Bulli Seam, even of 
sandstones tending to be massive, thus providing 
supplementary, and perhaps more closely spaced, 
planes of weakness to the normal bedding planes. It 
is easy to visualise such beds sagging on either side 
of an abutment as a ridge in the coal seam. In the 
case of more argillaceous roofs, it is easy to visualise 
such flexing over "waves" of the top of the seam but 
with more rigid sandstone beds the tendency being 
more towards a fulcrum-like response, with high 
loadings on the coal under the crests of the "waves" 
in the coal, and with tendency to opening up of joints, 
bedding planes and current bedding "planes" above 
the "waves", rather than flexing, and rather than 
random fracturing in this strong roof. If this "wave" 
situation does exist, then cyclic variations in roof 
stability might be expected with advance of the 
longwall face where the lateral pre-drainage holes do 
not deflect, or deflect similarly. Where holes have 
deflected randomly, and "waves" in roof would be 
irregularly spaced; the wider spacings should form 
higher "waves" with greater roof problems over 
them. 

The roof problems on the Westcliff retreating 
longwall are not unique in the Bulli Seam. Ryan and 
Beath (1970) reported "The face has advanced about 
700 f t  (213m) and so far the roof has been well 
controlled in this area except for a brief period when 
some stone fell over and in front of the chock 
canopies along about 50% of the face. This occurred 
over only a few yards (few m) of face advance 
where, parallel to the face, a hole had been drilled in 
the seam, originally for methane drainage and later 
infused with water as an experimental dust control 
measure. I t  

Although at the time the roof failure was suspected 
as being due to lubrication of roof joinvbedding etc., 
planes by the subsequent infusion, in retrospect it 
could equally be attributed to front abutment 
fluctuations and to immediate roof support reduction 
due to coal shrinkage in the vicinity of the drainage 
hole. 

Waves in thickness of a transversely drained 
longwall block, providing fulcrums of more rigid coal 
in longwall mining could well intermittently break 
floor instead of, or as well as roof instead of 
progressively. In turn intermittent floor breaks could 
cause intermittent gas surges from lower seams. 

Periodic crossing of parallel drainage holes could 
well give impression of periodic weighting. It is 
accepted that periodic weightings were well accepted 
before the advent of in-seam pre-drainage, but it 
should not be presumed that transverse longwall 
block drainage is not an extra contribution. 
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Frith and Stewart (1993) in acknowledging that 
longwall involves fracturing much of the strata ahead 
of the face and caving behind it, as well as that of 
relationship between loading conditions on the face 
and depth, list four conditions for rooffall. The list 
comprises mainly poor operational options. Although 
dealing with possibilities of periodic weighting they 
do not deal with the geometry of the fixed factors 
which might be contributory. For instance the roof 
geology and roof support process inherently involve 
incremental factors. The spacing between transverse 
roof joints, whether sub-parallel or at a greater angle 
has an inevitable effect, as does the depth of shear. 
The other manmade geometric factor, the spacing 
between any gas drainage holes, is not considered at 
all, let alone the possibility of their effect on any 
"weightings". Perhaps the geometry of longwall face 
stability problems should be studied along with the 
real geometry of transverse pre-drainage in any mines 
which use it. Perhaps such back analysis should 
extent to roadway falls as well. 

7 CONSIDERATIONS OF ADVANCE A N D  
LATERAL PRE-DRAINAGE 

It is still not possible to conduct advance pre-drainage 
for the length of a longwall panel. (As at 26/4/94 
ACARP was inviting applications for drilling research 
for in-seam bores to +2000m). Hanes (personal 
communication 1994) advises that the longest in-seam 
drilling has been to 1500rn. Bars to longer holes 
include the mounting costhetre of longer holes and 
the lack of precision in drilling (there are 
corresponding ACARP invitations for research 
applications for roof and floor sensing), then with the 
need to ensure that the holes do not cross the 
development alignment, yet stay close enough to the 
projection of the ribside to provide effective drainage. 
Perhaps advance holes through roadway pillars may 
present some basis for advance drainage patterns, 
with no exposed holes blowing seam gas into faces, 
only cutthrough intersection at right angles and 
control of such holes exposed each pillar length (Fig. 
4). 

7.1 Patterns of advance holes for outburst prevention 

7.1.1 Background 

In 1925 two miners and a horse were killed in an 1.0. 
with C02 at Metropolitan Colliery on a normal fault 
of 4.5 m upthrow completely displacing the 2.5 m 
Bulli seam. Any advance borehole in the seam would 
have identified the fault beforehand. In 1954 two 
miners were killed in another 1.0. with C 0 2  on a 
fault with 0.2 m throw, with mylonite, during arcwall 
cutting of the face. Pilot hole boring had failed to 
reveal the danger. Advance "pilot hole boring" of 
two or three 43 mm dia. holes was continued, more 
as a gesture than with confidence that outburst 

conditions could be identified ahead or could be 
removed. 

The first 1.0. at the State Mine, Collinsville, on 
complex geological structures, also with C 0 2  in 1954 
caused the deaths of seven men and two horses 
(Hargraves, 1958). Subsequent advance boring with 
43 mm dia. holes was in search of geological 
structure. 

Overseas, advance boring under outburst conditions 
was a mixed experience. In some areas, boring with 
hole diameters greater than 62 mm for instance, could 
induce dangerous outbursts in the hole. In other 
areas successive holes were bored, creating stress 
releases in the holes. When further holes created no 
further stress release, the face could be advanced 
along the holes, safe against 1.0. Overseas, 
successful advance holes for seam gas pre-drainage 
were rare. Point of Ayr Colliery in the UK was the 
best example, but Point of Ayr did not suffer from 
1.0. 

In Australia, cautiously, long holes of increasing 
diameter were tried first in pillars, then ribsides, then 
development faces to test for structure, for gas output 
and for dynamic reactions in the holes in what were 
assumed as increasingly prone environments. Hole 
diameters of 0.6 m were reached, bored by 
improvised machines. A nominal diameter of 0.3 m 
was decided for production testing (Hargraves, 
Hindmarsh and McCoy 1964). The effect of boring 
holes of various diameters on gas and stress was 
tested. It was considered that large diameter holes 
would reduce gassiness of adjoining coal 
progressively. By relaxation of adjoining coal into 
the hole they could reduce stress immediately. 

Hargraves (1963) showed that coal swelled on 
taking up gas, and vice versa. This has been 
confirmed by other workers, and reconfirmed lately 
by Gustkiewicz (1994). The progressive 
degasification and shrinkage of coal into advance 
holes should therefore cause a continuing reduction of 
stress. The tests consisted of setting stress monitors 
and gas pressure monitors ahead of development 
faces, allowing them to stabilise, then boring large 
diameter holes past them and observing changes in 
the monitors. Fig. 3 shows one stress experiment. 
On the basis of such experiments, one 300 mm hole 
on each ribline of a 5.5 m wide place in the Bulli 
Seam at Metropolitan Colliery was judged to be safe 
from 1.0. in continuous mining sixty days after 
boring them. Subsequently, the waiting period was 
reduced to the time when face coal had degassed to a 
figure of 1.2 cdgram desorption index. This figure 
had emerged as the highest value of the desorption 
index at which outburst had not been induced in faces 
advanced by inducer sho tfiring - inducements had 
occurred with index values of 1.4 cc/gram and over. 

The basis for safety in subsequent work was --- 
firstly take measures to reduce face coal gassiness, 
then progressively test to ensure gassiness is at a 
benign level before increments of "continuous" 
mining. 
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Fig. 4 Suggestion for advance pre-drainage 

7.1.2 Leichhardt Colliery 1978 7.1.3 Appin Colliery I991 

Continuous mining at 2.5 m height in the 5 m thick 
Gemini seam was proceeding with a pattern of 100 
mm advance holes as a preventive measure. An 1.0. 
with CH4 occurred, killing two men. Subsequent 
clean-up revealed that the row of five advance holes 
had passed into the coal floor of the rising place and 
that a fault had existed just ahead of the coal face. 
The coal had seemed to have hardened up. 

(b) Advancing shortwall 

Pre-drainage holes 65 rnm dia. had been drilled from 
another place to protect the advance of a new place 
from an existing roadway. An outburst with CH4 
occurred soon after commencement of the new place. 
The degasification holes to protect the new place had 
not been surveyed, and retrospective survey showed 
that they had deflected so much that effective 
protection had not been achieved. 
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7.1.4 West Cliff Colliery 1994 

A pattern of advance pre-drainage holes 65 mm dia. 
had been drilled to protect heading drivage. An 1.0. 
with C02 occurred in which one miner was killed. It 
was found that the protective holes were on the left 
hand side of the place, and that a geological structure 
had lain ahead of the face. 

7.1.5 Confirmation of degas@cation and destressing 

In the mechanism of 1.0. of coal and gas, the two 
indispensable contributory factors are sufficiently 
high gassiness of and sufficiently high stress in the 
coal. It is only necessary to reduce coal gassiness or 
coal stress to a benign value to remove the risk of an 
1.0. Gassiness is easier and quicker to measure than 
stress, and is the property easier to monitor. As 
present development rates are too slow (Lama and 
Misra, 1991, Anon, 1993) delays in face gassiness 
measurements should not reduce development rates 
further and the most rapid method of measurement 
should be chosen. Hargraves (1993), mindful of the 
personal access to the face necessary, foresees delays 
in regularly testing face coal for gassiness, and 
suggests testing at greater distances ahead of the face, 
and even remote or automated face coal sampling. It 
was shown by Hargraves (1966) that as coal at a 
point ahead came under the abutment pressure of an 
advancing face, the seam gas pressure rose before 
falling again as the face approached closer and finally 
mined out the monitored point. This is seen as 
compression and shrinkage of the porous coal within 
the abutment, and gas pressure rise with the 
squeezing of the pores, and reduction of permeability 
of the coal. To use gassiness measurements from the 
inbye side of the face abutment is to presume that the 
gas pressure gradient cannot reverse there, unless 
some factor of safety is introduced to counter this. 

7.1.6 Advance hole boring 

Much has been spoken and written of longer and 
longer advance pre-drainage holes and probably now 
the record is 2000 m length. It is contended that the 
chances, with present day technology, of a practical 
pattern of advance holes protecting 2000 m of 
gateroad driving are nil, the safety risks are many, 
and the cost is prohibitive. In transverse pre- 
drainage, the only benefits seen from crossing the 
longwall block are in utilising the gas captured and 
the protection of the drivage depends on precision of 
boring or supplementary holes after survey. 1.0. on 
structures in development drivages at Appin was not 
followed by outbursts on the same structures in 
mining longwall blocks 3 and 4. There was similar 
experience at West Cliff and Tahmoor Collieries. It 
has been stated (Hargraves, 1993) that the proneness 

to 1.0. in longwall retreating is negligible. Yet 
Kolesov and Bolshinsky (1985) give comparisons of 
the locations of incidences of 1.0. on advancing and 
retreating longwalls, as would be expected 
concentrations at the ends of advancing faces and 
about the centre with retreating faces. Unfortunately 
no numbers of 1.0. are given for comparison. 
Certainly the most prone location in retreating would 
be the gassiest location at the face centre. Bearing in 
mind the notion of degassing of retreating longwall 
blocks given by Hargraves (1993), the most likely 
time for manifestations if any in retreating longwall 
would be in the early stages of the face, possibly 
about the time of the first major fall. Admittedly the 
likelihood would increase with fast development, no 
delay after development was completed, and fast face 
changeover but it is contended that probabilities under 
Australian conditions are small, and, whilst the 
existence of any faulting etc should be known from 
development, that faulting increases proneness by one 
category. The transverse holes may have influence 
on reduced face stability in longwalling, whether 
precision holes or not. A more practical aim is seen 
for precision bored holes of 100 m, 200 m or more 
length for drivage protection, by smaller, cheaper 
drilling machines and holes precision laid out, for 
increments of advance pre-drainage, including from 
offsets cut into the longwall blocks and from 
cutthroughs (Fig, 4). 

The view that Australian longwall retreating is 
virtually benign is not shared by all as the most recent 
reference to West Cliff longwalls (Anon, 1994) states 
"the coal seam requires predrainage prior to longwall 
mining at Tahmoor and West Cliff Collieries. 

8 GATEROADS 

Sometimes, at the working face, a partial desorption 
test, highly standardised is used as an index to the 
gassiness (sorptive capacity) of face coal, usually 
without concurrent gas pressure measurement, such 
as in Bulgaria and Poland. High values signal the 
need to reduce face coal gassiness before face 
advance. Lama and Misra (1991), speaking of deep 
coal mining operations in Australia, state "Under such 
(outburst) conditions, heading rates drop to 3 to 
Sm/shift". Although not stated, this presumably is a 
safety measure, acknowledging that high rate of 
(development) advance contributes to outburst 
occurrence. Lama and Misra (1991) also envisage 
"improvement in development rates'' by, among other 
measures "reduction of support requirements by 
narrowing the width of the heading". This 
presumably does not take account of narrower 
headings being more prone to 1.0. 

Further, Table 2 of Lama and Misra (1991) shows 
total (daily) heading development rates of 35 to 
77m/day, required for a 200 m face length longwall 
several times the 3 to Sm/shift slow cutting required 
under outburst conditions. Further considering I.O., 
at present state of management of outburst conditions 
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it is doubted that it would be prudent to have the 
added obstruction of a surge car in what would 
necessarily be the escape path in the event of an 1.0. 

The conclusions of Lama and Misra envisage 
development face advances of 40dday  at depths of 
400 to 500 m, with forecast possible improvements 
from 70 to 250 percent, that is from 68 to 140dday. 
The study of Lama and Misra (1991) applies to "deep 
underground mines", but excludes "outburst 
conditions "where advance rates are 3 to Sm/shift in 
5.5m wide headings and where either narrower 
headings or the use of surge cars would be 
inadvisable. As virtually all Bulli Seam mines have 
experienced I.O., as several Bowen Basin areas 
mining high rank bituminous coal have experienced 
1.0. as well as symptomatic phenomena at depths less 
than 200 m, and as symptomatic phenomena have 
been experienced even in deeper workings in the 
lower rank Greta Seam, the coverage of the study of 
"Deep underground Mines in Australia" is quite 
limited in its application. Perhaps in seeking higher 
development rates in prevailing Australian conditions 
the search should be for an alternative to Lama and 
Misra's "conventional continuous miner technology" 
to allow faster development of longwalls in "deep 
underground mines". 

9 IN CONCLUSION 

Hargraves (1993) generalises that 1.0. occur where 
steep gas pressure gradients occur and where high 
stresses occur. Further, Hargraves (1986) shows 
both high gas pressure gradients and high stress 
gradients at the comers of faces, both development 
and longwall advancing. As the comers of such 
faces are the most likely places for 1.0. to occur, and 
re-entrant angles or faces generally are regarded as 
prone locations, there is added need to study any 
improvements deriving from curved faces (Hargraves 
1993, 1992). This could well be done by modelling 
as well as by experimental faces. That non-prone 
mines in countries of the origin of conventional 
development face winning machinery - mines in the 
majority - succeed with such equipment is no reason 
for exclusively considering such for 1.0. mines. The 
development of 1.0. prone mines should not be 
confined to the approach of "conventional" 
continuous mining machines. 

It was intended to test the hypothesis of gassy coal 
stiffening at higher stresses by measuring strain with 
increasing stress on coal both with sorbed CH4 and 
sorbed C 0 2  at the gas pressures of outbursting 
seams. However, the somewhat analogous case of 
high moisture content coal was tentatively 
investigated, determining stress-strain curves of coal 
specimens which had come to equilibrium over 
several months with atmospheres approaching 100% 
relative humidity. Fig. 5 shows an increasing 
modulus of elasticity as the stress rose. In regard to 
Fig. 5 for I.O., the implications are: 

1. Lower gas content needs higher stresses for 

2. Higher gas content coal needs only lower 

3. Higher C02 gas content coals need even lower 

outbursting to be induced 

stresses for outbursting to be induced 

stresses for outbursting to be induced. 

Semi-explosive fracture .+ 
i, L. c 

/ 

c 
/. 

STRAIN 

Fig. 5 Increasing modulus of elasticity 

Several thoughts arise concerning improvements to 
present practice and knowledge. 

1. Gassiness of face coal should be measured with 
increments of face advance to ensure that preventive 
measures are effective. If the assessment of 
gassiness involves undue delays, faster methods 
should be devised. 

2. Regarding present gas predrainage drilling, if 
holes cannot be precision drilled, the machines, 
practices and hole patterns should be reviewed with 
the aim of providing precision holes. At no time in 
the development should precision be sacrificed to 
length, but the basic aim is one and a half pillar length 
capability to allow repetitive advance predrainage to 
proceed as shown in Fig. 4. Pillar lcngth of 100 rn 
should be aimed at. The minimum length for 
transverse pre-drainage is 250 m with diminished 
precision. 

3 .  Considerations should be given to alternative 
development geometries to provide practices and 
geometries less prone to the inducement of 1.0. (Fig. 
5).  These should include modelling investigations. 

4. More investigations should be undertaken as 
monitoring of pre-drainage practice as carried out, 
and coal and stone examination and measurement of 
all phenomena accompanying. 
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5. Experiments on various coals should be 
undertaken to provide more data on sorption 
coefficient and thermal coefficient of expansion. 

6. Physical testing of coals should be undertaken to 
obtain elastic moduli and ultimate strength with coals 
with sorbed CH4 and C02  up to 5 MPa gas pressure. 

7. Coal, Australia’s premier domestic and export 
industry cannot afford to ignore 1.0. research. Open 
cut resources are being depleted and rich underground 
resources will not be pursued below 200m depth 
whilst the 1.0. problem is not surely solved. 
Bottoming mines at 200m is bound to sterilise some 
valuable lower coal. 

8. 1.0. is not just a problem of mines, companies 
or states, it is a national problem. Threatening the 
whole underground coal mining industry as it does it 
calls for a national co-ordinated effort before there are 
further fatalities, and further mine bottomings and 
further mine closures. 
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outburst prone seams 
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ABSTRACT: The intensification of methane desorption induced by rock pressure oscillations in outburst-prone 
seams is studied. The gas pressure oscillations are induced by transitive processes of elastic energy relief in 
coal seam and enclosing rock after roof caving. The results of laboratory measurements of methane desorption 
and pressure oscillations frequency are given. It was found that the phenomenon of methane desorption 
intensification takes place at low frequencies of gas pressure oscillations (V=5 Hz) only. The physical 
description of methane desorption intensification depending on gas pressure oscillations for different sorption 
and desorption rate is given. The simple kinetic model of methane desorption effect depending on gas pressure 
oscillations if suggested. The model is in good agreement with laboratory results. On the basis of the 
suggested model, the equations for calculations of methane desorption effect on gas-outburst phenomenon are 
obtained. 

GENERAL REMARKS 

The problem of gas and coal outburst prevention 
continues to be vital for all coal basins of the world 
[ l l .  

One of the important problems of gas and coal 
prevention is the determination and improvement of 
outburst hazard forecasting and development of coal 
mining technologies on the base of scientific 
feasibility [2]. 

According to present knowledge about the 
occurrence of outburst-prone situations and 
development of gas and coal outburst, one of the 
main factors in this situation is gas pressure effect in 
the "gas sack" near the face area. "Gas sack  appears 
at the expense of fractures and cavities in the low 
rock pressure zone because of the bendings of roof 
(Fig. 1) 131. 

Fig. 1 Diagram of roof pressure curve (h) near "gas 
sack" 

Rock pressure oscillations owing to redistribution 
of elastic energy after roof caving have substantial 
effect on face area of seam. 

Rock pressure oscillations induce pressure 
oscillations in "gas sack". The gas pressure 
oscillations cause the processes of methane sorption 
and desorption in unbalanced conditions. Unbalance 
of sorption and desorption affects methane space in 
"gas sack" and results in gas pressure. 

The object of this paper is to research gas pressure 
oscillations effect in "gas sack" on methane sorption 
and desorption kinetics as well as estimation of this 
effect on general gas pressure increasing in "gas 
sack" as a factor in outburst-prone situations. 

EXPERIMENTAL RESULTS 

The coal sample saturated with methane, and under 
fixed pressure Po was placed into the pilot installation 
(Fig. 2). Gas pressure oscillations in "gas sack" 
were simulated by plunger movement, which didn't 
touch the coal. After a given period of plunger 
movement the gas pressure increase 6 P  was 
measured. The experiments were repeated for other 
plunger oscillation regimes, after additional methane 
saturation under the initial pressure Po. 

The results of experiments on relative gas pressure 
increase as a function of number of oscillation 
periods and oscillation frequency are given in Fig. 3. 
I t  is shown that the average value of relative pressure 
increase @/po reaches 20-50% at low frequency only 
and depends insignificantly on number of pressure 
oscillation periods. 
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Solution of Eq. 1 for periodical pressure 
oscillations near balanced volume Po 

P(t)  = Po + a cos(wt) 

To manometre 
___f 

Fig. 2 Diagram of laboratory sample 

a 

. , .  
2 30 n 

Fig. 3 .  Dependence of additional gas pressure on 
frequency (a) and scale of low-frequency pressure 
oscillations (b) 

THE MODEL 

According to present knowledge about adsorption 
kinetics [4] the kinetic equation for methane quantity 
Q(t) in "gas sack' has the following form: 

(1) 

where Rd = kinetic constant of desorption rate, 
a, PL(T) = standard parameters of sorption 
isotherm after Langmuir. 

allows to calculate the unbalanced transport of 6Qn to 
desorbed methane during n periods of pressure 
oscillations: 

1 - exp(-27KnRd / w )  

Following from Eq. 1, Sen is significant at low 
frequencies w = Rd only; at high frequencies 6Q, 
would be suppressed: 

Dependence of 6Qn on n is given in Fig. 4. It is 
shown that the maximum value would be achieved by 
1-2 periods. 

n ? n/sQ 

2 4 n 

Fig. 3 Dcpendence of an on pressurc oscillations 
period (n) 

The determination of balanced pressure component 
according to mining depth H and depth of gas 
weathering Ho can be expressed in the following 
form: 

The amplitude a of pressure oscillations in terms of 
roof oscillation amplitude is related to roof thickness 
h, seam thickness m, elastic roof module E and roof- 
caving increment L such that 

a s Po L ~ Y  rock H, 
E h 2 m  
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We can calculate the dependence of additional gas 
pressure 6P in "gas sack" as a function of depth ratio 

%* 
The mathematical estimation of the 6P/P ratio for 

typical outburst-prone situations and for parameters 
L, rn, h, PL(T),  &. has shown that the additional 
gas pressure 6P can achieve a value of 20-40% static 
pressure Po,  and this fact needs to be taken into 
consideration in calculation of technological 
solutions. 

TECHNOLOGICAL ASPECTS 

For the estimation of gas-and-coal-outburst hazard 
according to gas pressure, the main role is played by 
the dependence of gas pressure and distance to the 
face [3]. 

The above mentioned process of methane 
desorption intensification, induced by rock pressure 
oscillations, changes this dependence with the 
movement of the abutment pressure zone at the face 
(Fig. 5). It increases substantially the hazard of 
outburst because of decrease of isolating barrier 
thickness. 

1 
7 

\ 'gas sack 'I zone 

Fig. 5 
diagram of additional pressure 

Gas pressure standard diagram (1) and 

This phenomenon must be taken into consideration 
in calculations of coal mining technologies in 
outburst-prone conditions. 

CONCLUSION 

value of additional gas pressure which is 20%-50% 
of the balanced pressure. 

The simple kinetic model of methane desorption 
effect is suggested. This model is in good agrement 
with laboratory results. It permits to estimate the 
pressure increase in the "gas sack" of outburst-prone 
seams, depending on mining depth, depth of gas 
weathering, mechanical and technological parameters 
of seam and enclosing rock. 

As to technological aspects, the above discussed 
phenomenon demands corresponding correction in 
gas pressure parameters for the choice of mining 
technologies in the outburst-prone situations. 

Further scientific research on this phenomenon of 
methane desorption intensification shows promise. 
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Laboratory experiments on the effect of low 
frequency oscillations by gas pressure on kinetic of 
methane sorption and desorption permit to estimate 
the effect of gas-outburst intensification induced by 
unbalanced gas pressure oscillations and to find the 
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ABSTRACT: This paper considers the application of recent laboratory gas sorption and coal physical 
properties data to the understanding of gas associated phenomena in underground coal mining. The 
mechanisms of gas sorption are discussed with relevance to pore structure of the macerals present in coal. 
Comparison of the laboratory data with mine site information from outburst-prone areas enables a model to be 
developed for identification of outburst-prone conditions. 

1 INTRODUCTION 

Fundamental investigations concerning the gases 
found in coal Seams can be related back to the earliest 
coal mining (von Meyer 1872; Thomas 1876). The 
primary concern at that time was to assess gas 
content and composition for ventilation purposes, in 
order to reduce the hazard of either methane 
emissions and subsequent explosions or outbursting 
of coal and gas. This work is still continuing as 
higher production operations must combat larger 
quantities of gas into workings (Hargraves 1993), 
and the complexity of the gadcoal system is 
recognised (Levine 1992). 

The effects of coal type are poorly understood in 
terms of gas emission and outbursting, and have 
generally been overshadowed by the inferred 
relationships with coal rank. Most previous work 
has focused on bulk sample testing, which confuses 
the issue of coal rank and coal type effects. Recent 
investigations of smaller sample sizes (Beamish & 
O'Donnell 1992; Levine et al. 1993; Crosdale & 
Beamish 1993) using high pressure microbalances 
are providing clearer distinctions between the two 
coal parameters. 

The pore nature of coal is well documented for 
overseas coals (Gan et al. 1972), but little published 
data exists on Australian coals. To fully understand 
sorption mechanisms requires a better understanding 
of pore sizes and distributions in the coals of 
interest. With this knowledge it is possible to predict 
the sorption behaviour of the coal, and apply it to 

field observations. This paper attempts to show the 
basis for the link between coal sorption behaviour, 
its pore nature and the resulting experiences of gas 
emission and outbursting. 

2 LABORATORY ASSESSMENT OF THE PORE 
NATURE OF COAL, 

The pores in coals vary in size from large cracks of 
micrometer dimensions to apertures which are even 
closed to helium at room temperature. It is the large 
internal surface area within the pores of any pofous 
material that enables significant volumes of gas or 
liquid to be adsorbed. Porosity in coals influences 
behaviour during their mining, preparation and 
utilisation (Mahajan & Walker 1978). The pore 
volume and pore size distribution of coals determines 
the extent and ease of diffusion of methane out of the 
pore structure during mining (Mahajan & Walker 
1978). 

2.1 Distribution of total pore volume in coals 

Gan et al. (1972) made a detailed study of the 
porosities of coals over a wide rank range. They 
estimated the pore volumes contained in the 
following different pore diameter ranges: 

1. Total open pore volume VT accessible to He, as 
estimated from the He and Hg densities. 

2. Pore volume Vi  contained in pores greater in 
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diameter than 300& as estimated from penetration 
of mercury under a pressure of 5800 psi. 

3. Pore volume V2 contained in pores in the 
diameter range 300 to about 12A, as estimated from 
the analysis of the absorption branch of the N2 
isotherms (-196OC). 

4. Pore volume V3 contained in pores smaller in 
diameter than 12A as estimated from V3 = VT - 

(v1 + V2). 
The proportion of V3 is significant for all coals. 

Its value is a maximum for anthracite and a 
minimum for lignite. The results demonstrated that 
essentially all American coals, irrespective of their 
rank, show molecular sieve properties. Gan et al. 
(1972) concluded that (1) porosity in coals with 
carbon contents less than 75% (sub-bituminous) is 
primarily due to the presence of macropores, (2) 
porosity in coals with about 7584% carbon content 
(high volatile bituminous) is predominantly due to 
the presence of micro- and transitional pores, and 
(3) for coals ranging in carbon content from about 
85 to 91 % , microporosity predominates. 

A large pore volume need not always imply a 
large pore surface area because the latter is 
dependent on the pore size distribution. A higher 
C02 surface area is associated with the presence of 
a larger proportion of micropores. The results of 

Table 1. Proximate analyses and crucible swelling 
number (CSN) of Bowen Basin coals investigated. 
Sample Moisture Ash VM CSN 

(% adb) (% db) (% daf) 
1 Bright 3.5 
1 Dull 
2 Bright 
2 Dull 
3 Bright 
3 Dull 
4 Bright 
4 Dull 
5 Bright 
5 Dull 
6 Bright 
6 Dull 
7 Bright 
7 Dull 
8 Bright 
8 Dull 
9 Bright 
9 Dull 

2.6 
4.0 
2.6 
2.3 
2.3 
2.8 
3.1 
3.1 
2.3 
1.3 
1.6 
1.5 
1.6 
1 .o 
1.6 
1 .o 
1 .o 

3.7 
3.6 
1.7 

10.6 
4.5 
7.0 
2.1 
4.6 
1.8 

17.2 
3.7 
15.7 
0.7 
9.9 
0.3 
17.1 
0.5 
18.9 

36.9 3 
32.9 1 
34.1 6 
31.1 '/z 
38.0 5 %  
32.1 1 
37.3 6% 
31.0 1 
31.3 5 '/z 
26.2 'h 
24.3 9 
24.8 1 
21.9 9 
21.3 1 1/2 
20.1 9 
17.6 1 
16.8 8 
14.9 '/2 

this early work are applicable to vitrinite-rich coals, 
but no comparison is given for the effects of coal 
type. 

2.2 Porosity and surface area of Bowen Basin coals 

A series of coals was examined from the Bowen 
Basin (Tables 1 and 2) to assess the differences in 
hand selected coal bands. Analysis of total pore 
volume, porosity and surface area (Tables 3 and 4) 
were performed by the CSIRO, Division of Coal 
and Energy Technology. It is quite clear from the 
data in these tables, that inertinite-rich coals have a 
greater porosity (6.0-13.7%) than vitrinite-rich 
coals (0.8-5.3%) of equivalent rank. For surface 
areas the relationship is reversed. The basic 
inference of these two results is that inertinite-rich 
coals are predominantly macroporous, whereas 
vitrinite-rich coals are predominantly microporous 
for coals in the rank range of high volatile 
bituminous to low volatile bituminous. In terms of 
sorption behaviour these properties of the coal have 
serious implications for gas emission. The diffusion 
of gas through vitrinite-rich coals would be 
micropore dominated, whereas for inertinite-rich 
coals it would be macropore dominated. 

Table 2. Petrographic analyses of Bowen Basin 
coals investigated. 

Sample Vit Lipt Inert MM (%) 
1 Bright 72.9 3.2 23.7 0.6 0.81 
1 Dull 32.8 3.9 63.2 0.8 0.81 
2Bright 96.3 0.0 2.6 0.8 0.81 
2 Dull 18.7 3.7 74.3 3.4 0.81 
3Bright 82.7 3.3 12.7 1.2 0.82 
3 Dull 23.6 2.3 69.5 4.6 0.82 
4Bright 86.1 1.6 11.7 0.6 0.82 
4 Dull 18.9 1.5 78.9 0.7 0.82 
5 Bright 99.4 0.0 0.0 0.6 0.88 
5 Dull 1.9 8.5 78.4 11.2 0.88 
6 Bright 84.3 0.5 14.7 0.5 1.23 
6 Dull 26.7 0.0 70.8 2.4 1.23 
7 Bright 100.0 0.0 0.0 0.0 1.33 
7 Dull 20.1 0.0 73.4 6.4 1.33 
8 Bright 92.5 0.0 3.4 4.2 1.65 
8 Dull 30.2 2.1 66.7 1.0 1.65 
9 Bright 99.4 0.0 0.0 0.6 1.66 
9 Dull 9.7 0.0 83.5 6.7 1.66 

Maceral analysis (X) Ro max 

adb = air-dry basis; db =dry basis; daf = dry, ash-free 
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Table 3. Density and porosity data for Bowen Basin coals. 
Sample Helium density Mercury density Total pore volume1 Porosity2 

(g/cc, mmcb) (g/cc, mmcb) (cc/g, mmcb) (%, mmcb) 
Dull Bright Dull Bright Dull Bright Dull Bright 

1 1.39 1.29 1.20 1.27 0.11 0.01 13.7 1.6 
2 1.42 1.31 1.26 1.29 0.09 0.01 11.3 1.5 
5 1.48 1.29 1.35 1.28 0.07 0.01 8.8 0.8 
7 1.39 1.32 1.24 1.25 0.09 0.04 10.8 5.3 
8 1 S O  1.31 1.41 1.28 0.04 0.02 6.0 2.3 
9 1.53 1.30 1.34 1.27 0.09 0.02 12.4 2.3 
1Total pore volume = VT = (1/pHg - 1/PHe) 
2 %  Porosity = P = loopH ( l / p ~  - I/PHe) mmcb - mineral matter containing basis g g 

Table 4 .  Surface area measurements for 
Bowen Basin coals. 
Sample Carbon dioxide surface area 0 8  

(m2/g, mmcb) 
Dull Bright 

-a 1 209 237 0 

2 194 247 
3 200 228 

5 175 277 
6 213 269 
7 150 196 
8 173 213 
9 187 26 1 

0.6 
0 
(/1 

a" 
4 209 245 E: 0 

0 0.4 
.c.( c) 

2 
cr, 

0.2 

3 LABORATORY ASSESSMENT OF SORPTION 
BEHAVIOUK 

Two key parameters are obtained from gas sorption 
measurements on coal. These are the gas sorption 
isotherm and the gas sorption rate. Both these 
parameters are fundamental to the understanding of 
the gadcoal system in outbursting. Detailed studies 
of maceral effects on sorption capacity (Beamish & 
O'Donnell 1992; Lamberson & Bustin 1993; 
Levine et al. 1993; Crosdale & Beamish 1993), 
have also shown that vitrinite-rich coals store more 
gas than inertinite-rich coals. 

The diffusivity behaviour of coal governs the rate 
at which gas can be liberated from the coal matrix. 
Laboratory measurements of this property in coal 
lithotypes of equivalent rank have shown marked 
differences (Crosdale & Beamish 1993; Figure 1). 
The inertinite-rich coal has a much faster desorption 
rate than the vitrinite-rich coal, which is consistent 
with the pore nature. 

Inenmite content = 78.9% 

A 
A 
A 
A 

A 

A 

X 
X 

X 

X 
I I I I I 0 

0 IO 20 M 40 50 60 

Sqrt Time ( m i n ~ O . ~ )  

Figure 1. Experimental desorption data for sample 
4, Table 1. 

4 RELATIONSHIP BETWEEN LABORATORY 
FIhDINGS AND MINE OPERATIONS 

From 1954 to 1981, a total of 22 outbursts were 
recorded for coal mine operations in the Collinsville 
No.2 Mine of the Bowen Basin, Australia (Figure 
2). These ranged in size from 500 tonnes to only 
0.5 tonnes, with the seam gas being carbon dioxide. 
Co!linsville Coal Company Pty. Ltd. conducted an 
extensive research programme into the gas outburst 
problem (Beamish et al. 1985). The main objectives 
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Figure 2 Locality map and workings outline of No.2 Mine, Collinsville, Queensland (modified from 
Beamish et al. 1985). 

of the research were to find reliable methods of 
1. Regional assessment of outburst-proneness 

(Williams & Giedl 1983; Williams & Rogis 1980). 
2. Assessment of outburst-proneness at the mining 

face (Beamish 1990; Beamish & McKavanagh 
1987). 

3. Alleviation of the problem (Williams et al. 
1986). 

4.  Determination of operational requirements for 
mining in outburst-prone areas (Beamish 1984). 

4.1 Regional effect of vitrinite content 

Williams & Rogis (1980) proposed that a distinct 
relationship existed between the coal rank and 
outbursting in the No.2 Mine area, such that 
outbursting only occurred in coal with greater than 

1.2% vitrinite reflectance. They also noted that the 
vitrinite content of the mining section (the top 2.5 
m to 2.8 m) increased from 28%, 200 m east of the 
Western Panels Fault (Figure 3) to a maximum of 
48% near the fault. The increase in vitrinite content 
was confined to the lower half of the mining 
section, being 63% compared to 26 % in the top 
section in the vicinity of the fault. When vitrinite 
reflectance and vitrinite content are platted (Figure 
4) with the Hargraves emission values (EV) 
readings (Hargraves 1962) along a profile of the 
Western Panels area (Figure 3), it is clear that the 
vitrinite content of the coal displays a greater 
association with the EV readings. Such a 
correlation would be expected from the laboratory 
data which suggests the vitrinite-rich coal has a 
greater sorption capacity. 
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Figure 3. Mining panel layout showing outburst locations (from Beamish 1990) 
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Figure 4. Profiles of vitrinite reflectance, vitrinite content and EV readings approaching the Western Panels 
Fault. 
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Seam gas emission readings (cc/g) 
WORKING SEAM ROOF 

I 

No. A B C D E F G H I J K L i  

virgin 
side 
rib 

WOFWNG SEAM FLOOR 

e 0.6 
CI 0.6 - 0.8 
@?I 0.8 - 1.0 

>/ 1.0 
Figure 5 .  Hargraves EV readings taken across a working face (modified from Biggam et al. 1980). 

4.2 Effect of coal lithotypes in the working face 

Biggam et al. (1980) presented a tabulation of EV 
readings from a full face exposure in the Western 
'Panels area of No.2 Mine. This data has been 
redrawn and contoured to emphasise the 
significance of the results (Figure 5 ) .  There is a 
noticeable increase in values moving from the roof 
of the seam to the working floor. A visual 
examination of the seam in this area reveals that the 
upper half is predominantly dull coal and the lower 
haIf is predominantly bright coal, separated by a 
bedding plane fault. The vitrinite content of the 
seam, as noted by Williams & Rogis (1980) in the 
previous section, is consistent with this. Combining 
the diffusivity and sorption capacity information 
from laboratory testing it is valid to postulate that 
the dull coal has rapidly lost its gas in the face area 
while the bright coal has retained its gas due to the 
slower desorption rate. This phenomenon is used by 
Creedy (1986), who suggests that when taking face 
samples of coal for gas content measurement, bright 
coal samples should be used. 

A second trend is also observable in Figure 5 .  The 
EV readings progressively decrease away from the 
virgin rib side, which is again more noticeable in 
the upper part of the working section. Bedding 
plane permeability is high according to 
Bartosiewicz & Hargraves (1985), which is being 
reflected in this case by the EV readings. 

4.3 Outburst occurrence 

At 5:27 pm on the 16 April 1981, an outburst at 
No.2 Mine, Collinsville (No.22, Figure 3) released 
approximately 35 tomes of coal and 380 cubic 
metres of carbon dioxide, in the belt road 29m 
inbye of 11A cut-through (Beamish 1981). The 
origin of the outburst appeared to be from the floor 
line in the centre of the roadway, 4.5 m inbye of 
the face. A rectangular prism-shaped cavity 
resulted. Drill hole data placed the intersection of 
the Western Panels Fault (Figure 3) with the mining 
section floor, approximately 5 m inbye of the 
outburst face. Consequently, the disruption to the 
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Figure 6.  Plan iew of continuous miner location at 
the time of Outburst No.22, No.2 Mine, 
Collinsville, with face cross-section locations 
indicated (modified from Beamish 198 1 ) .  

seam caused by the fault contributed to the 
outburst. 

A plan view of the outburst face is shown in 
Figure 6 with corresponding cross-sections in 
Figure 7.  As in all previous recorded cases at 
Collinsville, the outburst material was extremely 
sheared with a sugary texture. 

Table 5 .  Coal analyses from outburst locality 
No.22, 51 Level West Panel. 
Sample IM Ash VM FC CSN 

Outburst coal 1.9 16.2 23.0 60.8 8 
ejected onto 
miner head 
Coal from 1 . 1  16.5 22.0 61.5 8 
outburst cavity 
Dull coal from 0.6 16.8 19.4 63.8 2 
right hand side 
of the face above 
slip plane 
Sheared coal 1.6 17.9 19.7 62.4 5 
from right hand 
side of the face 
below slip plane 

details (%) (%I (%I (%) 

A A 

Miner head 

E 
Stone lens 

Non-sheared 
dull c o d  

O 1 EV 
Bright sheared coal 

Stane floor 

--- Beddinn LanLfrEtuLe kno&shhearrd E a !  

Cavity roof 

Outburst Cavity 
(Depth approx. 4.5m) 

Stone Floor 

, c  

Figure 7.  Face cross-sections from Figure 6 
(modified from Beamish 1981). 

Analyses of coal samples taken from the outburst 
location (Table 3, reveal that the in-situ sheared 
coal and outburst coal have: 

1 .  High crucible swelling numbers. 
2. Relatively high volatile matter content. 
Both these parameters are consistent with vitrinite- 

rich coal, which matches the seam profile 
assessment. 

The area had been undergoing gas drainage to 
reduce the gas levels, and a borehole was located in 
the upper part of the seam (Figure 7). As a result of 
the different desorption rates of the dull and bright 
lithotypes, the upper part of the seam would have 
drained to a safe level, however, the bright lower 
part of the seam did not. 
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5 CONCLUSIONS 

Coal rank as an outburst-proneness indicator is 
often misleading, and should only be considered in 
conjunction with the full sorption behaviour of the 
coal being assessed. The effect of coal maceral 
composition on the propensity of outbursting with 
respect to the gadcoal system is just as important 
and is twofold: 

1. Vitrinite-rich coals appear to have a higher 
sorption capacity than inertinite-rich coals. 

2. Vitrinite-rich coals have a much slower 
desorption rate than inertinite-rich coals. 

The resulting differential throughout a seam can 
be devastating, particularly, where large thick 
bands of vitrinite-rich coal is present concurrently 
with seam disturbances. 
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Methane diffusivity at South Bulli (NSW) and Central (Qld) Collieries in relation to coal 
maceral composition 

Peter I. Crosdale 
Coalseam Gas Research Institute. James Cook University. Townsville, Ausrralia 

B. Basil Beamish 
Department of Geology, The University of Auckland, Auckland, New Zealand 

ABSTRACT : Dull and bright coal types from South Bulli (NSW) and Central (German Creek, Qld) 
Collieries have been investigated for methane sorption properties, including desorption rate, by 
microgravimetry in a high pressure balance. Crushed samples (-0.212mm) show little correlation of 
petrography to desorption rate as evaluated by the effective diffusivity (De>. Lump samples 
(-5.60+2.00mm) show two different effects. At South Bulli there is little relationship between De and 
maceral content. However, at Central Colliery, increasing inertinite content is associated with more rapid 
desorption. Fundamental differences exist between inertinites at the two mines, with South Bulli having a 
greater percentage of fine-grained inertinite (inertodetrinite) and a smaller proportion of open cell lumina 
associated with semifusinite. It is inferred the relative reduction of very large pores in the dull coals from 
South Bulli inhibits free flow of gas through large particles. 

1 INTRODUCTION 

Methane content of coal is known to vary with coal 
type (Ettinger et al., 1966; Lamberson and Bustin, 
1993) but the relationship of type to gas desorption 
rate is less well understood. Studies in the Bowen 
Basin have indicated possible relationships of 
petrographic composition to outburst-proneness and 
gas emission rates (Hunt and Botz, 1986; Beamish 
and Crosdale, this volume). Inertinite-rich coals are 
implicated in high gas emission rates but 
contradictions occur at a maceral level where 
inertodetrinite has been associated with both rapid 
and slow emission. However, it has also been 
suggested that coal type has little influence on gas 
emission rates (Faiz and Cook, 1991). 

To investigate the relationship of coal type to 
methane desorption, bright and dull coals from 
Central Colliery (Romax 1.72%) in the Bowen 
Basin and South Bulli Colliery (Romax 1.25%) in 
the Sydney Basin have been studied. 

2 METHODS 

Samples of bright and dull coal types from Central 
Colliery, German Creek, and South Bulli Colliery 
were hand picked from in-seam drill cuttings and 

core and stip samples after lithotype profiling. A 
particle size of -5.60+2.00mm was selected for 
sorption rate analysis as a compromise between 
completion of analysis within a reasonable time 
frame and evaluation of in situ parameters. Samples 
were also crushed to -0.212mm for evaluation of 
methane adsorption isotherms and desorption rate of 
the smaller particles. Analyses were conducted 
under both equilibrium moist and dry coal 
conditions but only results from the dry coals are 
reported. 

Sartorious high pressure microbalances were used 
for gas sorption testing (Beamish and O'Donnell, 
1992; Crosdale, 1993; Levine et al., 1993.) 
Samples were considered to be fully desorbed 
before analysis as equilibrium moist conditions 
(under vacuum) were maintained for a minimum of 
one week and vacuum was applied after transferring 
into the balance. For sorption rate analysis on lump 
samples, methane was resorbed at 5MPa until gas 
uptake became small, following a reduction was 
made to the estimated in situ pressure (3MPa for 
South Bulli; 2MPa for Central). The in situ gas 
pressure was maintained until weight changes were 
small and then the gas released to atmosphere. 
Weight and pressure changes were recorded 
automatically every minute. The rate of gas release 
in the first 10 minutes of desorption to atmosphere 
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is used to estimate the effective diffusivity (De> 
(Smith and Williams, 1984a, b). 

where De = effective diffusivity (sec-1) 
V = volume of desorbed gas (cc/g) 
Vm = total desorbable gas volume (cc/g) 
t = time (sec) 

Comparison of maceral composition to effectiv 
diffusivity shows little relationship for the crushel 
samples (Fig 1). However, significant difference 
are observed for the lump samples (Fig 2). A 
South Bulli, effective diffusivities are very low fo 
the high vitrinite bright coals, increase slightly ii 
the low vitrinite dull coals and show little variatioi 
with vitrinite content. At Central Colliery, : 
marked increase in effective diffusivity is observe( 
with decreasing vitrinite content. 

For short time this simplifies to : 
4 DISCUSSION 

-=+- V 6  

A plot of the desorbed gas ratio for the first 600sec 
versus the square root of time is used for De 
estimation- 

Methane adsorption isotherms 'were determined on 
moist and dry crushed (-0.212mm) samples at 
pressures up to 9MPa. Degassing from the highest 
pressure was performed in a similar manner to the 
lump samples and thereby allowed De to be 
determined. 

Maceral composition of the samples was evaluated 
using standard point counting techniques on 
polished grain mounts. Additionally, open and 
infilled cell lumina in inertinites were counted. 

vm Jn Det 

3 RESULTS 

Effective diffusivity is an order of magnitiude 
greater in the crushed than the lump samples 
(Table 1). There appears to be no systematic 
difference in the crushed samples from the two 
mines or in relation to coal type. For the lump 
samples, the diffusivities are generally lower at 
South Bulli compared with Central for both bright 
and dull coal types. The sheared coal (JCB95) has 
the greatest De of the lump samples and approaches 
that of the crushed cods. 

Maceral analyses show the expected trend of 
bright coals having the greatest vitrinite contents 
(Table l) ,  especially telocollinite. Dull coals are 
more variable in composition and include 
significant amounts of inertinite and mineral matter. 
Central Colliery samples are distinguished by their 
generally lower total inertinite and inertodetrinite, 
higher mineral matter and greater proportion of cell 
lumina in inertinites expressed as a ratio to either 
total inertinite or semifusinite + fusinite. 

Effect of Particle Size 

Particle size effects are well established for gal 
sorption on coal, with smaller particle sizes sorbini 
more rapidly (Nandi and Walker, 1975; Barker 
Read and Radchenko, 1989). Most adsorptior 
studies use finely ground coal (at least -0.212mm: 
to take advantage of this and allow rapic 
equilibration times. Previous studies relating ga: 
sorption characteristics to coal type (e.g. 
Lamberson and Bustin, 1993) have reported on the 
relative sorptive capacity but have been unable tc 
distinguish the importance of maceral content 01: 

gas flow. This study shows the distinction between 
coal types is less important at small particle sizes. 

Larger grains retain large pores which are an 
essential part of the gas desorption mechanism. Gas 
flow in coal occurs by two processes : initially by 
diffusion until a large pore space is encountered 
following which free flow takes place. Crushing the 
samples results in progressive loss of these free 
flow pathways. 

The sheared sample, although high in vitrinite 
content, displayed desorption characteristics more 
similar to the crushed samples. The rapid 
desorption is due to the fine particle size by brittle 
failure of the sample during tectonic shearing. 

Effect of maceml composition 

Maceral cornposition effects on gas flow are best 
observed in  the coarser grains. 

Previous studies in the Southern Coalfield of the 
Sydney Basin (Faiz and Cook, 1991; Faiz et al., 
1992) concluded there is little correlation of gas 
sorption properties to maceral content. For the 
Southern Coalfield of NSW, our results also suggest 
increasing inertinite contents are not associated with 
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JCB4B 
JCB4D 
JCB7B 
JCB7D 
JCB9B 
JCB9D 
JCB12B 
JCB 12D 
JCB2lB 
JCB21D 
JCB82B 
JCB82D 
JCB92B 
JCB92D 
JCB95 

B 
D 
B 
D 
B 
D 
B 
D 
B 
D 
B 
D 
B 
D 
sheared 

85.1 
35.7 
96.1 
47.2 
92.2 
30.9 
92.3 
47.7 
97.7 
60.9 
97.5 
46.2 
94.9 
42.3 
56.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.1 
0.0 

7.4 0.9 
40.1 8.0 

1 .o 0.1 
29.4 6.1 

3.7 1.1 
46.8 2.9 

3.3 1.1 
25.8 7.0 
0.8 0.1 

19.4 3.1 
1.9 0.0 

34.2 7.2 
1.9 0.5 

36.2 6.5 
8.1 4.6 

8.3 4.8 
48.1 12.2 

1.1 2.5 
35.5 12.7 
4.8 2.4 

49.7 12.0 
4.4 2.7 

32.8 15.3 
0.9 1.0 

22.5 12.3 
1.9 0.3 

41.4 8.8 
2.4 2.3 

42.8 9.7 
13.0 30.1 

Table 1 Coal petrography and effective difusuvities of dry samples 
Sample Lithotype Vit Lipt Semif + Inertodet Total MM Cell De De 

( 9 6 )  ( 9 6 )  Fus ( 9 6 )  Inert (%> lumina (see-1) (sec-1) 
(%) (%) (%) crushed lump 

Central Colliery 
1.3 2.7E-5 3.1E-6 
4.6 
0.0 
4.9 
0.1 

11.4 
0.2 
4.7 
0.0 
4.1 
0.0 
4.2 
0.1 
6.7 
0.1 

2.4E-5 
7.3E-5 
1.8E-5 
5.4E-5 
6.2E-5 
2.7E-5 
7.4E-5 
4.2E-5 
5.7E-5 
3.9E-5 
4.OE-5 
7.3E-5 

6.6E-6 
3.22-6 
5.5E-6 
1.2E-6 
4.5E-6 
2.3E-6 
3.88-6 
1.7E-6 
3.8E-6 
1.2E-6 
2.OE-6 
1.3E-6 
3.4E-6 
8.OE-6 

South Bulli Colliery 
JCB27B B 95.6 3.5 0.1 0.3 0.4 0.1 0.0 2.1E-5 l.lE-6 
JCB25D D 1.8 0.1 76.4 9.7 86.1 8.9 9.0 5.4E-5 2.5E-6 
JCB29B B 95.1 0.0 1.6 0.7 2.3 2.3 0.0 2.3E-5 
JCB32D D 21.0 0.0 56.3 10.9 67.2 7.6 4.2 3.1E-5 2.9E-6 
JCB35B B 91.1 0.0 4.4 3.7 8.1 0.6 0.0 3.7E-5 
JCB37D D 10.2 0.0 53.7 26.5 80.2 3.4 5.9 6.8E-5 
JCB40B B 96.6 0.0 0.9 0.3 1.2 1.9 0.0 1.4E-5 0.6E-6 
JCB42D D 16.8 0.0 62.3 15.3 77.6 1.9 4.0 2.4E-5 2.0E-6 
JCB66B B 99.1 0.0 0.1 0.3 0.4 0.1 0.0 3.6E-5 l.lE-6 
JCB65D D 3.4 0.1 76.1 14.5 90.6 2.4 5.2 4.7E-5 2.9E-6 
JCB74BD BD 34.4 0.0 47.3 8.0 55.3 3.6 6.4 3.9E-5 2.7E-6 
JCB76BD BD 81.3 0.0 11.4 1.6 13.0 4.8 1.4 2.28-6 

marked changes in gas desorption rates. 
Contrary findings have been found in coals of the 

Bowen Basin (Beamish and Gamson, 1993; Beamish 
et al., 1993) where high inertinite contents are 
associated with rapid desorption. Results from 
Central Colliery support these conclusions. 
A fundamental difference is therefore found between 

coals of the two basins. Inertinites in the Southern 
Coalfield typically contain fewer macropores as cell 
lumina and are more inertodetrinite-rich. Scanning 
Electron Microscope studies have suggested that, 
when unmineralised, cell lumina provide important 
flow pathways and assist rapid desorption of gas 
(Gamson et al., 1993). 

5 CONCLUSIONS 

The effects of maceral composition on gas flov 
praperties of coals cannot be established using fin4 
particle sizes. Desorption rates in Central Collier: 
coals increase with increasing inertinite content ani 
appears to be related with an increase ii 
macroporosity as identified by preserved cell lumina 
In contrast, South Bulli coals do not show a goo( 
relationship between desorption rate and petrographii 
composition. Inertinite types differ at South Bulli ani 
appear to have a lower associated macroporosity. 

366 



ACKNOWLEDGMENTS 

This work was sponsored by the New South Wales 
Joint Coal Board Health and Safety Trust. 

REFERENCES 

Barker-Read, G.R. & Radchenko, S.A. 1989. 
Methane emission from coal and associated strata 
samples. Znt. J. Min. Geol. Engng. 7:lOl-126. 

Beamish, B.B. & Gamson, P.D. 1993. Volume 2 - 
Laboratory Studies : Sorption Behaviour and 
Microstructure of Bowen Basin Coals. In: Final 
Report EDRC Project 1464 - Prediction of Natural 
Gas Production from Coal Seams. (Ed: Oldroyd, 
G.C.) Energy Research Development 
Corporation, Canberra, 128pp. 

Beamish, B.B. & O'Donnell, G.  1992. 
Microbalance applications to sorption testing of 
coal. Symp. Coalbed Methane Research and 
Development in Australia, 19-21 November 1992, 
Townsville 4, pp. 31-41. 

Beamish, B.B., Crosdale, P.J. & Gamson, P.D. 
1993 Chracterising the methane sorption 
behaviour of banded coals in the Bowen Basin, 
Australia. Proc. 1993 Int. Coalbed Methane 
Symp., The University of Alabama/Tuscaloosa, 
May 17-21, 1993, pp. 145-150. 

Crosdale, P.J. 1993. High Pressure Microbalance 
Analysis. Department of Geology, James Cook 
University, Townsville. 20 pages. (Coalseam Gas 
Research Institute, Technical Report, CGRI 
TR93/4b) 

Ettinger, I., Eremin, I., Zimakov, B. & 
Yanovskaya, M. 1966. Natural factors 
influencing coal sorption properties I - 
Petrography and sorption properties of coals. Fuel 

Faiz, M.M. & Cook, A.C. 1991. Influence of coal 
type, rank and depth on the gas retention capacity 
of coals in the Southern Coalfield, NSW. In: Gas 
in Australian Coals. (Symposium Proceedings 2) 
(Eds: Bamberry, W.J. and Depers, A.M.) 
Geological Society of Australia,, 19-29. 

Faiz, M.M., Aziz, N.I., Hutton, A.C. & Jones, 
B.G. 1992. Porosity and gas sorption capacity of 
some eastern Australian coals in relation to coal 
rank and composition. Symp. Coalbed Methane 
Research and Development in Australia, 19-2 1 
November 1992, Townsville 4, pp. 9-20. 

45 :267-275. 

Gamson, P.D., Beamish, B.B. & Johnson, D.P. 
1993. Coal microstructure and micropermeability 
and their effects on natural gas recovery. Fuel 

Hunt, J.W. & Botz, R.W. 1986. Technical note - 
outbursts in Australian coal mines: a petrographic 
factor. Bull. Proc. Australas. Znst. Mining Metall. 

Lamberson, M.N. & Bustin, R.M. 1993. Coalbed 
methane characteristics of Gates Formation coals, 
northeastern British Columbia : effect of maceral 
composition. Am. Assoc. Petrol. Geol. Bull. 

Levine, J.R., Johnson, P.W. & Beamish, B.B. 
1993. High pressure microgravimetry provides a 
viable alternative to volumetric method in gas 
sorption studies on coal. Proc 1993 Znt. Coalbed 
Methane Symp., The University of Alabama 
Ruscaloosa, May 17-21, 1993, pp. 187-195. 

Nandi, S.P. & Walker, P.L.J. 1975. Activated 
diffusion of methane from coals at elevated 
pressures. Fuel 5 4 9  1-86. 

Smith, D.M. & Williams, F.L. 1984a. Diffusion 
models for gas production from coal - 
Determination of diffusion parameters. Fuel 

Smith, D.M. & Williams, F.L. 1984b. Diffusion 
models for gas production models from coals - 
application to methane content determination. Fuel 

72:87-99. 

291 59-63. 

7712062-2076. 

63~256-26 1. 

63:251-255. 

367 



Int. Symp. cum Workshop on Management & Control of High Gas Emission & Outbursts 
Wollongong, 20-24 March,  1995 

Geological controls on coalbed methane accumulations 

Ian H. Clark 
GEONET Conrulring Group, Taringa, Queensland, Australia 

Graeme L. Boyd 
Boyd Mining Pty Lld, Taringa, Queensland, Australia 

ABSTRACT: Effective gas exploration strategies require methods to locate concentrations of methane within 
extensive coal fields. The relationship between geological environment and areas of higher coal permeability 
is key to this activity. Increased permeability in rock masses may be induced by dilation. By simulating the 
stress and deformation conditions associated with the tectonic history, it is possible to identify those areas where 
dilatancy in coal will be promoted. This has implications for exploration strategies and mine planning. 

1 INTRODUCTION 

Significant commercial interest in exploiting known 
reserves of natural gas from reservoir coal seams has 
promoted exploration and research into gas recovery 
technologies. Central to the new industry is a need to 
develop methods to locate concentrations of gas within 
extensive coal fields. On a mine scale there is interest 
to locate zones of high gas concentrations as they can 
significantly affect mine safety and productivity. To 
achieve either of these objectives there is a need to 
understand the relationship between geological envi- 
ronments and areas of altered coal permeability. 
The focus of activity for effective gas exploration is 

thus to target areas where rock mass permeability may 
have been altered. Increased Permeability in rock 
materials may be identified in areas where dilation has 
been induced by shearing or torsional loading. 

Increased permeability in rock materials (including 
coal seams) at reservoir scale commonly results from 
mechanical deformation associated with local tectonic 
history and uplift. The mechanical deformation 
manifests itself as an increase in volume of the rock 
mass which varies about a system of structures. A 
technique for mapping zones of variable dilatancy 
through structurally disturbed reservoir rocks has been 
developed by the authors, by simulating the structural 
deformation associated with stress changes. 
Simulation of stress conditions in the rock mass and 

coal seams aims to identify those areas where stress 
conditions will promote dilatancy in cleat and intact 
coal. Since these may have been activated through 
different tectonic periods through geologic time, it will 
be necessary to consider various boundary conditions. 
Gross effects of regional compression and/or uplift can 
be tested for their influence on stressconditions around 
mapped structures. In so doing it will be the geometry 
of structures and the overall response of the rock mass 
to imposed stress conditions which will provide 
guidance for identifying permeable zones in structured 
areas. 

2 OBJECTIVES OF STUDY 

The purpose of the study is to present and demonstrate 
a method for gaining a better understanding of the 
manner in which stress and deformation history may 
have influenced the evolution of the regional geology 
and hence the extent and distribution of controls on 
permeability in the rockmass. 

3 MODELLING METHODOLOGY 

The use of computer based stress modelling to locate 
prospective gas reservoirs in coal measures sequences 
relies on the knowledge that prospectivity may be 
related to dilatancy of the formation in which the 
reservoir occurs, i.e. the coal seams. Formation 
dilation is intuitively directly linked to permeability, 
which under appropriate conditions is related to well 
productivity. The use of any modelling system is thus 
to focus on mechanisms affecting dilatancy of the coal 
measures, and this is again (intuitively) a function of 
the tectonic history of the area. 
However, the tectonic history is only an overprint on 

the broader geological (buriduplift) history, and 
therefore the modern state of stress in the ground 
controlling current day dilatancy has its origins with 
the total stress history of the area. Therefore, the 
numerical analysis of modern day stress about inter- 
preted regional structures can only be substantiated 
after simulation of the gross geological history. 

3. I Section for  Analysis 

One interpreted seismic line profile, which included 
the interpreted location, style and displacements on the 
controlling fault system, was selected for analysis, 
Figure 1. A total of three deep exploration holes have 
been completed along the section, two of which 
included multi-level insitu stress determinations 
through the coal measures by the hydrofrac method. 
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Figure 1 : Geological cross section 

3.2 Boundary Conditions 

Fundamental to the stress modelling method is the 
need to determine appropriate and representative 
model boundary conditions, which take into account 
the full burial history, shallow crustal deformation and 
subsequent uplift. The background information 
required to define boundary conditions is briefly 
described. 
3.2. I Geological History 
The geological section selected for analysis presents 
structures interpreted from focussed reflection seismic 
profiling. A total of twelve major faults transect the 
coal measures and the underlying sequences. The 
location of the faults below the coal measures is not 
well defined from the original seismic profiles and 
their positions are interpretations/ extrapolations 
based on geophysical experience. 

Derivation of geological conditions active over the 
history of the section were made through analysis of 
displacement of faults along the seismic section. It is 
well established that from Permian times to the 
early-Triassic there was continuous burial of the 
sediments. By analysing the trends of fault displace- 
ments over the section, it was calculated that Lhe 
maximum depth of cover on the Coal Measures was 
2360 metres. This compares well with previously 
published depth of 2264 m established using thermal 
maturation techniques [ 13. 

At the time of maximum burial and during mid- 
Triassic tectonism, the major principal stress acting in 
the coal measures was significantly augmented by the 
induced tectonic stresses. It was calculated that the 
geostatic stress associated with maximum burial was 
60 MPa and that an additional 140 MPa was imposed 
due to tectonism resulting in a total vertical overburden 
stress of 200 MPa [2]. 

Interpretation of the fault orientations clearly indi- 
cates that the plane of the section is closely aligned to 
the major tectonic stress direction. It was calculated 
[2] that the maximum principal stress in this direction 
was 145 MPa. The associated minor principal stress 
was calculated to be 98 MPa. 
Following the period of maximum tectonic thickening 

in the mid to late Triassic, Mallet et a1 (1988) argue 
from results of palaeoburial and palaeothermal 
modelling, that a continuous phase of erosion com- 
menced in the late Triassic (225Ma) which continued 
through to the beginning of the Palaeocene (65Ma). 
During the Cretaceous period, basins associated with 

incipient rifting of the eastern Australian margin 
formed along the present coast and continental shelf. 
Examples of margin subsidence include the Marybo- 
rough, Stanwell, Styx, and Laura Basins. It is generally 
agreed that margin subsidence represented extensional 
tectonics in foreland settings, and may account for 
some of the extensional structures also present. 

The major geological process active through the 
Cainozoic over this section was removal of overburden 
by erosion to present day conditions. 

3.2.2 Field Stress Measurements 
Field stress measurements [3] are presented in Figures 
2 and 3 for boreholes BH1 and BH2, respectively. 
These results present the magnitude and directions of 
the major and minor horizontal stresses. The vertical 
stress has been calculated as the overburden pressure 
according to the relationship 

where rockmass density (y) was assumed constant at 
2500 kg/m3. 

0" = f g h  
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Figure 2 Insitu stress data Borehole BHI 

Stress analysis in the plane of the seismic section 
yielded both in-plane and out-of-plane stress data, 
taken as being close to values of principal horizontal 
stresses responsible for the development of interpreted 
fault structures. To test for calibration purposes, these 
stresses were resolved in the direction of the measured 
principal stresses. 

3.3 Modelling Sequence 

The model was constructed to simulate the sedimen- 
tary profile in the Permian succession. Boundary 
conditions appropriate for a sedimentary environment 
analysis were applied. 

Subsequent deep burial and tectonism of the sedi- 
ments through to the early-Triassic was modelled by 
applying an incremental uniform pressure over the 
upper surface up to the naximum calculated vertical 
pressure of 200 MPa. 
Mid-Triassic tectonism was simulated by shortening 

the section 2 percent (calculated from fault displace- 
ments [2]) while maintaining the maximum vertical 
pressure. 

The major geological process active through the 
Cainozoic over this section has been the removal of 
overburden by erosion. This is simulated in the model 
by a staged reduction of the overburden pressure to 
zero. The history of uplift is thought to involve 
con tem poraneous eas t-wes t ex tens ion and north -s o u t h 
tectonic compression. A maximum extension of 0.5% 
was applied over the section. After this stage the model 
was taken as being representative of present day 
conditions. 
The modelling sequence therefore involved the fol- 
lowing steps: 

o setting up a grid to represent the geometry of the 
principal mapped structures and their association 
with the local geology. 

o assigning material properties to the principal 
rockmass units which reflect the relative differ- 
ences between the included strata. 

o initialking the stress conditions with those con- 
sidered representative of the prevailing tectonic 
and/or burial conditions. 

o stepping the model to equilibrium for each stage 
in the geological history; in this case - burial, 
shortening and denudation of the landmass to 
present day conditions. 

Figure 3 Insitu stress data Borehole BH2 
4 MODEL VALIDATION 

The measured orientations of the major horizontal 
stress are shown to vary in the range 20 to 350 degrees 
magnetic. These orientations were predominantly 
established in borehole BH2; only one orientation was 
calculated in borehole BH 1. 

Analysis of displacements on faults provided a first- 
pass estimate of the maximum stress conditions that 
prevailed in the geological history of the area. It was 
estimated that the coal measures were buried under 
2360 metres of sediment, which taken with subsequent 
tectonism resulted in a vertical pressure of 200 MPa. 
Further analysis indicated that the maximurn hori- 
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zontal stress experienced over the section was 145 
MPa and the associated minimum horizontal stress 
was 98 MPa. 
The model provides independent confirmation of the 

calculated stress estimates. By tracking the stress in a 
coal measure zone through the burial stages and 
subsequent tectonic shortening, it is shown in Figure 
4 that from the initial low stress, the process of burial 
induced a concomitant increase in horizontal stress. 
Note that the increase is proportional but not equal in 
the two horizontal directions. 

200 

160 
h a a z 120 
E 80 
v) 
v) 
W 

v) 

40 

0 

SYY 
3URIAL 

SHORTENING- 
TECTONICS 

I I I I I I 

HISTORY 

Figure 4: Predicted stress changes with time. 

During the stage of tectonic shortening the horizontal 
stresses increased continuously while the overburden 
stress remained constant. The maximum stress 
conditions in the rockmass prevailed after two percent 
shortening, with the horizontal stress in the tectonic 
direction (sxx) having increased by 50 percent, and the 
out of plane stress (szz) by 18 percent. The predicted 
horizontal stresses compare very well with those 
calculated from fault displacements; the difference is 
about 3 percent. 

It was found that the high horizontal stresses 
encountered in the area were locked in after removal 
of the overburden. The magnitude of the locked in 
horizontal stresses is dependent on the amount of slip 
that has taken place on the faults in the rockmass 
induced by changes in frictional properties of the fault 
or by the gross effects of regional extension tectonics. 

The coal measures are characterised by marked 
changes in rock type over small distances due to the 
nature of the original sedimentary environment. 
Scatter in stress measurements is to be expected from 
individual test measurements down the borehole at 
scale intervals less than the bedding thickness. The 
scale variation of any stress measurement is limited to 
the thickness of the tested formation, since the stress 
regime, and in particular the horizontal stress magni- 
tudes are known to undergo sudden jumps when 
crossing rock units. 

In the computer simulation, stresses were monitored 
in zones within the grid whose positions were at the 
same depth as those of the insitu packer tests. The 
calculated stresses for these positions are plotted 
together with insitu measured data in Figures 5 and 6 
for boreholes BH1 and BH2, respectively. 
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Figure 5 Predicted vs measured stress - Borehole BH1 
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Figure 6 Predicted vs measured stress - Borehole BH2 

Stresses in BH2 are significantly lower than the 
predicted stresses and lower than the regional stress- 
depth relationship. A noticeable characteristic of the 
insitu measured stress is that there is very little 
variation in the stress magnitude with increasing depth. 
The predicted stresses show a similar uniformity in 
magnitude around the fault structure. Overall the 
predicted minor horizontal stresses fit the region 
stress-depth relationship but the major horizontal 
stresses are significantly lower, particularly in the 
vicinity of the fault. The overall low stress state around 
borehole BH2 is attributed to it being fault bounded. 
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ABSTRACT: The variations in the gas composition within the Illawarra Coal Measures are m d y  related to 
geological structure and depth. The volume of C02 increases towards structural highs with the highest 
concentrations occumng in anticlines and near some faults. In the structural lows of the basin C& is dominant but 
local pockets of COZ occur adjacent to dykes. Furthermore, in most areas, the volume of CO2 increases with 
decreasing depth. Most of the C& that occurs within the coalfield was derived as a by-product of coalification. 
The carbon isotope studies by previous researchers indicate that most of the C02 was derived from intermittent 
magmatic activity between the Triassic and the Tertiary. It is postulated that this magmatic COZ migrated towards 
structural highs and accumulated in anticlines and near sealed faults. 

Migration of gas at depth mainly occurred in aqueous solution, down the pressure gradient. During the 
upward migration of. gas-saturated solutions, gas was continually removed by exsolution due to decreasing 
pressure. As C& is considerably less soluble than COz, CH, was released fiom solution earlier than C02; 
consequently causing the enrichment of COZ at stratigraphically higher strata. 

2 GEOLOGICAL SETTING 
1 INTRODUCTION 

The highly variable composition of the gas given off 
fiom coals during its mining has been one of the major 
hazard for the Australian coal industry. Over the past 
four decades, much interest has been shown by the coal 
industry in the variations in the gas composition within 
coal seams of the Southern Coalfield but limited 
knowledge has been gained. Several of the previous 
studies were conducted within localised areas, in many 
cases, within individual mine boundaries and confined to 
the Bulli seam. Gas and liquid hydrocarbons that occur 
in coal measures sequences are extremely mobile fluids 
and if the study of their distribution is confined to a very 
small area of the basin, and only to the top-most coal 
seam, the understanding that can be gained will be very 
limited. To clearly understand the distribution of these 
mobile components the key is to investigate the origin 
of the gases, their migration and entrapment 
mechanisms together with the timing of these events. 
Tlus paper presents a summary of detailed 
investigations (Faiz, 1993) of local as well as regional 
variations in the gas composition in relation to the 
coalification history, structure, stratigraphy, coal type 
and igneous activity in the Southern Coalfield. 

The Southern Coalfield represents the southern most 
part of Sydney Basin that was deposited during the 
Late Permian and Early Triassic Periods (Herbert, 
1980). The main coal-bearing succession of the 
southern Sydney Basin, the Illawarra Coal Measures, 
was deposited in fluvio-deltaic environments during 
the Late Permian. The coals of this sequence are 
composed mainly of vitrinite and inertinite with minor 
amounts of liptinite (< 3%). The coal rank varies from 
high volatile bituminous to medium-low volatile 
bituminous. The vitrinite reflectance of the topmost 
coal, the Bulli Coal, ranges from approximately 1% in 
the west to over 1.4% towards the northeast. 

The major structural element of the southern 
Sydney Basin is a broad N-S trending syncline, named 
the Camden Syncline (Wilson et a l ,  1958), the axis of 
which lies along the centre of the basin 0;igure 1). 
The eastern limb of the Camden Syncline is 
characterised by a series of NW-SE trending gentle 
anticlines and synclines. The western limb is 
characterised by N-S and NNW-SSE trending 
monoclines. Folding in the region is gentle with most 
structures plunging northwest with regional dips 
commonly less than 5". Three main fault directions are 
recognised; NW-SE, N-S to NNE-SSW and WNW- 
ESE to WSW-ENE (Wilson, 1975; Lohe and 
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Figure 1. Major structures in the study area (based on Bunny, 1972; Wilson, 1975; 
Shepherd, 1990, Clark, 1992 and original data) 

1. Camden syncline, 2. Douglas park syncline, 
3. woronora anticline. 4. Novice syncline, 
5. Waterfall anticline, 6. Bulli anticline, 
7. South Bulli syncline, 8. Kemira anticline, 
9. Nepean minocline, 10. Nepean fault zone, 
11. Lapetone monocline. x. syncline X .  

0 
0 

I 

Figure 2 .  Contour map showing the proportion of COz desorbed from the Bulli seam. 
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McLennan, 1991). It is believed that the main folding 
and faulting in the region were contemporaneous with 
sedimentation (Cook, 1969; Jakemq 1980; Clark, 
1990). In addition to these major structures, minor E- 
W trending faults have been identiiied in the basin and 
they are believed to have been formed in relation to a 
later stage compressional event (Lohe and McLennan, 
1991). 

3 GAS IN ?WE ILLAWARRA COAL MEASURES 

Gas in the nlawarra Coal Measures consists of a 
variable mixture of methane, ethane, butane, carbon 
dioxide, nitrogen, hydrogen sulphide, helium, neon, 
argon and krypton. Desorption tests of coal samples 
fiom surface boreholes indicate that the total desorbable 
gas content varies fiom less than 1 m3/t (m3/t = cubic 
metres per tonne of raw coal) up to 23 m3/t. 

The composition of the gas is highly variable and 
ranges fiom essentially pure C€& to pure C02. (Figures 
2 and 3). In most parts of the coalfield these two gases 
occur in varying proportions and account for greater 
than 90% of the in si& gas. However, significant 
amounts of C2Hs and longer chain hydrocarbons (up to 
12%) occur towards the northern part of the basin 
(Faiz, 1993). 

As the two dominant gas components in the 
Illawarra Coal Measures is C€& and C02, the detailed 
discussion here will be directed towards the variations 
of these two gases, especially the C02:C€& ratio. The 
seam gas composition does not show any systematic 
variation with coal type or rank (Faiz, 1993; Faiz and 
Cook, 1991). However, the gas composition 
significantly varies with the stratigraphic position and 
depth (Figure 3). Locally, the C02:C€& ratio shows the 
following trends within the Southern Coalfield 
sequence: 
(a) rapid or a gradual decrease in the C02 content 

with increasing depth; 
(b) quadratic change in the gas composition with 

depth; 
(c) slight or insignificant increase in C02 with 

increasing depth; and 
(d) approximately constant gas composition with 

depth. 
In the majority of the boreholes trend (a) is seen, 

where the proportion of C02 decreases with increasing 
depth, irrespective of the absolute C02 content. 
Accordingly, the C02 content of the coal seams 
occurring within the Eckersley Formation and the 
overlying Bulli Coal is generally higher than that of the 
deeper coals such as the Wongawilli and Tongarra 

Coals. Trend (c) is rare. No example showing a rapid 
increase in the proportion of C02 with depth was 
ob served. 

The spatial distribution of the seam gas 
composition is complicated and shows wide 
variations, both locally and regionally. A contour map 
depicting the CO2:Cb ratio for the Bulli seam is 
shown in Figure 2. C€& is the dominant seam gas in a 
belt running N-S along the central part of the study 
area. On either side of this belt the percentage of C02 
is higher and the variations in gas composition show a 
more complicated pattern. The spatial variations in 
the gas composition of all the deeper coal seams show 
a similar pattern (Faiz, 1993). 

Figure 4 indicates a close relationship between the 
C02% isopleths of the Bulli Coal and its major 
structural elements. The striking feature in Figure 4 is 
that the central N-S trending, C&-rich belt 
approximately follows the axis of the Camden 
Syncline. On the eastern limb of this syncline the axes 
of both folds and faults trend NW-SE and the C02 
contours also parallel this trend. Similarly, on the 
western limb of the Camden Syncline, the C02 
contours closely follow the trends of the major 
structural elements. Although the regional gas 
distribution appears to show a high degree of 
complexity it is clearly noticeable that the gas in the 
structural lows is always low in C02 and enriched in 
CI-L (Figures 4 and 5). For example, in the eastern 
part of the coalfield, (2% enriched gas occurs in the 
structural lows such as the Cataract, Douglas Park, 
Novice and South Bulli Synclines. In contrast, gas in 
the structural highs such as the Woronora, Bulli and 
Kemira Anticlines is composed of very high 
concentrations of C02. The greatest accumulation of 
C02 is found in the Woronora Anticline which is the 
largest structural high within the Southern Coalfield. 
Furthermore, although most of the western l i b  of the 
Camden Syncline contains gas with a high proportion 
of C02, within the E-W trending syncline, informally 
called Syncline X (Figure 4), the gas is mainly C € L  
Within some other structural lows (for example Appin 
and South Bulli mines) localised pockets of 
anomalously high COz concentrations occur and these 
are invariably associated with faults and dykes. 

4 DISCUSSION 

The occurrence of high concentrations of C02 in coal 
measures of bituminous rank is unusual. In most coal 
measures sequences in the world, the gas mainly 
consists of CH, with less than 5% C02. 
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Figure 3. Stratigraphic variations in the C02:CH, ratio for selected boreholes. 

EASTING (METRES, 

'50 100 
- l - T l - l  

I --- fault q- anticline +synclme i r n o n o c l l n e  
- - 

fracture zone co2 50% -10- %COZ(COZ+CH4) 

Figure 4. Geological structure and the percentage of CO? desorbed from the Bulli seam. 

1. Camden syncline, 2 .  Douglas park syncline, 
3 .  Woronora anticline, 4. Novice syncline, 
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7. South Bulli syncline, 8. Kemira anticline. 
g . Nepean minocline, IO. Nepean fault zone, 
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The type of gas generated during the process of 
coalification varies with rank. Carbon dioxide and H20 
are the major by-products of coalification during the 
sub-bituminous coal stage. Most of the C02 generation 
is expected have occurred prior to the high volatile A 
bituminous stage (vitrinite reflectance of approximately 
0.7%) with the elimination of the carboxyl groups in the 
coal. Any krther increase in coal rank mainly produces 
C K  and other hydrocarbon products. 

Although sigmficant volumes of C02 are formed 
during the early stages of coalification, generally, this 
gas does not constitute more than 5% of the total 
volume of the gas encountered in high rank coals. It is 
believed that this paucity of C02 is due to it being 
expelled immediately after its formation. During the 
brown and sub-bituminous coal stages, when C02 is 
being generated, the macro-pores having a diameter of 
grater than 50 nm are the dominant pores in coal (Gan 
et al. 1972). Therefore, during the stage of active C0-L 
generation, this gas readily escapes from the coal via 
these macropores. The C02 and H2O are expelled more 
or less simultaneously, probably with the C02 largely 
dissolved in H20. These fluids subsequently react with 
the clay and feldspar minerals of the sedimentary rocks 
and are removed from the system. 

Despite the removal of the COZ generated during 
coalif-ication some gas reservoirs are enriched in C02. 
Such occurrences, however, are believed to have origins 
external to coaiiication, for example, thermal 
destruction of carbonates, bacterial oxidation of 
hydrocarbons and the introduction from magmatic or 
igneous sources. 

It is believed that the C& and other hydrocarbons 
that is occurring within the Southern Coalfield were 
formed as a by-product of coalification. Although some 
C02 that was formed during coalification .may be 
present, most of the C02 found within Southern 
Coalfield appears to be of origin extraneous to 
coalification. Hargraves (1 963) suggested that the 
anomalously high volumes of COZ occurring within the 
Illawarra Coal Measures were caused by the 
introduction of this gas fiom magmatic sources such as 
dykes and sills. This interpretation was mainly based on 
the close relationship between C02 isolines and igneous 
sill intruding the Bulli seam at the Bulli Colliery. Later 
Hargraves and Lunarzewski (1985) showed that in the 
vicinity of the 70 m fault at the Metropolitan Colliery, 
the gas composition changes from largely C02 on the 
upthrown side, to largely CH, on the down-thrown 
side. Smith and Gould (1980) and Smith et al. (1 984) 
studied the isotopic composition of coal seam gas and 
noted that where the COZ content in the seam gas is 
high, 13C values of C02 are isotopically ighter (between 

- W o o  and -15%0) hence confirming the original 
hypothesis of Hargraves (1963) that most of the CO-L 
is of magmatic origin. 

Although carbon isotope data suggest a magmatic 
origin for C02, a simple and contiguous relationship 
between major igneous intrusions and the volume of 
C02 in seam gas is not apparent (Figure 6).  Close 
associations of high volumes of C02 can be clearly 
related only to the Yerrinbool Igneous Province (A), 
Woronora Igneous Province (B) and areas labelled C 
and D. However, even in these regions, seam gas is 
not high in C02 around the whole igneous body. For 
example, only the western and eastern sides of 
Yerrinbool Igneous Province have high COz contents 
whereas towards the north, along the Camden 
Syncline seam gas is dominantly C&. Similarly, near 
the Woronora Igneous Province, the seam gas is 
mainly CH, in the Novice Syncline whereas the C02 
content increases towards the Woronora Anticline. 
There are also other areas where igneous intrusions 
are numerous but the seam gas is dominantly CW (for 
example intrusions labelled E, F, G and H); these all 
occur in structural lows. Therefore, if the large 
volumes of C02 that occur in the Southern Coalfield 
were of magmatic origin, as indicated by the l3C 

values, it appears that this gas has migrated 
considerable distances towards the structural highs. 

The mode and time of C02 and other fluid 
migration largely determines the distribution of these 
fluids within the coal measures sequence. The 
mechanism of gas migration within the geological 
system is poorly understood. Mechanisms that have 
been proposed include solubility in water, migration of 
oil and gas under pressure in a single phase and 
diffusion. In the presence of water at depth gas 
migrates mainly in solution (Bray and Foster, 1980). 

The two dominant volatile components released 
during the emplacement of a magma are €320 (steam) 
and C02 (Hoefs, 1987). During the emplacement of 
basaltic or andesitic magma the typical amounts of 
H20 and C02 ranges from 35 to 90 mol% and 5 to 50 
mol%, respectively. Therefore, as many of the large 
igneous intrusions within the Southern Coalfield, are 
doleritic (basaltic magma), during their emplacement, 
large quantities of C02 and H20  may have been 
concurrently released into the sedimentary sequence. 
As CO;? is highly soluble in water, especially at 
elevated pressures, the water within the sequence 
becomes saturated with COz and the subsequent 
migration of COZ occurs in aqueous solution. Any 
C02 in excess of the solubility exists in the gas phase. 
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The migration of liquids within a geological system 
generally occurs down pressure, temperature and 
concentration gradients. Therefore, most of the gas and 
gas saturated waters migrate vertically upwards along 
permeable paths such as open faults, joints and other 
permeable planes of weakness and laterally up-dip along 
permeable strata and fractures. The lateral migration 
continues until a suitable trap such as an anticline or a 
sealed fault is encountered. For example, the C02 that 
was released during the emplacement of magma in the 
Woronora Igneous Province may have migrated in 
solution upwards and towards structural highs. The 
C02 that migrated westwards was then entrapped at the 
crest of Woronora Anticline and the C02 that migrated 
eastwards was entrapped at the upthrown side of the 
Metropolitan Fault (Figure 5 ) .  Most other occurrence 
of C02 at structural highs could also have resulted 
through such migration and entrapment mechanisms. 

The solubility of gas increases with increasing 
pressure, and decreases with increasing temperature and 
salinity (Buttler, 1982). During the upward migration 
of these gas-saturated solutions various components 
continually phase-separate due to decreasing pressure. 
The depth at which various gases exsolve depends on 
the solubility. At a given pressure, C02 is up to 30 
times soluble than C€& and therefore, during the 
upward migration of gas-saturated solutions, CH, 
exsolves earlier than C02 consequently causing the 
relative enrichment of CH4 gas in deeper strata. 

In a region where the geothermal gradient is 
26"C/km, such as the Southern Coalfield, the solubility 
of C02 decreases rapidly at depths shallower than 600 
m (Figure 7). Thus, an enrichment of C02 occurs at 
depths shallower than 600 m. This pattern is clearly 
observed in most parts of the Southern Coalfield, where 
the COz content in the coal seam gas rapidly increases 
at depths shallower than 600 m (Figure 7). Therefore, 
it is clear the depth related changes in the gas 
composition have primarily resulted from the solubility 
variations. 

Timing the origin of magmatic C02 presently 
occumng within the Southern Coalfield is difficult as 
the region has been subjected to periodic igneous 
activity from the Permian to Tertiary. Most of the age 
data on the igneous intrusions are from surface and 
mine samples. Many of the deep lying, larger igneous 
bodies such as in the Woronora and Yemnbool 
Provinces, cannot be dated because they have been 
extensively altered (P.F. Can, pers. co rn . ) .  Clarke 
(1 977) indicated that the doleritic and syenitic rocks in 
the Yerrinbool Igneous Province were emplaced 
between the Late Triassic and Late Cretaceous. The 
absence of magmatic C02 close to the larger igneous 

provinces suggests that this gas was introduced at an 
early stage, probably prior to or simultaneous with the 
major phase of coalification (Faiz, 1993) and has 
subsequently migrated upwards. If the C02 was 
introduced later, during the Tertiary, C€& that was 
already residing within the strata, especially within the 
coals, should have been replaced by later introduced 
magmatic C02. However, C02 introduced during the 
Tertiary may also occur in places and these are 
expected to occur adjacent to the igneous source. The 
migration of such later introduced C02 would have 
been restricted by diminished permeability Gadington 
et al., 1991) and the saturation of porosity with 
previously-formed fluids. The localised C02 
occurrences near dykes within structural lows (for 
example Appin and South Bulli Mines) are cases of 
such late stage C02 gas that was introduced during the 
late stage magmatic activity. 

5 SUMMARY AND CONCLUSIONS 

Variable amounts of C02 and CI-L occur within the 
Illawarra Coal Measures. These variations are mainly 
related to the geological structure and depth. The 
variations in the gas composition have no clear 
relationship with the coal composition or rank but 
show well-defined relationships with stratigraphy and 
geological structure. High proportions of CH4 occur 
in the synclinal structures whereas the COz content 
increases towards structural highs. Extensive areas of 
pure C02 gas occur on anticlines and domes. In 
structural lows, local pockets of high C02 
concentrations are found near some dykes and related 
faults. Increasing concentrations of C02 also occur in 
the stratigraphically higher levels. 

Most of the (2% that is present within the 
Southern Coalfield was formed as a by-product of 
coalification and most of the C02 was introduced 
during periodic igneous activity. Many of the C02 
occurrences can be related to igneous activity. Near 
the two major magmatic provinces in the Southern 
Coalfield, C02 has migrated considerable distances up 
structures before being entrapped in antichal crests, 
faults or dyke related barriers. 

Migration of gases mainly occurred upwards in 
aqueous solution, down the pressure gradient. During 
the upward migration of gas-saturated solutions, gas 
was continually released from the solution due to 
decreasing pressure. Due to the lower solubility of 
C& relative to C02, C& was exsolved within the 
deeper strata whereas increasing amounts of C02 were 
exsolved within the shallower strata. Therefore, in 

38 1 



COZ dl-solrrd (rnI/g of water. STP) 

0 10 20 30 
I I 1 

1 E 
f 1000-  

1; 
1250 - 
1500 - 

26 'Clkrn 

2000 1 
C 0 2  Ye in seam gas 

5 5 0  . TO . 40 , qo . '10 . 1po 

BL 10 

600 

T 

d 

- 
5 6 5 0  

700 

750 

i 
(c) 

C 0 2  7. in seam gas 

0 20 40 60 80 
400 

Figure 7. (a)-variation of the COZ solubility in water with depth, at normal geothermal and 
hydrostatic conditions @ray and 1980); 
(b) & (c) - variation of CO, content with depth in deep boreholes. 

most parts of the Southern Coalfield, increasing 
amounts of COZ gas occur at shallower depths. 

Dating the origin of magmatic CO2 is difficult due 
to the lack of reliable age data for the igneous bodies. 
However, it is postulated that where gas has migrated 
considerable distances fiom the source, it was 
emplaced before or during the major phase of 
coalification whereas most of the C02 that occur 
adjacent to the magmatic source was emplaced later in 
the Tertiary. 
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Microbial methane and endogenic carbon dioxide in Lower Silesian Coal Basin, SW Poland 

Maciej Kotarba 

Dudley D. Rice 

Depr. of Fossil Fuels, Universiry of Mining and Metallurgy, Cracow, Poland 

U.S. Geological Survey, Denver, Colorado. U.S.A. 

ABSTRACT: The Lower Silesian Coal Basin (LSCB) is situated within the Intra-Sudetic depression, in the 
Sudetes Mts. (SW Poland). The LSCB is Upper Carboniferous, limnic, intradeep molasse basin. 

Bituminous coal and anthracite seam gases are highly variable in both their molecular and isotopic 
compositions. Geochemical indices and stable isotope ratios vary within the following ranges: gas wetness 
values (C2, =[(C2+C3+C4+C5)/(C1+C2+C3+C4+C5)1 100 percent) from 0 to 48.5 percent; carbon dioxide- 
methane indices (CDMI=[CO$(C02+CH4)] 100 percent) from 0.12 to 99.96 percent; methane 613C values 
from -66.1%0 to -24.8%0; methane 6D values from -266%0 to -117%0; ethane 613C values from -27.8%0 to 
-22.8%0 and carbon dioxide 613C values from -26.6%0 to +l6.6%0. 

Stable isotope studies, in addition to geological and hydrogeological conditions, allowed a ready distinction of 
methane of microbial origin and coal seam invasions by carbon dioxide of external origin. 

In the places where microbial methane occurs, gases aCt: characterised by: methane 6 W  values from -66.1%0 
to -50.2%0, At3C (C02-CH4) from 42.4%0 to 73.9%0. This microbial methane is interpreted to have been 
generated in coal seams at shallow depths with active groundwater flow. 

Carbon dioxide accumulated in the coal seams of the LSCB reveal variability of both the content and isotopic 
composition. Stable isotope studies allowed distinction between magmatic, thermogenic and bacterial CO2. 
The 6I3C values of the endogenic (magmatic and/or upper mantle origin) C02 are close to the mean values for 
elemental carbon in the upper mantle and vary from -8%0 to -5%0 (about -7%0 on average). Carbon dioxide 
occurring in some faults zones of the LSCB, reveals CDMI values from 88.2 to 99.96% and 613C-values from 
-10.5%0 and -5.7%0. These data indicate endogenic origin of carbon dioxide. 

Nom: A copy of the paper will be distributed at the time of the Symposium-cum-Workshop. 

385 



Int. Symp. cum Workshop on Management R. Control of High Gas Emission & Outbursts 
Wollongong, 20-24 March, I995 

Some observations on the mixed gas desorption from coal 

D. J. Williams, A. Saghafi and D. Roberts 
CSIRO, Division of Coal & Energy Technology, Sydney, Auslralia 

ABSTRACT: Mixed gas desorption is not yet a fully understood process in coal seam gas drainage 
engineering. Many Australian coal seams contain methane and carbon dioxide simultaneously and differences 
in the rate of desorption in underground and in the laboratory have been widely observed. Some of the 
observations appear to contradict each other and there is not a simple answer to the question - which of the two 
gases desorb faster? 

Some laboratory measurements are being carried out to improve our understanding of mixed gas desorption. 
These have centred on exposing crushed coal to CHdC02 mixtures at pressures up to 50 atmospheres and 
determining the composition of the desorbing gas as the pressure in the coal container is reduced in a stepwise 
manner. Both a static and flow systems have been employed. This paper presents some of the early results of 
these measurements. 

NOTE: A copy of the paper will be distributed at the time of the Symposium-cum-Workshop. 
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Issues and direction in the management of outburst risk in New South Wales 

Bruce McKensey 
Chief Inspector of Coal Mines, Department of Mineral Resources, New South Wales 

ABSTRACT: This paper raises some issues and indicates the direction that the management of the 
outburst risk has taken in coal mines in New South Wales (NSW). This will be from the perspective 
of a regulatory authority with a charter to protect the public interest and to ensure that concerns for 
the life safety of those involved in mining potentially outburst prone areas are adequately addressed. 

In trod uction 

It is my belief that the approach taken in New 
South Wales (NSW) to the management of 
outburst risk in underground coal mines 
provides a somewhat interesting case study of 
a risk management based, quasi-regulatory 
approach which may have broader application 
in other areas of hazard management. 

This paper is intended to: 

discuss the nature of the NSW outburst 
problem fiom a regulatory perspective; 

make some observations about the state of 
current outburst related technology (and 
implications of the capability of that 
technology); 

suggest means to overcome shortcomings 
in technology and human performance 

outline the approach and initiatives taken 
by the coal mining inspectorate in NSW 
toward the outburst problem; and 

relate the current status of that approach 
and initiatives. 

The nature of the problem 

With one exception, mines prone to some form 
of outburst risk are located in the Wollongong 
area of NSW. Many of the mines in the 
Wollongong area, the southern coalfield of 
New South Wales, are at some risk from 

outbursts. The nature and degree of the risk 
varies not only between but also within 
individual mines. 

Geology may vary sufficiently across a given 
mining lease to significantly influence the 
likelihood for outbursts. The seam gas 
environment may varying within a given lease 
from predominantly methane to predominantly 
carbon dioxide; with a consequent change in 
the risk to be managed. Seam gas content may 
similarly vary from virtual absence near an 
outcrop to levels sufficient to cause outbursts 
where a seam is currently mined. 

With time, there is a continuing tendency for 
mining to proceed to greater depths and to 
greater distance from outcrop. This tends to 
greater gas content of worked and surrounding 
seams and, in combination with geological 
structures, to generally increasing outburst risk 
within the coalfield. 

In some mines the outburst risk is relatively 
well defined; in fact in one mine some 250 
outbursts have been encountered. In other 
mines the problem is absent. There are mines 
where conditions are slowly, but inexorably 
trending toward conditions where outbursts 
must be considered a problem. There are 
mines which have had a few outbursts and 
there a mines which have not, so far, 
encountered an outburst but will likely do so. 

Perhaps because of the, often, slow and ill 
defined onset of outburst conditions as a mine 
is developed there has been some reluctance on 
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the part of some sectors of industry to accept 
that there is a problem. 

There have been instances where outbursts 
have been encountered entirely unexpectedly, 
either because the gradual development of 
outburst prone conditions was not recognised 
or because there were scant, if any, signs of 
warning present. There have been instances 
where measures intended to detect outburst 
related structures have not been undertaken in 
the manner expected, or where, for one reason 
or another, gas drainage has failed to remove 
sufficient gas to reduce the outburst hazard. In 
all these cases personnel have been exposed to 
unacceptable risk, and, in too many instances 
lives have been lost. 

There have been some twelve outburst related 
fatalities in the coalfield in the 98 years since 
the first outburst was encountered. Of those 
twelve, there have been five fatalities in the last 
ten years including an instance of a triple 
fatality from a single event. Even the single 
fatality events have had great potential to have 
been multiple, and there have been numerous 
near misses where, often, good fortune alone 
prevented a death. 

The outburst problem is both a current and a 
continually emerging problem. The varying 
form and magnitude of the problem means that 
there is no single solution, or set of solutions, 
which may form the basis of regulation. Any 
attempt at uniform regulation may likely not 
adequately cater for the more extreme risks 
encountered and could well lead to the 
imposition of unreasonable provisions in cases 
where the risk is minimal. 

The state of technology 

The preceding conference and this workshop 
have, and will, provide an excellent overview 
of the state of art in technology related to 
outburst prediction, prevention and protection. 
It is not my intention to seek to surpass that 
excellent summary, but, rather to look a little 
critically at both the technology and, perhaps, 
more importantly the application of the 
technology. 

Our attention should first be turned to 
measures for the prediction of outbursts. 
Predictive measures have generally involved a 
combination of detection of outburst related 
structures in the worked seam together with 
estimation of in-situ gas content and 
composition. 

There is no doubt that the technology for 
outburst prediction continues to improve; but 
it remains both labour, and capital and time 
intensive. This has substantial associated cost, 
and the time for application results in delayed 
mine development and associated penalties. 

This, in turn, may lead to an unwillingness to 
apply the technology; to argue that conditions 
do not warrant the time and expense; that 
conditions are all right and after all there may 
not have been an outburst experienced. Often, 
any external imposition of such measures is 
seen as tantamount to an intent to close a 
mine. 

In addition, where the technology for outburst 
prediction has been applied its reliability has 
been extremely variable. In some cases the 
reliability of techniques such as horizontal 
drilling to detect structures is not only 
unknown but there has been scant attempt to 
estimate it. In most cases where the reliability 
has been considered it has been overestimated. 
There has not only been a tendency to 
overestimate the reliability of results obtained 
from drilling, but also to incorrectly interpolate 
past date to the future, in which there is no 
guarantee that conditions will not radically 
change. 

Drilling to detect structures has been highly 
dependent on the vigilance of operators during 
what is generally a boring and repetitive task. 
Not surprisingly human error, in failure to 
notice signs of structures, has occurred: and 
sometimes with potentially disastrous results as 
mining has struck an undetected outburst zone. 

Measurement of gas content, often itself the 
subject of considerable error, has been used as 
the basis for some quite extraordinary 
assumptions. In some cases, a single gas 
content determination has been used as the 
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basis for assumption about seam gas conditions 
some kilometres fiom the sampling point. 

In other cases the assumption has been far 
more short range, but just as unwarranted, and 
just as unrepresentative of the anisotropy of 
the coal seam in question. In yet other cases, 
the sampling location has been literally 
unknown because the location of the drill hole 
from which the sample was taken was similarly 
unknown. 

As with drilling, there has been reluctance to 
accept the potential unreliability of gas content 
determinations. There has been a tendency to 
minimise, rather that maximise, the number of 
samples taken and only in recent times have 
worst case sampling strategies been 
introduced. 

In addition to drilling and gas content there is a 
wide variety of information that must be 
collected and assessed as part of decision 
making processes in relation to the potential 
for outbursts. This information comes not only 
from technical sources such as geophysical 
evidence but may result from the observations 
of, hopefully, alert mining crews and 
supervisors. The information is not only 
widely varied but typically sparse, there seldom 
being sufficient reliable information from a 
single source on which valid decisions may be 
made. 

There has been, and will likely continue to be, 
one primary means of outburst prevention, and 
that is effective drainage of the worked seam. 
As with other measures, gas drainage is 
influence by a myriad of factors impacting on 
its reliability but the three primary factors are: 
known drainage hole locations; adequate 
knowledge of the area of influence of drainage; 
and sufficient drainage lead-time prior to 
mining. 

Controlled horizontal drilling, and the reliable 
measurement of hole location, continues to be 
an emerging technology and certainly in the 
past has been just as much art as science. The 
unreliability of hole location has had an impact 
on the reliability of drainage. This has been 
particularly the case in carbon dioxide 

environments where close hole spacing, 
sometimes even within the line of a developing 
roadway, has been necessary for effective 
drainage, yet not always achieved nor 
achievable. 

The reservoir characteristics of the Bulli seam 
may vary in a similar fashion to the outburst 
risk; that is not only between colliery holdings 
but also within an individual colliery’s 
boundaries. Knowledge of those 
characteristics is variable, although improving. 

The allowance of sufficient lead-time for 
drainage and the conflicting needs of adequate 
mine development rates continue to test the 
metal of mine management. Indeed, the co- 
ordination, and control of an adequate gas 
drainage program may add an order of 
magnitude of complexity to the operation of a 
mine. Given the continuing conflict of gas 
drainage and mine development needs, one 
might question whether the industry has 
sufficiently considered the possibilities offered 
by surface pre-drainage. 

The last card in the outburst pack is protection 
of personnel. This last card remains a 
necessary evil and is an admission that all the 
prediction and prevention technology available 
cannot be totally relied upon. Protection must 
cater for the worst possible case and must be 
continually re-evaluated in order to ensure that 
the risk to personnel is adequately catered for. 

It has been common practice to build 
protection around operators and yet still leave 
them on machines which may be involved in an 
outburst. One must question, in this day and 
age, the humanity of leaving a machine 
operator for an extended period in an 
environment where one breath of an external 
atmosphere may be lethal. 

Regrettably, the use of outburst protective 
measures, usually as some form of outburst 
mining procedure, causes a reduction in mining 
development rates. The imposition of those 
measures is, quite understandably, often 
avoided. With this tendency the use of 
structured and conservative decision processes 
is a necessity. The switch between normal and 

39 1 



outburst mining, and vice versa, requires 
disciplined decision making in the face of 
conflicting aims and variable, and often 
unreliable, information. 

The need to consistently err on the side of 
safety, when faced with disparate and sparse 
information calls for decision processes to be 
disciplined. There is also a need to ensure that 
information is collected, collated and assessed 
in a consistent manner and that procedures 
meant to be in place are followed as intended, 
and that there are objective means available to 
ensure this. 

The availability and uncontrolled application of 
technology alone cannot achieve these aims. 
Recent bitter experience has instances, where; 
with the wisdom of hindsight all the signs of an 
impending outburst were apparent; or where 
information collection procedures, for one 
reason or another were not followed; or where 
information from various sources was not 
effectively combined; or where all available 
technology was in place but not effective since 
the kndamental risk had changed. It is clear 
that the outburst risk is a much a management 
as a technical issue. 

The preoccupation has, however, always been, 
and continues in many quarters, to be with the 
technology. This is evidenced by the content 
of this symposium cum workshop which 
despite having the a title containing the words 
“Management and Control” is very much a 
showcase for geoscience and technological 
development. 

If this is a criticism, then it is a broad one that 
may be aimed at the entire engineering 
fraternity. It is often dificult for those steeped 
in technology to come to terms with issues 
related to the application and management of 
not only that techology, but others as well, and 
the control of their interaction. It is submitted, 
however, that the effective systematic 
management of technology, and information 
derived from it, is at the core of the underlying 
aims of this workshop. 

The need for a system of management 

While it is clear that technology is a necessary, 
but not in itself a sufficient means to control 
the complex risk presented by outbursts, it is 
also clear that a rigid regulatory approach is 
probably not desirable. As well as the variable 
nature of the outburst risk the state of 
technology available to apply to that risk is 
constantly changing and, fortunately, 
improving. 

If a relatively rigid regulatory approach is not 
desirable, what are the characteristics of an 
approach or a system of management that is 
likely to be effective? From the forgoing 
observations the following can be deduced 
regarding necessary and desirable attributes of 
such a system: 

0 

e 

e 

0 

0 

0 

it must adequately cater for risk which 
varies from site to site and from time to 
time both within and between sites; 

it must allow the use of appropriate levels 
and types of technology together with the 
introduction of new technology when 
available or desirable; 

it must adequately cater for predictive 
technology with varying reliability; 

it must cater for the collection and 
assessment of information from varying 
sources and with varying degrees of 
complexity and completeness; 

it must ensure that processes related to 
outburst prevention, to outburst mining, 
and to outburst data collection and 
evaluation proceed under controlled 
conditions; 

it must provide sufficient audit trails to 
allow both internal assurance that 
processes are proceeding as planned, and 
to provide evidence to an external entity 
that plans are being carried out as intended; 
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it must ensure the implementation of 
appropriate procedures and equipment 
standards together with appropriate 
training to enable the workforce to 
understand and follow these; 

it must provide support for disciplined 
decision making which must, in turn, be 
objectively based and err on the side of 
safety; and 

it must be developed, implemented and 
maintained on a site by site basis to cater 
for site variation and ensure adequate 
levels of ownership. 

The following section outlines the development 
of an approach to outburst risk management 
which has taken up the above principles. 

The outburst management plan approach 

Following a triple outburst related fatality at 
South Bulb colliery in July 1991 it was 
apparent that a more rigorous management 
approach to the outburst problem must be 
pursued. As a result a number of industry 
working groups were brought into existence as 
an initiative of the inspectorate. These were: 

a management group comprising 
executives of mines in the Bulli seam 
affected by the outburst risk; and 

a technical group comprising specialist 
representation from those affected mines. 

The technical group took the findings of the 
South Bulli investigation and, in a risk 
assessment process, considered the outburst 
risk on a district basis. The principal product 
of that group was a better definition of the 
nature and extent of the outburst risk in the 
district, and therefore a much better picture of 
the risk to be managed. 

The management group, while taking the 
output of the technical group, considered how 
best to develop and implement means to 
control the risk defined by that group. At 
about this time knowledge was gained of the 
‘Safety Case’ approach in the United 

Kingdom, developed and introduced as a 
response to the Piper Alpha disaster in the 
North Sea. This model required operators to 
prepare a case based on how they would safely 
manage facilities under their control and 
submit this to government agencies for 
assessment and approval. 

While this was seen as having some 
application, there were difficulties perceived in 
the regulatory authority manning and resource 
levels required to adequately service such a 
scheme. As a way forward, the concept of an 
outburst management plan was introduced by 
the inspectorate. 

This was a ‘management system’ approach and 
the inspectorate required mines to develop and 
implement outburst management plans. There 
was to be no formal approval process, the 
primary focus and onus for plan development 
was to rest with site management, and the role 
of the regulatory authority was to be review 
and external audit, rather than endorsement 
through approval. Most importantly, this 
approach was seen as having most potential to 
transfer ‘ownership’ of the systems to site 
management with consequent benefits in 
willingness to continue in the process and 
resulting effectiveness. 

Early attempts at outburst management plans 
were, perhaps not surprisingly, both variable 
and sketchy as the industry sought to come to 
terms with what was a very different approach 
to the way in which mining hazards were 
managed. In fairness, the inspectorate was 
also still, very much, on a learning curve. 

Similarly, early attempts to audit those plans 
encountered considerable dificulty in that the 
plans were seldom, if ever, in an auditable form 
with sufficient records retained to provided 
objective evidence of plans being followed. 

While the management plan concept was well 
accepted there was a lack of a model which 
mine management could use to guide their 
approach. 

The set of quality assurance (QA) standards 
based around the IS09000 series of standards 
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were identified as providing a potentially 
suitable model of managerial control which 
may well suit the management system 
requirements sought. These standards were 
brought to the attention of mines as a possible 
management system model and explanatory 
material based around QA approaches 
prepared by the inspectorate and presented to 
industry. 

As in other industries, considerable difficulty 
was encountered in trying to ‘squeeze’ safety 
management into the IS09000 QA framework. 
The relationship between quality system 
elements and elements necessary for an 
effective safety management system was in 
many cases unclear, and in other cases 
impossible. 

An outburst related fatality which occurred in 
January 1994 highlighted a need for the 
inspectorate to better define and communicate 
reasonable expectations for outburst 
management plans. In addition, the need for 
rigorous risk assessment, and importantly, 
regular re-assessment was highlighted. While 
the QA standards provided for review of the 
effectiveness of operations they did not directly 
support the range of risk management 
disciplines which were being pursued 
elsewhere. 

Outburst mining guidekode 

In response to experience, and to cater for the 
needs identified as being necessary for effective 
management of the outburst risk , a draft 
outburst mining guide has been prepared and 
introduced to the industry. It is intended that, 
following substantial adoption by industry and 
modification arising from industry input, the 
guide will form an industry code which will 
have ongoing development and may be given 
regulatory status. 

The content of the guide is intended to convey 
a rigorous approach to the development of 
management systems for outburst risk as 
represented by the development, 
implementation and maintenance of Outburst 
Management Plans. 

In effect, the guide is a marriage of QA 
process control disciplines with ongoing risk 
management criteria. 

The key elements of this approach, and which 
are incorporated in the guide are: 

e 

e 

e 

e 

e 

e 

* 

e 

e 

0 

site by site assessment of the risk to be 
managed as a basis for management plan 
development; 

regular re-assessment of the risk under 
management; 

time and event triggered review of plan 
effectiveness 

expression of senior management 
commitment through a policy statement; 

requirements that systems be documented 
and auditable; 

provision for both internal and external 
audit of plan operation; 

mandatory pian elements corresponding to 
the system elements of the QA standards; 

provision for disciplined information 
gathering and decision making; 

support for outburst mining processes, 
escape and rescue, and training of 
personnel; and 

the development of self-audit tools with 
fbrther guide development. 

Outburst Management Plans are to be 
developed at a number of levels. Firstly, an 
Outburst Management Plan is considered to be 
comprised of general requirements; plan 
elements; and processes. 

General requirements - provide a basis for 
the development and implementation of 
Outburst Management Plans; 

Plan Elements - are in effect the ‘glue’ that 
holds Outburst Management Plans together 
and provide the broad management 
framework. 
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They are analogous to the system elements 
and procedures of the IS0  9000 series 
standards. 

Processes - are those activities and 
equipment that form the day to day 
operation of an Outburst Management Plan 
and which are to be performed under 
controlled conditions. 

Processes are further divided into two aspects: 

Procedural Part - that part of a process 
involving people based procedures or 
defined activities; and 

Technical Standard Part - defined standards 
and levels of equipment required for a 
process. 

Finally, technical standards may be divided two 
ways: 

External Standards - are standards that are 
global and are applied to all mines, 
commonly through such means as 
compliance to relevant Australian Standards 
or through some regulatory means. 

Ir%ernal Standards - are standards that are 
local and are developed at individual 
minesites to suit local conditions. 

Although only recently introduced to the 
industry, the outburst mining guide builds on 
foundations for the management of the 
outburst risk which have been developed over 
recent years. It is believed that the approach 
incorporated in the guide goes much of the 
way to satisfjling the needs outlined earlier in 
this paper for a system to effectively manage 
the outburst risk and to, most importantly, 
ensure the preservation of the lives of those 
coal miners who must face that risk. 

Summary 

When the first outburst related fatality in New 
South Wales occurred at Metropolitan colliery 
some hundred years ago it was probably seen 
as one of the vagaries of nature with which the 
coal miner must co-exist, but could not hope 
to control. At that time some level of death 
was not only accepted but was seen as a 
necessary risk in the getting of coal. 

Today, no death is acceptable, nor inevitable. 
Employers have a clear duty in New South 
Wales to provide safe systems of work as part 
of ensuring the health safety and welfare of 
employees. Any workplace fatality must be 
seen as the result of the absence, or failure, of 
those safe systems of work. 

The government has a role to provide an 
adequate regulatory framework to enable 
continuing effective management of risk arising 
from work and to provide encouragement and 
guidance for the continuous improvement of 
the safety performance of industry. 

It is with this spirit that the introduction of the 
Outburst Management Plan approach has been 
pursued. 

The ongoing effective management of outburst 
risk is not an option for underground coal 
mines, which are the subject of that risk in 
New South Wales; it is a necessity. There is, 
perhaps, no other single issue or factor which 
has the same potential to close those mines 
unless that effective management is ongoing. 

The Outburst Management Plan approach will 
continue to be developed. It has introduced 
the New South Wales coal industry to many 
contemporary safety management concepts 
which many doubted could be compatible with 
the coal mining culture. The approach has 
potential to assist in the change of that culture 
for the better and its application to other coal 
mining hazards will be continually considered. 
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Status of underground drilling technology 
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ACIRL, Wollongong, Australia 

ABSTRACT: In-seam drilling has been established as an integral part of the mining process in Australian coal 
mines over the past 15 years. As gas contents and production rates increase, mines have had to introduce gas 
drainage drilling to allow increased production levels with safe operating conditions. Technological 
development has occurred in the areas of rotary and down-hole motor drilling, in-seam exploration and 
borehole surveying. Rotary drilling is still the predominant form of gas drainage drilling in appropriate 
conditions. Down-hole motor technology is now being used in areas where directional positioning of boreholes 
is critical. In-seam exploration is increasing with the need to prove longwall domains clear of structures. 
Borehole surveying has become more critical with the need to locate boreholes to ensure adequate drainage 
coverage. Development has been ongoing with down-hole survey instruments to improve drilling performance. 
The problems of drilling in unstable ground have not been adequately solved and are more critical with the 
increase in the cost of the in-hole equipment now at risk. 

1 INTRODUCTION 

Production levels in Australian underground coal 
mines have been steadily increasing in the last 15-20 
years in conditions which have been increasing in 
gassiness. During this period, medium to long-hole 
in-seam drilling for gas drainage has become an 
integral part of the mining process. In-seam drilling 
is now also being developed and utilised for 
exploration, gas content measurements and water 
drainage and pumping. 

Unlike many other aspects of coal mining, the 
equipment and technology for drilling has been 
borrowed from activities outside the coal mining 
industry such as surface drilling and underground 
hard rock mining. Australian coal mines are now 
more involved in the design and development of the 
drilling equipment and technology to be used in their 
specific applications 

As with any drilling application, the ground 
conditions have a strong influence on successful 
performance. Unstable conditions have been 
experienced with various methods devised and 
implemented to negotiate them. 

Borehole surveying has become more critical in 
recent years. The equipment used in the earlier 
drilling is still quite functional in most situations 
although the pressure for improved drilling rates and 
increased borehole depths has focused atten tion on 
development of electronic in-hole survey instruments. 

2 MEDIUM AND LONGHOLE DRILLING 
TECHNOLOGIES 

Initial drilling was limited by the equipment and 
technology that was available for underground uses. 
Improvements in underground drilling technology 
has usually been driven by pressures from the 
production side of the industry to overcome particular 
conditions or situations. This has been achieved 
through modifying and adapting technology which 
was already being used in other activities through in- 
house or research grant funding. As the industry has 
become more experienced with drilling and the local 
conditions and requirements, it has become more 
involved in the development of drilling equipment 
and technology while still looking at other industries 
such as the oil field industry for ideas. 

There is now a choice of drilling technology to suit 
most underground coal drilling applications. 

2.1 Early development 

Very early drilling was undertaken with heavy 
cumbersome drill rigs (such as the Mindril), "home- 
made" modifications of drills and smaller hand-held 
power borers on air-legs using compressed air for 
power and either air or water flushing of drill 
cuttings. This drilling was restricted to depths of 50- 
100 metres. 

The Craelius Diamec 250 drill (imported from 
Sweden) mounted on tracks was one of the earliest 
uses of hydraulically operated rigs; these having 
compressed air powered hydraulic power units. 
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Borehole depth capacities were increased to 200-250 
metres with automatic rod handling a feature which 
greatly increased rod running speeds. These rigs 
were essentially hard rock coring rigs modified for 
opened-hole drilling in coal. 

The technology on bit design, hole size relative to 
rod size, use of stabilisers, rotational speeds and 
penetration rates was gleaned from work in the 
United States of America on rotary in-seam drilling 
for gas drainage (Cerv-vik, Fields and Aul, 1975) and 
applied to Australian conditions. 

The introduction of the Kempe drill (Kelly, 1983) 
originally from South Africa saw robust rigs more 
specifically designed for coal drilling. This rig had 
increased power through electric powered hydraulics 
with depth capacities to 500 metres. This also saw 
the first use of multi-stage tungsten carbide Widia bits 
which provided reasonably good directional control 
and some ability to deflect off low angle stone 
intersections. 

Down-hole-motor drilling was first introduced with 
trials in the early 1980's. 

The PCD bits used in down-hole motor drilling 
were adopted and modified for rotary drilling and 
provide improved performance in penetration rates 
and bit life in most types of strata. 

The major exception to the trend towards more 
robust electric powered drill rigs is the development 
of the Cram Pro-Ram which is a light, easily 
transported drill powered by compressed air. This 
rig utilises carbon fibre technology and is an ideal rig 
for rapid rotary drilling of short to medium length 
boreholes for gas drainage or gas content coring. 

2.2 Current status 

Over the past 10 years, most Australian coal mines 
involved in in-seam drilling have been more involved 
in the design and development of drill rigs and 
support equipment. They are ordering drill rigs 
which suit their own specific application in terms of 
thrust capacities, rod sizes, down-hole-motor 
capabilities, mobility and physical size. Local 
suppliers are then working to provide drill rigs which 
satisfy those specifications while providing a drill 
which is marketable to the rest of the industry as well 
as other applications such as hard rock drilling. 

A sample of the current specifications for an 
underground gas drainage drill rig is: 
- 75kW, lOOOV hydraulic power unit to power the 

rig and the water pump, 
- methane monitor and automatic trip of electrical 

- 250 Vmin 0 8 MPa high pressure pump, 
- automatic rod handling, 

- 1500 to 2000 Nm torque, NQ capacity rotation 
unit, 

- trackmounted, 
- compact enough to operate in a roadway and allow 

vehicles to pass. 

supply 9 

- 80 to 90 kN thrust and pull, 

Although rotary drilling has been predominant, 
down-hole-motor drilling has become a major form 
of in-seam drilling in recent years. In-seam 
exploration drilling has become more common in 
recent years with a need to better identify and define 
structures which would adversely affect the high level 
of longwall production. This has created a need for 
longer directionally controlled boreholes with the 
increased use of down-hole-motors. Longer 
boreholes have meant higher strength rods, improved 
surveying techniques and higher capacity rigs. 

A wide variety of drill rods are still being used to 
suit the various applications. AW rods are used for 
short hole applications with the Pro-Ram; BQ rods 
for the majority of rotary gas drainage drilling and 
one application of long-hole rotary drilling for 
exploration. NQKHD76 size rods are used for the 
longer down-hole-motor drilling for gas drainage and 
exploration. The type of drilling and surveying being 
used, if any, has a bearing on the rods used. 

3 ROTARY DRILLING A N D  DOWN-HOLE 
MOTORS 

The decision at each mine to use of conventional 
rotary drilling or down-hole motor drilling has been 
influenced by the historical performance of initial 
rotary drilling in the local conditions. In recent times, 
there has been an increased importance placed on 
positioning boreholes to achieve optimum drainage 
effect and surveying to ensure that they are in the 
desired location. 

3.1 Rotary drilling 

Although improvements to rotary drilling technology 
are still being achieved, the mines using rotary 
drilling developed techniques suited to their specific 
conditions very early due to the high pressures placed 
upon the gas drainage sections to be effective. 

The big benefit of rotary drilling in most cases is 
the very high drilling performances with 250-300 
metres drilling possible per shift. This is achievable 
with penetration rates of 2-3 metres/min in coal in 
conditions where the boreholes follow a particular 
section of the seam or the bit deflects off low angle 
intersections with the harder roof or floor strata. 

Multi-stage tungsten carbide Widia bits or PCD bits 
of 80mm diameter are preferred for in-seam drilling. 
Some variations with the Widia bit are being tried 
with a tungsten carbide chipped "pineapple" bit being 
used as the pilot bit in an attempt at straighter drilling. 

The PCD bits have been improved with feedback 
from drillers. Most PCD bits have a hard wearing 
cast matrix body with tungsten carbide gauge 
protection, well anchored PCD cutting blanks and 
good flushing and cuttings clearance. Good 
penetration rates are possible in both coal and stone 
with the PCD bits. 

The position of the boreholes has been assumed in 
the past, relying on known trends of lateral deviation. 
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With changing drilling conditions creating variable 
and increased lateral deviations and the emphasis on 
correct drainage coverage, mines are now looking to 
improve the straightness of the boreholes and post- 
drilling surveying with multi-shot survey 
instruments. Bit design and diameter relative to rod 
size and the use of stabilisers is being considered. As 
early drilling operations began maintaining the 
boreholes within the seam, the use of stabilisers 
became unnecessary. They were also additional 
protrusions on the rods which could get bogged in 
unstable ground. Stabilisers are again being tried for 
straighter boreholes with some success. The results 
in unstable ground are still to be assessed. 

Rotary drilling across block for gas drainage is 
being used at Appin, Metropolitan, West Cliff and 
Tahmoor collieries. Parallel or fan drilling patterns 
are used with borehole depths of 250-350m. 
Monitoring of the lateral deviations of boreholes has 
established general trends which have been allowed 
for in the drilling pattern design. In instances where 
rotary drilling can not achieve the desired coverage, 
down-hole motor drilling or a combination of both 
has been used. 

Cross-measure drilling under longwall blocks for 
post drainage is done with rotary drilling. This has 
only been possible since the introduction of PCD 
bits. 

Rotary drilling of long-holes is being used as an 
exploration tool at two mines in the Newcastle area. 
Drilling experience in the local conditions is critical to 
maintain vertical control and anticipate lateral 
deviation trends to intersect target areas. Some 
down-hole motor drilling is used to branch 
boreholes. 

3.2 Down-hole motor drilling 

The main advantage that down-hole motor drilling 
has over rotary drilling is the directional control on 
the drilling. Vertically, boreholes can be directed 
within the seam while being correctly located in the 
desired position. For long-holes the seam profile can 
be defined with regular seam roof intersections. 
Instead of a stone intersection causing the termination 
of a borehole, it is continued with branching. 
Faulting in the seam can be identified, and defined 
with numerous branching (Walsh, Hungerford, 
1991). 

Penetration rates are limited with down-hole motor 
drilling and metreage rates are further reduced by the 
need to survey regularly for directional control. This 
can be balanced by fewer boreholes having to be 
drilled to achieve the desired gas drainage coverage. 

Three mines are regularly using down-hole motor 
drilling for gas drainage. Central colliery have used a 
parallel pattern to 265m across a longwall block and 
gate roads and are now drilling 700-900m boreholes 
along the longwall blocks. Tower colliery are drilling 
both cross-block and longitudinal boreholes but with 
a fan pattern in the cross-block drilling. Tahmoor 
colliery's motor drilling is employed where rotary 

cross-block drilling has difficulties and gives access 
to drainage areas with a fan pattern branched from a 
trunk hole. 

Several mines are employing in-seam down-hole 
motor drilling for exploration. Borehole depths have 
generally been restricted to 500-900m by limited drill 
capacities and in-hole problems. With these 
problems overcome with improving technology, 
borehole depths beyond lOOOm are being achieved. 
The longest in-seam borehole in Australia was drilled 
to 1533m (Figure 1) at West Cliff East colliery. 

Figure 1 Borehole NC94-1 Profile 
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Long-hole drilling with down-hole motors is also 
being used for: 
- exploratory drilling beside ill-defined old flooded 

workings to ensure intersection with development 
roadways, 

- intersecting mine workings for water drainage or 

- drilling well ahead of mining to core for gas 
content determinations, 

- drilling cross-measure in-seam boreholes under 
longwall blocks for a combination of pre-drainage 
and post-drainage of gas. 
The three down-hole motors in common use are the 

73mm high-torque Slimdril, the 60.3mm Drilex and 
the 74.6rnm Accu-Dril. The Slimdril is 4.lm long, 
usually with a non-magnetic 1/2 configuration motor 
assembly and has been in use in Australia since 1986. 
The Drilex is an aggressive, high torque 5/6 
configuration lobed motor. It has a steel assembly 
and usually has a 0.75 degree bend with various 
sized kick-pads to suit either BQ or NQ drilling. The 
Accu-Dril is the latest motor to be imported and has a 
low rotational speed, high torque non-magnetic 4/5 
configuration motor assembly. 

The ability to steer the down-hole motor is provided 
by a combination of the size of the bent housing on 
the motor and the diameter of the drill bit. To control 
the drilling, this combination must provide the ability 
to climb. The accepted combination for the NQ size 
motors was a 1 degree bend with an 89mm bit. In 
softer conditions where the bit cuts a bigger hole and 
reduces the climbing ability, a 1.25 degree bend is 
used. 

pumping, 

399 



Borehole depths with down-hole motor drilling had 
been restricted by increased surging as the depth 
increased. For long-hole exploration, the bit diameter 
was increased from 89 to 96 mm with an increase in 
the size of the bend from 1 to 1.25 degrees to 
maintain the ability to climb. The response of the 
motor vertically and horizontally with this 
combination is shown in Figure 2 and Figure 3. 

~ ~~ ~~~ 

Figure 2 Vertical Response of Motor 
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Figure 3 Lateral Response of Motor 
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With the increased clearance, surging has been 
reduced and borehole depths to 1533m are possible. 

As well as soft or broken areas of coal affecting the 
vertical control, lateral control can be adversely 
affected by some conditions. Strong cleating, 
fractured zones and some high stress areas in the coal 
can divert the drilling off line. Continual drilling 
against the trend, drilling back on line beyond the 
problem area and diverting around the area are 
methods used to negotiate these areas. 

4 PROBLEMS OF DRILLING IN UNSTABLE 
GROUND 

Drilling into or through areas of unstable ground has 
always been a major problem for drillers. Even with 
precautions, borehole caving can occur to jam the 
drill string in the borehole. This can result in: 

- the loss of drilling performance and equipment, 
- delays for attempts to retrieve the string, and 
- steel left in the coal seam to be intersected by 

mining. 
The cost of equipment at risk is increasing as 

drilling technology improves and more expensive 
equipment is being used in-hole. 

Research has been proposed in using borehole 
pressurisation to attempt to stabilise these areas while 
drilling through them. Several different forms of 
unstable ground are encountered with in-seam drilling 
with a variety of ways being tried to negotiate the 
zones. 

4.1 Mylonite zones 

Mylonite zones are areas of pulverised coal held in 
place by the surrounding coal and can be in small 
vertical or horizontal bands or in much larger 
volumes. This coal has no structural strength and 
collapses into any hole intersecting it. The smaller 
bands can be negotiated usually with no indication at 
the drill site of the intersection. The problem exists 
with the larger volumes collapsing into a borehole 
and jamming around the drill rods. 

In some cases these areas can be cleared with very 
slow to no penetration and continual flushing until a 
stable cavity has been established. The areas can be 
bypassed by branching with down-hole motor 
drilling. If the rods do become stuck, removing the 
water pressure may ease the pressure on the blockage 
and allow easier extraction. 

4.2 Fractured coal 

Boreholes intersecting areas of faulted coal can 
dislodge large volumes of fractured coal. This can 
jam around the drill string at the location of the 
faulting or be flushed out to settle in the standpipe 
and jam the rods there. The rods may only jam when 
feeding in as the debris is jammed against the in-bye 
edge of the cavity while being free to pull out. 

The mode of negotiating these conditions is usually 
the same as for mylonite zones. Again, if the area is 
extensive, the area is probably better avoided with 
drilling. 

4.3 Very high stress areas in coal 

These conditions have only been experienced recently 
in Australian coal mines. Drilling progressed easily 
for 10 to 15 metres into the rib-side before a "bump" 
was felt and the hole was crushed, jamming the drill 
string. No amount of flushing was able to clean the 
blockages and drilling was discontinued. No 
attempts were made to case the boreholes from the 
start of the drilling to see if these conditions were 
only stresses due to local abutment loading and 
drilling was possible beyond the area of loading. 
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4.4 Dyke cinder 

Cinder around dykes is usually hard and only 
presents two main problems to drilling. These 
problems are: 
- difficulty in penetrating the area, and 
- damage to drill bits. 
Some cinder is in a granular form and behaves similar 
to mylonite when penetrated by drilling. The extent 
of the cinder can vary from centimetres to several 
metres thick. The only difference from flushing and 
negotiating mylonite zones is the light gritty nature of 
the drill cuttings. 

4.6 Clay ban& 

4.5 Soft clay dyke 

The characteristics of the dykes present in coal seams 
vary greatly depending of the extent of weathering. 
Hard dykes can be very difficult to penetrate with 
PCD bits and require diamond coring drilling. These 
zones do not present unstable conditions after 
drilling. 

Dykes which have undergone weathering are 
usually clay dykes which are relatively firm when 
first penetrated but rapidly soften and squeeze into the 
borehole on contact with water. Some dykes can be 
stabilised by progressive1 flushing through to create 

dykes are generally more stable as they do not have 
water laying in them to allow continual swelling of 
the clay. 

Cases have been experienced where the dyke has 
been penetrated comfortably and the rods are free to 
push and pull until water pressure is applied and 
forms a hydraulic clamp. Releasing the water 
pressure releases the rods. Drilling is very slow as 
penetration or rotation is difficult once the flushing 
water is applied. 

Several alternatives used to drill through clay dykes 

- drill HW casing through a dyke if close to the 
borehole collar and drill through the casing. This 
becomes more difficult and more expensive if the 
dyke is intersected at greater depths. The casing 
can be cut and possibly retrieved after the borehole 
is completed. 

- ream through the dyke and try to position a short 
length of casing in that zone before it closes. Care 
is then taken to insert the drill string through the 
casing for drilling beyond the zone. 

- branch and drill in the roof or floor strata across the 
dyke zone. This works on the assumption that 
most dykes are thinner in the strata above and 
below the seam and present fewer problems. 

- use drilling water additives ("muds")which stabilise 
the clay. This has limited success as it can only be 
applied with occasional doses when conditions get 
"sticky". Recirculation of the drilling fluid, which 
is the usual system for using drill muds, is not an 
established practice in in-seam drilling. 

- avoid the zone by accessing the area beyond the 
dyke from another area of the mine if possible. 

a stable cavity. Holes d rilled up-dip through d a y  

are: 

Major clay bands within the seam are best treated as a 
boundary to the drilling as is the case with the seam 
roof. Intersections are only for positioning the 
borehole within the seam and the borehole is 
continued after branching. Sometimes boreholes can 
be stabilised with continual flushing. 

4.7 Flaking mudstone 

Some boreholes deflect off the roof strata and 
continue to final depth. Some mudstones fret with 
water contact allowing large pieces of stone to drop 
into the borehole. Individual pieces may be flushed 
from the borehole but some can lodge in the borehole 
and either block water flow or jam the drill string 
when being withdrawn. Deflecting off these roof 
intersections should be avoided, with branching 
being employed with down-hole motor drilling. 

These conditions present an added problem if they 
exist in the vicinity of a clay dyke being negotiated by 
drilling through the roof strata. The floor strata 
would be the preferred option. 

4.8 Fractured stone in a fault zone 

Drilling through some shale strata can cause problems 
if clays are present, particularly if in the vicinity of 
major faulting. Drilling through the zone does not 
present immediate problems but the water contact 
softens the clay within the fractures through the 
stone. As drilling progress, large volumes of 10-40 
mm diameter rocks collapse into the borehole forming 
a blockage. Casing through the zone is one way to 
solve the problem. Drilling in a more stable strata as 
the borehole crosses the fault zone has been 
successful. 

5 BOREHOLE SURVEYING TECHNIQUES - 
STATUS 

5.1 Surveying applications 

Whether boreholes are surveyed or not has depended 
on the application in the past. Some of the initial 
rotary drilling for gas drainage required progressive 
surveying with an Eastman photographic single-shot 
survey instrument on wire-line. This was used to 
identify the optimum drilling parameters (penetration 
rate and rotational speed) in order to maintain vertical 
control to keep the borehole within the seam. 
Progressive single-shot surveying is still the 
established practice to maintain vertical control and 
monitor direction for rotary exploration drilling. 
Because of the gradual and consistent curves usually 
achieved with rotary drilling, the survey intervals can 
be lengthened to reduce delays to drilling. 

High repetition gas drainage boreholes have not 
been surveyed if the drilling conditions have been 
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reliable and consistent borehole positioning has been 
detected by subsequent mining. If boreholes were 
not found to be where they were expected to be for 
gas drainage coverage, tedious post-drilling 
surveying of boreholes was carried out with the 
single-shot instrument to identify any unexpected 
trends with the borehole direction. Most rotary gas 
drainage drilling programs now require that all 
boreholes are surveyed on completion to ensure 
correct positioning. This has created pressure to 
acquire a suitable multi-shot instrument which 
satisfies Mines Department approval conditions. The 
two suitable multi-shot instruments being used are 
the "Peewee" photographic instrument and the 
Surtron "Champ" electronic instrument. The two 
methods of using these instruments are: 
- drill a borehole to completion with non-magnetic 

rods behind the bit and pump in the instrument (if it 
fits inside the drill rods) to survey the borehole as 
the rods are withdrawn. 

- feed the instrument into a completed borehole either 
inside the drill string or manually on the end of 
conduit to survey the borehole. 
Progressive surveying with down-hole motor 

drilling is required to monitor the motor orientation to 
maintain control of borehole trajectory and azimuth. 
Most long-hole exploration drilling with down-hole 
motors is still being surveyed with single-shot 
instruments. 

The increased use of down-hole motors for the high 
volume gas drainage drilling has also created pressure 
to improve survey technology. Cableless down-hole 
monitors were imported to reduce surveying time 
and improve accuracy and control. These 
instruments are installed in the drill string behind the 
down-hole motor and are used to measure borehole 
trajectory, azimuth and motor orientation and transmit 
that information to the borehole collar via the drill 
string or cable. Various instruments have been tried 
with some being rejected and some developed to suit 
the local conditions. All units are suited to NQ size 
rods or larger. 

5 . 2  Surveying problems 

All forms of surveying suffer from some sources of 
inaccuracy and operational problems. Sources of 
inaccuracy in the systems are: 
- rated accuracy and calibration of the instrument and 

for photographic instruments, the accuracy to 
which it can be read, 

- errors in azimuth caused by the influence of steel in 
the down-hole-motor and the drill rods, 

- errors in azimuth caused by the influence of a 
magnetic source in surrounding strata, 

- multiple changes in trajectory and azimuth over the 
extended distance between survey points, 

- converting the magnetic azimuth readings to the 
grid bearings used by the mine surveyors. 
To reduce the inaccuracies, before each new project 

and at stages during projects, the survey system 
should be calibrated. This should be done in its 

operating environment (ie.assembled between a 
length of drill rods and the down-hole motor aligned 
in the planned direction of drilling) and compared 
against the mine grid system. The Surtron Champ 
instrument was used to measure the influence on 
magnetic measurements with the survey instrument 
positioned at two of the surveying locations between 
the down-hole motor and the steel drill string 
(Figure 4 ). 

Figure 4 Magnetic Influences 
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CaseA: Survey tool directly behind d-h motor 
inside 2 non-magnetic rods. 
Case B: Survey tool 3m behind d-h motor inside 3 
non-magnetic rods. 

Wire-line single-shot surveying, which has been 
the main means of surveying, suffers from delays to 
drilling with increasing depth. Extending the distance 
between survey points to improve drilling rates 
increases the chances of errors in borehole 
positioning and control. Water leaks into the 
instrument and damage wire-line are additional 
sources of delays. 

As with any development instrument, teething 
problems are going to be experienced. 

5 . 3  Surveying Instruments 

Eastman single-shot survey instrument 

The Eastman single-shot instrument is still a reliable 
tool for borehole surveying. It has restricted MD 
approval of a mechanical watch timer and 2 
electronic timer versions of the instrument. The 
instrument is used in progressive wire-line operations 
or is fed manually into boreholes with conduit after 
drilling. The instrument suffers from increasing 
delays to drilling with increasing depth. Using 
longer intervals between survey points to improve 
drilling performance, increases the chances of errors 
in borehole positioning and control. It is the main 
instrument used in long-hole exploration drilling as it 
is still the only instrument to operate reliably beyond 
depths of 700m. 

402 



“Peewee I‘ multi-shot instrument 

The “Peewee” is a multi-shot photographic unit 
which required some modification to receive MD 
approval. The unit is small enough to be pumped 
inside BQ size rods. One instrument had a problem 
in that the card on the compass had been attached 
incorrectly so the instrument was not calibrated 
correctly. This indicated that instrument should be 
regularly calibrated. 

Surtron “Champ ” 

The “Champ” is an electronic multi-shot survey 
instrument which has recently received MD approval. 
The approval status (flameproof) means that the 
instrument has to be started and loaded inside an 
explosion-proof casing before being taken 
underground. The unit is too big to fit inside BQ size 
rods but can be pumped inside NQ size rods. It is 
currently run on the end of conduit. 

One of the measurements taken by the instrument is 
the angle of the magnetic field with can be used to 
detect any influences on the directional readings by 
steel rods in the vicinity. 

Geoscience instrument 

The Geoscience Model 24 instrument (from USA) 
was the first down-hole monitor used in Australian 
underground drilling (Hungerford, Kelly, Sagafi, 
Williams) and was successful to a depth of 1004m in 
1986. The instrument was cableless; electromagnetic 
transmission along the drill string was used to 
communicate survey information to the borehole 
collar. Frequencies had to be progressively tuned to 
suit the borehole depth. Operationally, this 
instrument was potentially the ideal unit for the 
industry but lacked established back-up and servicing 
in Australia. The industry also preferred to look for a 
much cheaper alternative. 

ConocoDuPont ddm 

The electronic Conoco DDM was imported by 
DuPont in 1986. This instrument was cheaper than 
the Geoscience and had local support. Although 
operated successfully to depths beyond 900m in the 
USA, the method of acoustic signal transmission was 
unsuitable for Australian conditions. The signal was 
drowned out by the in-hole gas flow noises as depths 
increased. Various alterations in the form of acoustic 
signal transmission improved the depth capacity to 
approximately 600m. As well as measuring the 
borehole trajectory and azimuth, the unit had the 
facility to monitor the position of the borehole relative 
to the seam roof or floor. Unfortunately, this facility 
was never operational. This instrument evolved to 
become the AMT supplied DDM. 

AMT ddm I ddm upgrade 

AMT have developed the DDM to the stage where it 
only vaguely resembles the original Conoco DDM. 
Two forms, the DDM and the DDM Upgrade are 
being used in gas drainage drilling operations. The 
DDM is activated by rotating the drill string and 
transmits the information along the drill string by 
varying the frequency of a carrier signal. It measures 
the borehole trajectory and azimuth and down-hole 
motor orientation. Depth capacity was 700m with the 
DDM and one borehole to l00Om has been with the 
DDM upgrade. These systems, although greatly 
improved still suffer signal transmission problems 
from in-hole noise at depth and after drilling through 
“sticky” ground or stone. 

Recently released by Ah4T is the MECCA system. 
It is available to complement and enhance the DDM 
Upgrade and future developments of DDM. This is a 
cable which is installed in each drill rod and provides 
automatic connection to the DDM with each rod 
added to the drill string. All outside influences on 
activation and signal transmission should be 
eliminated. The survey instrument will not be the 
limiting factor on the depth of boreholes drilled. 

Surtron “drill scout” 

The Drill Scout is similar to the Surtron Champ but is 
installed behind the down-hole motor. 
Communication is provided via a cable which is 
extended from a cartridge inside the drill string as 
each rod is added. This instrument has just received 
MD approval status but further development refining 
the cable has further delayed its introduction to the 
industry. 

6 DEVELOPMENT PROJECTS 

Several developmental projects are in progress which 
may be of great benefit to drilling in the Australian 
coal industry. Some, as with MECCA, are intended 
to improve drilling performance, while others are 
aimed at improving the exploration information to be 
retrieved from a borehole. 

Inseam positioner 

A tool is being developed which measures the 
position of the seam roof and floor relative to the 
borehole. This would reduce roof and floor 
intersections which are either unexpected or planned 
for seam profile definition. Displacements in the 
seam from faulting should also be detected. 

Pressured borehole drilling 

A method of drilling which applies pressure to the 
sides of the borehole is being assessed to see if it aids 
borehole stability when drilling through unstable 
ground. 
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Rotary drill monitor 

A monitor has been designed and installed on a 
ProRam to monitor the drilling parameters while 
rotary drilling. This is planned to allow analysis of 
the drilling to improve the straightness of boreholes 
and vertical control within the seam. The ability to 
detect structures which may be outburst prone will 
also be assessed. 

Drill monitors 

Several companies have plans to develop drill 
monitors for down-hole motor drilling. The aims are 
improved drilling analysis for increased depth 
capacity, increased drill string security and detection 
of structures. The eventual trend towards computer 
control panels will make these monitors easy to 
install. 

Water jet drilling 

Water jet drilling in coal (Phillips, Kennerley, Just) is 
an alternative approach which has not yet been 
established as an operational system. Trials have 
been encouraging although the system may be more 
suited to in-seam drilling from vertical surface 
boreholes. The performance of the system may also 
be enhanced with progressive development of survey 
systems. 

6 CONCLUSIONS 

Australian coal mines have traditionally relied on their 
own development in adopting and adapting available 
drilling technology to suit local conditions. As a 
result, there is a wide range of equipment and 
methods being used in the industry today. All mines 
involved in medium to long-hole drilling operate 
compact and efficient electric/hydraulic drill rigs. 
Rotary drilling is usually preferred in most cases that 
lateral deviations allow, due to the good drilling rates 
that are achievable and the simplicity of the drilling. 
Either PCD bits or tungsten carbide Widia bits are 
used with a variety of drill rod sizes and types. 
Rotary drilling with BQ rods is also used in one case 
of long-hole exploration. 

Down-hole motor drilling is being used more for 
gas drainage as the positioning of boreholes becomes 
more critical and rotary drilling conditions deteriorate. 
In-seam exploration with down-hole motor drilling 
has become an important tool for mine planning. 
Improvements in down-hole motor technology are 
being adopted as it becomes available. Improvements 
in the torque capacity of the motors and bit design 
and increasing bit and motor bend size have increased 
possible borehole depths to 1533m. 

Drilling is still very dependent on the environment. 
Unstable conditions still present problems to drilling 
with equipment being lost in boreholes. Some 
methods are successful at negotiating these areas and 
research is directed towards these problems, but the 

usual practice is to identify the area of unstable 
ground and either bypass or avoid it. 

Borehole surveying is becoming more critical. 
Single-shot surveying is still used in long-hole 
exploration drilling (both rotary and down-hole 
motor) as it has been the only instrument capable of 
operating reliably at depths beyond 700m. The high 
demand for multi-shot surveying has seen two 
instruments introduced to the industry. The high 
volume of down-hole motor drilling for gas drainage 
has also encouraged development of down-hole 
monitors to reduce survey times and improve control 
and drilling rates. 
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The development of an outburst data base for the Bulb coal seam 

C. R. Harvey 
Mining Engineer (Coal), NSW Depanment of Mineral Resources, Auslralia 

ABSTRACT: The first recorded outburst of coal and gas in the Bulli coal seam occurred at Metropolitan 
Colliery on 30th September 1895. In the following years, particularly from 1895 to the 1960's outbursts were 
regarded as one of the vagaries of coal mining, a phenomena virtually peculiar to Metropolitan Colliery. This 
same colliery accounts for seven of the twelve outburst related fatalities associated with Bulli seam mines. In 
recent times West Cliff Colliery has taken on the mantel as the most outburst prone mine recording 250 outburst 
incidents since 1976. This paper relates to the establishment of an outburst data base, how the data base was 
put together, what data is available and how this can assist in managing the outburst risk. It is the longer term 
aim that through collection of the data and its interrogation, mine management will have a greater ability to 
effectively manage the outburst risk. 

1 INTRODUCTION 

In 1895 when the first outburst occurred at 
Metropolitan Colliery it was regarded as "an act of 
god", just one of the many vagaries and dangers 
associated with underground coal mining. The 
concept of studying and analysing outbursts, then 
developing management plans to protect mine 
workers, is a recent development. It was left to the 
boffins, the researchers, to study outbursts and 
develop "the answer". 

After the fatal outburst at South Bulli in 1992 
attention was directed to identifying the specific 
characteristics associated with outburst incidents. 
The potential benefits of a data base for Bulli Seam 
outbursts became apparent and this was a 
recommendation from the Outburst Steering 
Committee (a specialise group set up to advise on 
future action and direction for the effective 
management of outbursts). The Coal Mining 
Inspectorate and Engineering Branch within the 
Department of Mineral Resources instigated work on 
establishing this data base. 

2 BULL1 SEAM OUTBURSTS 

Whilst outbursts have been a phenomena associated 
with mining the Bulli Coal Seam for the last ninety 
eight years, the mechanism behind outbursts was not 
fully understood and hence the various outburst 
parameters were not clearly defined. This lack of 
definition and background information was due 
mainly to each mine being responsible to its own 
operations, as well as an inability to admit that 
outbursts were a problem for Bulli seam mines 

and as a consequence, a lack of technology and 
information transfer between mines. 

This situation changed drastically after the South 
Bulli Outburst, 25 July 1991 when three miners were 
killed. Various working groups and task groups 
were established to identify the mechanisms causing 
outbursts, the most suitable means of managing the 
outburst risk, develop standardised data collection 
and information interchange within the industry, 
review outburst prediction techniques and 
recommend areas of future research. It followed that 
a mine by mine review gave the best means of 
assessing the characteristics of outbursts. 

2.1 Mine Experience 

The work of the Outburst Steering Committee drew 
together all the relevant information on outbursts 
from all Bulli Seam coal mines and any person with 
an interest in coal seam gas and outbursts. 

(a) Appin Colliery 

Appin Colliery has recorded twenty two outbursts 
varying in size from less than 2 tonnes through to a 
reported 88 tonnes. Five small outbursts mainly less 
than 8 tonne have occurred with no prominent 
geological structure. Strike/slip faults account for 
most of the outbursts along with one occurring 
adjacent to a dyke, with associated cindered coal. 
Gas content at Appin is in the order of 13 m3/tonne 

and an extensive gas drainage system is used to 
prevent or minimise the risk of outbursts as well as 
managing gas liberated during mining. Composition 
of the gas is predominantly CH4 however high CO2 
has been recorded adjacent to faults and dykes. 
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(b) Brimstone Colliery 

Brimstone Colliery has recorded two outburst events 
in the many years of mining Bulli Seam Coal in the 
Burragorang Valley. In both instances dykes were 
associated with the outbursts along with strike slip 
movement, mylonite and high COz gas content in the 
surrounding coal. The Bulli seam coal appears to 
have different characteristics in the Burragorang 
Valley mines which might explain the low incidence 
of outbursts. 

Currently research work is being undertaken to 
investigate what, if anything makes this coal 
different? 

(f) South Bulli Colliery 

South Bulli Colliery had its first outburst on a 110" 
"shear zone", located in the northern part of the mine. 
A small hole or cone near the roof was associated 
with the outburst. 

Further small outbursts have occurred along the 
same shear zone with 5-30 cm of mylonite being 
identified. Also in the northern part of the mine the 
dip of the seam changes from 1" to 10" with 
accompanying bedding plane shears in a claystone 
band located 10-15 cm from the roof. This acts as a 
preferred shear band and as many of the outbursts 
occurred at this level the sheared claystone area was 
regarded as having outburst potential. 

In the southern part of the mine an outburst 
occurred associated with a dyke zone. This had a 
breccia pipe inside the dyke zone, cindered coal and 
liberated significant quantities of carbon dioxide. 

The fatal outburst at South Bulli (25 July 1991) 
was associated with a low angle thrust fault with a 
35 cm band of powdered coal. Approximately 2 m 
of the face collapsed with the outburst and a cavity 
was formed in the right hand side of the face resulting 
in 300 tonne of coal being discharged. 

The gas liberated was predominantly CQ with high 
gas pressures being noted from drill holes used to 
prove the fault after the outburst incident. 

(g) Tahmoor Colliery 

Tahmoor Colliery has had eighty eight outbursts 
since 1981 with majority of them being associated 
with east south easterly structures, mainly dykes and 
strike-slip faults, with an orientation of 110" to 135" 
and it is believed that the dykes have been reworked 
with strike slip fault movement. 

A series of north easterly reverse faults have been 
associated with four outburst incidents and these 
structures have been difficult to drill by conventional 
rotary methods. Drilling in advance of mine 
development and gas drainage have been used to help 
manage the outburst risk, 

(h) Tower Colliery 

(c) Corrimal Colliery 

Corrimal Colliery (now named Cordeaux) recorded 
four outbursts associated with a north easterly 
trending shear zone, minor faulting and dykes. The 
amount of coal discharged varied up to 12 tonne with 
both methane and carbon dioxide being reported. 

This shear zone is a prominent geological structure 
and is recognisable on aerial photographs across a 
number of adjacent collieries. 

(d) Kemira Colliery 

Kemira Colliery (now closed) recorded two outbursts 
on a single normal fault associated with mylonite. 
Carbon dioxide was the predominant gas with 60 and 
100 tonnes of coal being discharged. 

(e) Metropolitan Colliery 

This mine has the longest history of outbursts in the 
Bulli Seam, going back to 1895 and has been 
associated with the greatest number of outburst 
related fatalities, (7 lives lost). A review of relevant 
information indicates that all outbursts have occurred 
on structures, with changes in gas composition and 
gas content varying greatly with the presence of faults 
and dykes. 

Work undertaken by Professor Hargraves showed 
a correlation between mining method, advance rate 
and outbursts. Inducer shot Firing was used at the 
Colliery as a means of initiating outbursts and zones 
of outburst potential can be plotted on the colliery 
plan based upon previous experience. 

With the last fatal outburst at Metropolitan being in 
1954 it could be argued that management of the 
outburst risk was satisfactory. However a recent 
outburst (September 1992) had the potential to 
endanger mine workers and various warning signs 
were not recognised. 

Hence the projection of known outburst zones into 
future mining areas, the systematic monitoring of gas 
content and composition and advanced drilling ahead 
of mine development are being employed as part of 
the outburst management plan. 

Tower Colliery has had nineteen recorded outbursts 
varying in size from less than 1 tonne to 80 tonne. 
These have predominantly occurred in the south 
western part of the mine, against a dyke with 
associated strike-slip faulting. 

Low intensity bumping and slumping has been 
experienced with outburst ty e conditions where 
seam gas content of 10-12 m /tonne was recorded 
with gas composition being predominantly methane. 
A gas drainage system is utilised to reduce the in 
seam gas content and control gas during mining 
operations. 

?p 
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(i) West Cliff Colliery 3 A CHANGE IN OUTBURST MANAGEMENT 

West Cliff Colliery had its first outburst in December 
1976 and since that time 250 outburst incidents have 
been recorded. The size of the outbursts has vaned 
form 4 tonne to over 300 tonne with the majority 
being related to zones of slip strike faulting having a 
strike approximately 100"- 110". 

One of the largest outbursts to occur involved the 
discharge of some 350 tonne of coal and was located 
on a normal fault at the North West corner of the 
mine, where the gas drainage holes had not 
penetrated. There was a major joint zone 3-4 m wide 
in the roof associated with this outburst site and a 
mylonite band some 30 mm thick. The gas 
composition has been predominantly methane but 
recent outburst events in the north eastern part of the 
mine have involved very high level of gas 
(> 1 6m3/tonne) and 295% COz. 

Mining operations at this colliery have only been 
possible through the use of gas drainage and 
specified outburst mining procedures. Gas drainage 
is considered as one of the primary means of 
preventing outbursts. 

On 25 January 1994 West Cliff experienced its first 
fatality from an outburst. In spite of the use of 
specialise outburst mining procedures the machine 
operator was fatally injured and overcome by C02  
gas. This incident has caused a major reassessment 
of the use of Outburst Mining Procedures, the use of 
purpose built mining equipment and the importance 
of effective drilling, surveying and gas drainage. 

2.2 Outburst Incidents 

The first reported outburst incident in the Lllawarra 
Coalfield occurred on 30 September 1895, according 
to Hargraves (1965). Details as to the size and 
intensity of this and other early incidents are very 
sketchy, however it would appear that all the early 
incidents (1895 to 1911) were associated with faults, 
dykes or zones of fractured coal, the discharge of 
CQ and occurred at Metropolitan Colliery. 

Other coal mines tended not to be as outburst prone 
as Metropolitan however this is most probably a 
factor more related to the reporting of outburst events 
rather then the other mines not being outburst prone, 
particularly during the period 1961 to 1968, when 
shot firing was used to induce and or control 
outbursts. 

Table 1 gives an indication as to the number of 
outburst type incidents attributed to each mine 
working the Bulli Coal Seam and Table 2 gives the 
details of those outburst incidents which proved to be 
fatal. 

To date other coal seams within the Illawarra 
Coalfield have not exhibited the tendency to outburst 
and while a number of theories relating to different 
seam characteristics could be used to explain this, the 
limited extent of mine workings in these other seams 
(particularly for depths of cover greater than 350 
metres) would appear to be the main factor. 

In 1992 the Chief Inspector of Coal Mines, 
concerned about the increasing number of outbursts 
and the apparent lack of effective management of the 
problem created a number specialist work groups to 
identify the regional characteristics of the outbursts 
and develop the most appropriate means of protecting 
mine workers. 

The work undertaken by the Outburst Steering 
Committee not only identified the particular 
characteristics for Bulli Seam outbursts but 
emphasised the need to develop management plans to 
manage outbursts. Most importantly there was 
concentration on the use of existing information to 
manage outbursts as opposed to seeking some new 
technology or process to over come outbursts. This 
change in thinking was embraced by the coal mining 
industry. 

To drive home the significance of effectively 
managing outbursts the Chief Inspector of Coal 
Mines deemed that ALL outbursts were to be 
regarded as a dangerous occurrence requiring 
reporting to the District Inspector with appropriate 
inspection, detailed investigation and assessment of 
future preventative action. 

All mines were encouraged to developed outburst 
management plans which involved specific detailed 
instructions and systems, identifying what 
information needs to be gathered; who has the 
responsibility to obtain this information and what 
action is to be taken. 

These systems are seen as the only realistic 
mechanism to protect the mine workers from the 
dangers associated with outbursts. Hence in terms of 
effective data gathering the record of reports on 
outburst incidents prior to 1987 is very sketchy and 
spasmodic. It is possible that a number of mines had 
outburst type incidents but these were not necessarily 
reported, recorded and investigated. 

Since the South Bulli incident there was a distinct 
increase in the reporting of outbursts with all 
incidents being investigated by the Coal Mines 
Inspectorate. In contrast with the most recent fatality 
at West Cliff there has been a marked decline in the 
number of reported outbursts. It could be argued that 
this is a direct consequence of the industry being 
more aware of the problem and hence managing the 
risk. It follows that an effective data base has the 
potential to assist the industry. 

4 THEDATABASE 

The database was established on a note-book 
computer to enhance portability. This has enabled the 
entry of data at mine sites with the ability to review all 
documented reports on each incident. Paradox was 
chosen for the primary frame work for the data base 
in that it has proven to be user friendly, can be 
modified to print reports in different formats and as a 
relational data base there is virtually unlimited 
potential to cross reference and interrogate data. 
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Table 1. Bulli Seam Outbursts 

Colliery No. of Size in Gas 
Outbursts tonnes 

APPin 22 2 - 88 mainly CH4 & 
COz on dykes. 

Brimstone 2 30 C@ 

conrimal 4 12 CH4 & CO, 
(closed) 
Kemira 2 6 0 -  100 cQ2 

Geological Structure 

Predominantly strike slip faults; mylonite 
zones. 

Mainly dyke related structures with strike slip 
movement. 

Sheer zone associated with minor faulting & 
dykes. 

Rorrnal fault with mylonite. 
(closed) 

Metropolitan 

South Bulli 

Tahmoor 

Tower 
West Cliff 

Table 2. Fatal Outbursts in the Bulli Coal Seam 

37 1 - 150 mainly CO2 with Predominantly with dykes & faults that 
minor amounts of 

CH4 
exhibit slicken sides & mylonite. 

7 1 - 300 mainly CO, Strike slip faults with mylonite; dyke zones & 

88 5 -400  mainlyCa Mainly strike slip faults; with 
thrust faults. 

dykes (1 10" - 1354 & thrust faults: mylonite 
usually present. 

19 1 - 80 mainly C& Mainly strike slip faults with dykes. 
250 4 - 350 mainly CH4 with Predominantly strike slip faults (100' - 1107 

CO, to the NE with slicken sides & mylonite; dykes and 

Colliery Date No. Killed 

Metropolitan 10 June 1896 3 
Metropolitan 27 July 1926 L 

Metropolitan 2 December 2 

Tahmoor 24June1985 1 

South Bulb 25 July 1991 3 

n 

1954 

West Cliff 25 January 1 
1994 
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Size Gas Structure 
(tonnes) 
Unknown co, Dyke and soft fault zone 

140 CO, Fault with 5m throw 
90 co, Normal fault with 0.3m 

throw 
400 co, Behind a dyke associated 

with strike slip movement 
300 COz & CH4 Thrust fault with 35 an of 

rnylonitic coal; very high 
gas pressure. 

structures; 30 cm of 
mylonitic coal. 

350 CQ? Intersection of 2 strike slip 



4.1 The Report Sheet 

Based upon the recommendations from the Outburst 
Steering Committee the various items or fields for the 
data base were identified and a comprehensive 
Outburst Report Sheet was developed, (see 
Appendix I). 

This report sheet was designed to be forward 
looking, in that it detailed all the data to be collated 
for future outburst incidents and not concentrate on 
existing outburst data. This in itself has been a 
problem as the use of outburst management plans has 
meant that the number of outbursts has significantly 
declined and the chance of obtaining new data is 
limited. 

4.2 Data E n q  

Much of the old data whilst being available in reports, 
on plans and firmly engraved in the minds of the 
responsible mine managers for the Bulli Seam mines, 
is very limited in its detail and value. 

For example there is little detailed data as to the 
specific gas content of the coal in and around the 
outburst sites; quite often the time of day has not been 
recorded and there is considerable inconsistency in 
the amount of coal being discharged as a consequence 
of the outburst, with some mine recording a value in 
“cars” and other in tonnes. 

The work of Rob Doyle, a Geologist from BHP 
was greatly appreciated in that he had documented all 
the known outburst type incidents within BHP 
collieries prior to 1989. Whilst there was not a great 
deal of information this work did record the date and 
location of all BHP outbursts with ISG co-ordinates. 

West Cliff, most probably due to the number of 
outburst incident, had details on all incidents with 
reports from the miner driver, the deputy and the 
Undermanager; all incidents are plotted on a special 
plan showing the location and gas content, where this 
was known. 

Even with this amount of documentation data envy 
proved to be very slow in that all the reports had to be 
read fully and cross referenced with reports from the 
Department of Mineral Resources records so that the 
maximum amount of information for each field of the 
data base could be recorded. 

One of the most important aspects to come out of 
developing the Report Sheet and complying the data 
base was the need to identify what activity was being 
performed at the time of the outburst and more 
specifically, how much time had elapse between 
cutting or mining the coal and the outburst incident? 
Was it two minutes, five minutes or half an hour? 
When is a outburst prone area no longer outburst 
prone? 

A number of outburst management plans require a 
waiting time between the cutting of the coal and 
allowing workmen to approach the face or working 

area. This is just one aspect of outbursts 
management that can be improved with an effective 
data base. 

The available information which was initially 
gathered by the Outburst Steering Committee has 
been used to identify a number of warning signs 
which may indicate the potential for an outburst. 
These are detailed in Appendix II and serve as one of 
the important components for the training of mine 
workers in “Outburst Awareness”. This is possible 
the last protective barrier where the workers at the 
face identify potential outburst and take precautionary 
action. 

Data entry has not been as easy and simple as was 
first envisaged and at this stage the data base is only 
about one third complete. It is anticipated that this 
will be finalised by the end of the current financial 
year with direct involvement of each colliery to 
reference and cross check all available information. 

5 THENEXTSTEP 

It is universally recognised that considerable benefit 
can be had through the use of a data base on 
outbursts. But what information is expected to be 
gained from this data and how will it be used? 

The type of data base and the manipulation of the 
data is dependant upon the end result and the quality 
of the data. A number of possible options and “end 
uses” have been considered and these are: * development of reports and statistics indicating 

factors such as the number of outburst incident to 
occur in any time period, how many were 
expected through effective outburst management, 
what changes in gas composition and content have 
been experienced, has gas drainage been effective 
in preventing outbursts? etc. * the development of an “expert system” which has 
the ability to identify the potential for an outburst 
to occur by assessing a number prime components 
and attributes relating to the mine, such as: the 
coal, its gas content and composition, the use of 
gas drainage, detailed geological mapping, use of 
advanced drilling etc. * develop probability based information and risk 
management systems which have the ability to 
correlate the risk of an outburst occurring 
depending upon what action has been undertaken 
to predict outbursts, prevent them from occurring 
and protect mine works from the possible 
consequences. This can be fine turned for each 
mine where a statistical analysis is undertaken for 
each step of the mines outburst management plan 
and the risk of an outburst occurring is assessed. 
This approach is dependent upon an effective an 
useable data base. 

The ultimate answer may very well prove to be a 
combination of all three options with the quality of 
the available data being the primary determinant. 
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CONCLUSIONS 

There is little doubt that a data base has the potential 
to enhance the understanding of those factor which 
are related to outbursts in the Bulli Coal Seam as well 
as the effective management of the outburst risk for 
Bulli Seam coal mines. The work of the Outburst 
Steering committee and the technical working groups 
focused the attention of the industry towards 
documenting outburst characteristics and promoting 
the use of outburst management plans. 

It is essential that the purpose behind the formation 
of an outburst data base and its end use is determined 
so that it can be effective, either as an expert system 
or a probability base risk management tool. The 
quality of the available data will ultimately determine 
this use but either way the industry as a whole should 
benefit. 
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APPENDIX I 

OUTBURST REPORT 

1. LOCATION 

Mine: .......................................................... 
Roadway location: ................... 

2. TIMING 

Date: ........................... 
Ti me: ............ a m/pm 

Panel: ................................. 
Co-ordinates: N- ................ 

E- ................. 

Day of Week: ................... 
Shift: ................... 

3. HEALTH AND SAFETY 

Injuries: ......................................................................................................................... 
Fatalities: ......................................................................................................................... 

.......................................................................................................................... 

......................................................................................................................... 

4. GEOLOGY 

Presence of Structure ................................. Type of Structure: ........................................ 
Fault: Type: normaI/reverse/thrust/s!ipstrike/ ....................................................................... 

Throw: .............. .mm Dip ...................... Dip Direction .............................. 
D ke: Thickness.. ....................................... Hardness .......................................................... 
Szess Direction: .................................................................................................................. 
Frequenc & Directjon of Jointing ........................................................................................ 

Thickness: ................... mm 
Changes !n Coal Prope rl ies: ................................................................................................. 
Changes !n Roof: ................................................................................................................. 
Changes in Floor: ................................................................................................................ 
Water .................................................................................................................................. 
Seam Gas: Methane: ................ % Carbon Dioxide: ........... .% Content 
........... .m/tonne 
Drill Log: Comments ............................................................................................................ 

Milonite (6ouge Evident .............................................. 

5. VENT1 LATlON 

Air quantity: .................. m%ec. Location: ..................................................... 
Gas Readings: 

Before o/b: CH4 ......... % 
After .o/b: CH4 ......... O h  

c02 ............... % 
c02 ............... % 

Variations detected: .............................................................................................. 

6. MINING DETAILS 

Outburst mining method in use: Yes/No 
Method of mining: Cont Miner/Road Header/Shearer/ .......................................................... 
M!ne Layout: Heading/Cutthrough/Pillar/S lit/ ..................................................................... 

Last 72 hours .......... ..m 
Face Description: Cut out LHS ....................... Cut out RHS .............................. 

Undercut ......................... Face square .............................. 

Distance Drjven: On Shift ............ m Las P 24 hours .......... ..m 
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7. INCIDENT DETAILS 

Nature of Discharge:. Lump Coal: .......................................................................................... 
Fine Coal: ............................................................................................ 
Roof Stone/Coal: ................................................................................. 

Location of Outburst: Face centre ........... Face LHS ...................... Face RHS 
...................... 

Left Rib ................ Right Rib ............................... 
Quantity dischar ed: .................... tonnes 

....................................................................................................... 
........ ........... ........ CH4 mJ c o 2  

Distance solids t R rown: 
Gas Lib3ated: CH4 % C02 % 
........... m 
Coning Evident: ............................ Haze: ....................... Brown/Red Colouring: 
Effect on Machinery: Trip-outs: .............................. 
.................... 

Distance dislodged 
......................... 

Comments: ........................................................................................................................... 
.............................................................................................................................. 

8. OBSERVED 

..................... 

..... 
...................... 

.... 

9. WRITTEN REPORTS (Attached) 

Witnesses .............................................................. 
Deputy ................................................................ 
Undermanager ....................................................... 
Inspector ................................................................ 
Check Inspector ..................................................... 
Others ................................................................. 

10. PLANS 

Mine Location 
Panel Location 
Gas Drainage 

Prepared by .......................................................... Date ..................................................... 

Signed: ............................................................ Position: .............................................. 

Authorised/Countersigned: .................................... Position: .............................................. 

chbbreport 
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Int. Symp. cum Workshop on Management & Control of High Gas Emission & Outbursts 
Wollongong, 20-24 March, 1995 

Characteristics of coal, rock and gas outburst hazards in Polish coal mines 

Zbigniew Suchodolski and Monika Hardyg6ra 
The Instirule of Mining Engineering, Technical Universiry of Wroclaw, Poland 

ABSTRACT: The paper describes the problem of outbursts of gas and coal in underground mines in Poland. 
Most outbursts have occurred with high CO;! and mixture of COz and CH4. Geological and gas conditions 
occumng in Lower and Upper Silesian coal fields of Poland are described. Both active and passive methods 
are used for safe mining of coal seams liable to outbursts. The methods used for prediction of outburst 
conditions are given. 

1 INTRODUCTION 

The phenomenon of rock, coal mass and gas 
outbursts are characterised by release of sometimes 
very great potential energy accumulated in the rock 
mass during mining. As a result of energy release, 
the mixture of unmined disintegrated rock and gas 
mass bursts (thrown) into the workings. The 
character of the phenomenon is usually so 
spontaneous that the gas thrown with the rock mass 
spreads into the mine and may bring about fatal 
accidents among the miners working even far away 
from the place of the outburst. The outburst duration 
may vary, from only a few seconds up to several 
minutes. In the latter case the individual outburst 
impulses occur one by one in different time intervals 
and with different decreasing intensity. 

Polish coal mines situated in the Lower Silesian 
Coal Basin are among the most susceptible. So far, 
in the Upper Silesian Coal Mine Basin, this 
phenomenon has never occurred in the typical form 
characteristics for this hazard. However there are 
some symptoms indicating the possibility of the 
hazard of this type in these mines in future. 

Lower Silesian Coal Basin comprises of two coal 
mine regions - Walbrzych and Nowa Ruda. 
Altogether in this basin there were 1792 outbursts up 
to 1992; majority, approximately 82%, occurred in 
the region of Nowa Ruda and approximately 18% in 
the Walbrzych region. CO, and rock and coal 
outburst are the most common. There are only a few 
recorded outbursts of so called mixture of C02 + CH, 
and rocks and coal and outbursts of CH,and rocks 
and coal. There have also occurred outbursts of CO, 
and sandstone during tunnelling of the cross heading 
in coal region of Nowa Ruda. In 1958, this region 
experienced the greatest outburst of CO, and rocks 
with approximately 5,000 tonnes of rock and coal 
and 750,000 cubic metres of gas. However the 
greatest outburst of CH, and rock and coal took place 
in Walbrzych region with 1,416 tonnes of coal and 
approximately 66,000 cubic metres of CH, in 1984. 

The greatest CO, and sandstone outburst was of 
35,000 tonnes of rock mass and 52,250 cubic metres 
of gas. The energy or the outburst force is 
characterised by degassing factor, a quantitative 
relationship of the liberated gas to the amount of the 
outburst rock mass. On the average, it is most often 
about 40m3/t, although it may exceed 100m3/t or even 
more. 

As much as 98% of all the outbursts were brought 
about by the explosive material blasting, whereas the 
remaining occurred during different mining activities 
including coal drilling (mainly drilling prospecting 
holes). Most outbursts, approximately 80%, occur 
while preparatory works are done in the roadways, 
fewer - 11% on the excavation faces and 
approximately 9% while drilling mine excavations. 
Unfortunately some outbursts caused loss of life 
(e.g. 1976, 1979, 1992, 1994). The outbursts have 
occurred suddenly some time after the explosive 
blasting, a few or several hours later when there is 
regular mining work on the face are especially 
dangerous. In such cases the accidents can take a 
heavy toll. Such phenomena were noticed in the 
excavation level below 800 and 900m (delayed 
outburst). 

2 THE INFLUENCE OF GEOLOGICAL 
CONDITIONS 

2.1 The influence of tectonics 

In Walbrzych region the outbursts are connected with 
tectonics of the region, especially with the system of 
parallel down through fault (Fig. l), that is the 
repeated faults and tectonic trench as well as other 
faults. This type of outburst occurrence is zonal, 
which was formed in the zones tectonically disturbed, 
for instance the boundary zone of the eastern slope of 
Sobiecin basin parallel to gneiss block of the Sowie 
Mountains. 
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1. tj culm 
2. a gneiss 
3 E l  porphyry 
4 .  contour line * o 
5. ' single outburst 
6. m t  accumulation of out- 
Z outburst cluster -bunts 

8. f l  boundary (edge) 
fault down 

9. u.Z.G.Zarnkowa Gora 

10. u.  V. i c .  Victoria fault 
down 

11. u.W.  Wakowice fau It 
down 

12.  u. L. Lisianki fault 
down 

13.  I Zachodni fault 
down 

14. I1 system of paral le l  
fou 1 t downs 

15. u.VI ,  u XVlll fault downs 
with numeration 

fault down 

Fig. 1. Occurrence of gas and rock outbursts in Walbrzych coal region 
in relation to region tectonics 
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In the region of Nowa Ruda the influence of the 
down faults is less visible, however it  is possible to 
put forward some suggestions that the intensity of the 
outbursts is greater on the slope of the downthrow 
side than in the hanging slopes (Fig. 2 - "Piast" and 
"Boleslaw" fields). However there is a probability 
that horizontal tectonic motions are the dominant 
factor, which decide about the damage done to the 
primary coal structure in the deposits of Nowa Ruda. 
As a result of these motions, the coal (seam) is more 
susceptible to the influence of the surrounding rocks 
and has undergone the process of so called 
mylonization (crushing, grinding, pulping), due to 
which the coal seams over the large areas has become 
outburst prone (concentrated outbursts - Fig. 2). 
This type of outburst occurrence is often called the 
surface outburst in contrast to the cone outburst, 
which is characteristic for Walbrzych region 
(Suchodolski, 1977). 

The tectonic recess split structures, formed due to 
orogenic motions (Alpine orogenesis) and reaching 
the surface of the mantle of the earth, are in contact 
with hot basalt magma (Kotarka, 1988). These are 
usually the ways (ditches) supplying C 0 2  to the coal 
deposits. Boundary down fault running along the 
western gneiss border of the Sowie Mountain block 
(Dubinskai et al, 1994; Kotarka, 1988) or the down 
fault "Wielki" in the region of Nowa Ruda can 
constitute such ways. Distributing CO, in the very 
coal deposit can occur in the form of down fault 
network especially gaps with the down fault 
transporting gas into rock packets (sandstones, 
conglomerates), which are highly permeable for gas 
and isolated by rocks which are more difficult for the 
gas to permeate (mudstones, clumps). 

In the Upper Silesian Coal Basin there are coal 
deposits which are characterised with a high degree 
of methane contents but the saturation degree of coal 
seams is different. 

The coal deposit situated in the south-western part 
has the highest contents of methane (Rybnik Coal 
District - 20 m3 CH4/t of the pure coal substance) and 
in the south (coal mines "Brzeszcze" and "Silesian" 
up to 17.71 m3 CH4/t DAF) (Fig. 3). In the north, 
east and west, the deposit is either methane-free or 
with a small degree of methane contents. In the 
central part of the Basin, high degree of methane 
contents occurs in the deeper parts of the seams - 
18.66 m3 CH4/t DAF. 

Considering the problem of gas and rock outburst 
hazard i n  the Upper Silesian Basin, one should pay 
attention to the mines situated within Rybnik Coal 
District (ROW) and those belonging to the 
Michalkowice and Orlowski faultings (Fig. 3). On 
the extension in the south-western direction of this 
zone, outside Poland in the Ostrava-Karvin Basin 
there occur typical gas and rock outbursts (CH, + 
CO,, CH,). The mines where hazard occurs are 
localised in the western part of Michalkowice faulting 
(downthrow side) (Struminski and Suchodolski, 
1993). 

It can be supposed that decrease of outburst 
predisposition of mines with high methane contents, 
especially in the ROW region is achieved mainly due 
to systematic demethanization of the deposit. If this 
process did not take place there would be high 
probability of outburst occurrence in the region and 
similar hazard degree as in some mines localised in 
Ostrava-Karvin Basin. 

2.2 The influence of deposit depth and coal depth 

The amount of the rock thrown increases with the 
working depth (Suchodolski, 1977). If some 
deviation from this rule occurs, it may be connected 
with some tectonic disturbances influencing in 
smaller or bigger degree the increased amount of rock 
mass thrown if compared to the amount of mass 
thrown at the average in normal conditions of 
examined depth. From the examinations conducted 
recently in the deposit of refractory shale, it is clear 
that outbursts of CO, and rock are connected with the 
layers of bituminous coal accompanying the shale 
deposit (Suchodolski, 1990). There is also 
dependence of occurrence of the first outbursts and 
their magnitude (energy, force) on the thickness of a 
single coal layer or total thickness depth of coal layers 
which occur together with the seams of refractory 
shale. However the influence of the deposit depth is 
less visible than the impact of coal layer depth. 

At high depths - 800m, 900m the rheological 
properties of rocks - the deformations in time, 
especially in the less cohesive rocks - thus in the coal 
deposit, can be revealed at the excessive stress in the 
seam with layers. It can be the reason of the 
occurrence of sudden, unexpected outbursts even 
without characteristic symptoms of the outburst 
hazard such as: violent whistlers and drilling from 
exploration holes (so called mini outbursts), chips 
and coal falling from the side walls, noises in the 
body of coal and others. This problem has been 
already mentioned drawing attention to the hazard of 
occurrence of the so called delayed outbursts, a few 
or several hours after firing in the coal seam in the 
course of normal mining. 

3 OCCURRENCE OF GAS AND ROCK 
OUTBURSTS 

In modem approach to phenomenon of outbursts, 
formed in the course of many years of examinations, 
first of all in the mines as well as theoretical 
(analytical) and laboratory studies, there is an opinion 
that three basic factors (parameters) have decisive 
influence on the outburst formation (Suchodolski, 
1990; Struminski and Suchodolski, 1993; 
Suchodolski, 1966; Tarnowski, 1992): 
- thrust (pressure) on the seam (layer) and stresses, 

their distribution in front of the face of the mining 
workings, 
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- appropriate high gas contents of coal or 
appropriately high real (deposit) pressure of gas, 

- physicomechanical properties of coal (rock) such 
as porosity, gas permeability, cohesion and 
compressive strength. These parameters are 
derivatives of coal structure and change depending 
upon the influence of tectonic forces (orogenetic) 
and roof rock weight (deposition depth). 

The occurrence and activity of these factors at the 
same time leads to the formation of gas and rock 
outbursts. 

There is a prevailing opinion that the thrust, that is 
primary pressure of the orogenesis and operation 
pressure and at the same time the state of stresses in 
the seam (Fig. 4) have a direct influence on the gas 
behaviour in the body of coal. In front of the face 
there forms a zone of decompressed coal, more or 
less degassed, which is characterised by increased 
mechanical strength when compared with non 
decompressed coal and non degassed coal. This zone 
is treated as the belt protecting from the outburst in 
the seam. Lowering of the strength of one of these 
increases the outburst hazard. 

Decompressed zone comes into plastic zone, the 
range of which, within the seam depth is limited by 
an elastic zone. The plastic zone reveals very 
complicated structure. The coal in this zone loses it 
elastic properties, decreases its mechanical strength 
and gas permeability reaches the minimum value. It 
is the area (zone) of highest concentration of potential 
energy of gas and rock in the seam in front of the face 
of mining workings. Localisation of this area in 
relation to the face of the workings is of a basic 
importance for the safety of labour and that is why 
after each advance of the workings, examination is 
carried out about the change of localisation of the area 
in the seam, whether it (this zone) approaches the 
face of the workings or moves away from it. In the 
first case one can expect increase of outburst hazard 
whereas in the latter case it decreases. 

The examinations include: measurements of gas 
pressure (over pressure) in the prospect holes, coal 
gas contents, gas desorption intensity from coal 
drillings, intensity (volume) of gas output from the 
prospect holes and the outflow velocity. Some 
methods, so called intermediate methods, are also 
used. These are used to establish the stresses 
especially their distribution in front of the face of the 
workings. These include seismic methods, 
measurement of drilling mass from medium sized 
drill holes. The prospect holes should be 
appropriately long, reaching the depth of the seam up 
to the plastic zone or even deeper to provide 
appropriate picture of the magnitude and distribution 
of the measured parameters. 

4 PROGNOSIS OF GAS AND ROCK 
OUTBURST HAZARD 

There are three ranges (stages) of outburst prognosis: 
regional, local and current. The aim of the regional 
prognosis is to get general knowledge about the 

dispositions of coal and accompanying rocks to 
outbursts and to establish initially the magnitude of 
the hazard in the deposits, especially on the basis of 
geological conditions and examinations of different 
coal parameters such as: gas contents, gas desorption 
index from coal, hardness (or mechanical 
compressive strength), structure (petrographic 
construction) and the depth of occurrence of seam. 

In practice (in compliance with mining regulations) 
if the gas contents is from 6 to 16 m/t (DAF), the 
seam is regarded as liable to outbursts. 

The local prognosis includes systematic and 
continuous measurements and examinations in 
opening-out heading and preparatory headings of the 
active coal mines. Samples are taken from hole 
length of 20 m from the place of the seam working 
after each advance and then every 200 m as well in 
the disturbed areas especially in those which break 
the seam continuity. The gas contents of coal and its 
hardness are determined in laboratories. 

The analyses of results are the basis to classify the 
seams into appropriate categories of gas and rock 
outburst hazards (four categories of outburst hazard). 

The current prognosis includes a wide range of 
examination of measurement parameters leading to an 
exact determination of the seam zone endangered by 
outburst. The examinations are based, first of all on 
the measurements of the magnitude (size), increases 
and drops of aforementioned parameters not only in 
short (3 m, 4m) but especially in long prospect holes 
up to 6 m or even 12 m going deep in the body of 
coal seam. A special probe (KD "Barbara") is used 
in the measurements by means of which it is possible 
to measure outburst hazard parameters in the holes at 
different depths and distances from the face of the 
working (hole diameter - 42mm). 

The main aim of these examinations is to establish 
the width of destressed zone protecting the face from 
the outbursts as it was shown above. Thus 
determination of the localisation of the plastic zone 
and maximum stresses in the seam. 

The measurement method of the output of drill 
cuttings from small-diameter prospect holes, which 
has been mentioned earlier, as well as seismic method 
have been adopted to these examinations. The latter 
is based on the measurement of the velocity of 
seismic wave propagation, induced artificially in the 
rock mass (coal seam) in front of the mining faces. 
Since, in the course of stress increase (medium 
density) the velocity of seismic waves becomes 
greater, it is possible to localise the zones of higher 
stresses along working fronts. It is also possible to 
determine, with a high degree of probability, the 
course of tectonic disorders (displacement) in front of 
the working front, since, in this case, the seismic 
wave reflects the discontinuity in the seam (refraction 
wave). If the disorders of this type are discovered 
early in the seams the labour safety is increased and it 
is possible to protect miners from the outburst. 

Recently much significance is attributed in the 
outburst prognosis to the introduction and verification 
of the so called complex indices taking into 
consideration simultaneous influence of main factors 
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5 

Fig. 4. Picture of working gas pressure, seam strength and de-stressed, plastic zone 
and elastic zone in front of the longwall face in the seam: 

6,  + p total pressure: working one + gas, & working pressure, pz primary (initial) pressure of rock mass, 
p- gas pressure, pmax - maximum gas pressure, 6c - seam strength limit, coal, permeability for gas, 

1 - zone of maximum gas pressure, 2 - so called effective length of prospect hole, 
3 - de-stressed zone, 4 - plastic zone, 5 - spring zone 
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such as rock mass thrust on the seam, gas contents, 
physical properties of coal (Ryncarz and 
Majcherczyk, 1982). These studies on outbursts are 
going further and take into account possibly all 
conditions especially geological and mining when 
outbursts occur. In this way a complex index KWZ 
of gas and rock outburst hazard is created. While 
forming the index, the following groups of factors 
are taken into consideration: gasodynamic factors, 
geomechanical factors and geodynamic factors 
(Dubinskai, Dybciak and Jezewski, 1994) in the coal 
mine "Nowa Ruda". Creation of this factor was 
possible by making use of computers. Generally 
speaking, the values of KWZ index lower than 10 
characterise low hazard while values from 20 are 
significant for high hazard. Suitability of KWZ index 
for the evaluation of the condition increases especially 
at deep levels when the role of geodynamic factors in 
outburst occurrence is more and more important 
(mainly stress factor) and the role of other factors 
decreases. 

5 THE METHODS OF GAS AND ROCK 
OUTBURST HAZARD CONTROL 

5.1 Active methods 

Active methods consist in the prevention of 
outbursts, thus exclusion of their occurrence in the 
seams endangered by gas and rock outbursts. The 
most efficient way is to de-stress and de-gas the 
seams susceptible to the outbursts. The seam 
subjected to the de-stress effects are called protected 
(de-stressed) seams and the de-stressing seams are 
protecting ones. De-stressing of the de-stressed seam 
can be achieved either by earlier complete mining of 
protecting seam situated at appropriate distance from 
the protected seam or by simultaneous mining with 
some advance of the protecting seam in relation to the 
mining front in the protected seam. The advance 
should equal at least double the distance between the 
protecting and protected seams. 

The distances between the protected and protecting 
seams are established by special mining regulations 
both while extracting or opening of the protected 
seam. 

Protecting (destressing) seam should be 
characterised by the following conditions : 
- lack of the tendency to outbursts or lower outburst 

tendency than in the protected (de-stressed) seam, 
- relatively high thickness, 
- occurrence of surrounding rocks characterised by 

the properties of de-stressing (especially 
arenaceous shales, weak sandstones), 

- way of working usually with full caving. 
If for any reasons, it is impossible to use the 

aforementioned method of de-stressing and de-gassed 
seams susceptible to outbursts, some other methods 
are introduced in the zones endangered by outbursts; 
these are : 

- de-gassing of the body of coal with 6 m long 
drainage holes of 42 mm diameter, located in the 
face at the distance of every 0.5 m, 

- de-stressing of the body of coal with advance holes 
of 15 to 30 m length and diameters from 42 to 
I10 mm. The holes should go deep inside the 
seam and cross the area (zone) of the highest 
concentration of potential energy of gas and rocks 
(maximum gas pressure and stresses). The 
amount of coal removed from the body of coal 
with these holes was established as 4% in relation 
to the area (zone) volume of the seam subjected to 
coal drilling. However this way (the method called 
as seam drilling) can be used only by having 
special regulations for this method established as a 
result of the examinations conducted in different 
geological-mining conditions. 
Some attempts are undertaken to use drill holes, de- 

stressing and de-gassing holes of large diameters 
from 80 to 152 mm and 25 to 35 m long, with water 
flushing and in this way certain drop of stress in the 
seam. 

Some other active ways include: destressing firing, 
so-called camouflet blasting, with hole from 6 to 8 m 
long (with the number of holes 4-6). It is not always 
very efficient especially in weak coals which are 
difficult to be de-stressed and de-gassed. The result 
can often be reverse and it can bring about the 
increase of stresses in the seam. 

Damping of seams endangered with the water 
outbursts under appropriate pressure has not found a 
wide application. Some attempts have been 
undertaken in the seams with CH, and rock outburst 
hazards. Whereas in the seam with CO, and rock 
outburst hazards there are some misgivings that CO, 
enters into a chemical compound with water (carbonic 
acid) and can get liberated rapidly during water 
forcing (pumping) under pressure, and even later 
during the phase of coal de-stressing (of the seam). 
This can lead to instantaneous outbursts. 

5 . 2  Passive methods 

These consist of causing outbursts and creating safe 
conditions for mining. These outbursts are induced 
by concussion - mining blasting or concussion 
blasting. In the first case the explosives are increased 
by 50% and in the latter by 1 0 0  % when compared to 
regular explosives. The choice of the type of blasting 
depends on geological-mining conditions in a given 
excavation or on the state of stresses in the seam and 
the outbursts hazard degree established on the basis 
of the examinations of changes of outburst 
parameters with time. 

Milli- delay-action detonators are used in this case. 
The explosives are fired from the firing dams or 
centrally from the surface when there are no people in 
the mine. 

Destruction of the protective zone of coal in the 
seam and causing strong tremor of the rock mass 
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constitute the impulse to bring about controlled 
outburst and unloading of dangerous state of stresses 
in the face of the mining excavation. The application 
of this passive method is connected with the necessity 
of inhibiting the outburst development (in the field 
"Piast" in the coal mine "Nowa Ruda") in order to 
avoid high damage to the excavation due to the 
outburst and long delays in mining work. The effect, 
to a certain degree, is achieved by building the so 
called barrier grating which are specially constructed 
and built at established distances from the faces 
where the outburst is purposefully induced. 

6 SYSTEMS OF EARLY WARNING AND 
INDMDUAL PROTECTION OF THE 
UNDERGROUND CREW 

The following systems of early warning are used to 
control CO, and CH, concentrations and to alarm the 

- acoustic alarm devices of ASA-3 type connected 
with the dispatcher's device of AUD-160 type and 
telephones, 

- central alarm devices for the control of gas 
concentrations: for CO, - GMA-030 type and for 
CH, - CMG-2 and CTT-63/40 types and for alarm 
to the crew, 

CO, and CH, sensors (detectors) for continuous 
measurement of gas concentrations are localised in 
the mines in places according to the outburst hazard 
degree. 

Individual protection of the crew includes: 
- emergency oxygen respirators of the personal 

use  of Au-9D type, and low-dimensional respirators 
of immediate use of ATSO type, 

- respirators connected with the network of the 
compressed air of AW-412 type. 

In these respirators there are pressure reducing 
valves, which once opened supply the 80-200 Vmin 
of air through the hose to the respirator half mask. 
These apparatus can be used when emergency 
oxygen respirators run out of air or when they are 
broken. 

Efficient and proper ventilation is also significant 
for the safety of people in the mines especially in the 
cases of large outbursts when there is a danger of 
gassing numerous mining excavations. When this 
occurs, reversal of definite air currents in this 
situation may bring about gassing of the whole mine, 
Thus, simulation studies are carried out on the 
influence of gas and rock outbursts on the mine 
ventilation network in order to determine, a priori, 
disorders of the main ventilation at the assumed 
localisation and force (energy) of' the outburst 
(Struminski and Suchodolski, 1993). 

crew : 

7 CONCLUSION 

1. Gas and rock outburst hazard in the Lower 
Silesian Bituminous Coal Mines is one of the greatest 
in the world, especially in the case of CO, and rocks. 

2 ,  In the Upper Silesian Bituminous Coal Basin 
the phenomenon of CH, and rock outbursts has not 
been observed so far in the typical form for this 
hazard. Nevertheless, if in future with mining in the 
south-eastern direction, the phenomenon is likely to 
appear. 

3. There is a clear dependence of outburst 
occurrence, their magnitude and frequency on the 
geological conditions mainly tectonics. The depth of 
occurrence and seam thickness also have 
significance. 

4. Cooperation and co-occurrence of three basic 
factors such as stress in the seam, high gas contents 
of coal and physicomechanical properties of coal 
(rock) lead to outbursts. 

5 .  Potential energy of gas and rock is concentrated 
in the plastic zone of coal, formed in the seam outside 
the de-stressed zone. This constitutes the protecting 
zone from the outburst occurrence. If the strength 
(width) of the de-stressed zone is too small, an 
uncontrolled outburst will occur during the working 
time of the crew (delayed outbursts). 

6. Outburst prognosis, which comprises three 
stages (ranges) is based mainly on the measurements 
of gas pressure (over pressure) in the prospect holes, 
pressure of deposit gas, gas contents of coal, gas 
desorption intensity from coal drillings, intensity 
(amount) of gas output from prospect holes or the 
velocity of the output. Special methods, including 
the seismic, are used to determine the stresses in front 
of the face in the seam. 

7. The control methods of gas and rock outbursts 
are based first of all on de-stressing and de-gassing 
the seams. There are some other ways of coal de- 
stressing and de-gassing by means of drill holes of 
small or large diameters, camouflet blasting, and 
others including passive methods (purposeful 
induction of outburst when the crew in not in the 
mines). 

8 .  In compliance with mining regulations, which 
are in force, different systems of early warning and 
individual protection of the crew against the effects of 
rock and gas outbursts are applied. Efficient and 
proper ventilation also increases the crew safety in the 
mines in the case of an outburst. 
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Outbursts of methane gas and associated mining problems experienced at Twistdraai 
Colliery 

S. B. Anderson 
Twistdraai Colliery, Secunda, Republic of Soulh Africa 

ABSTRACT: The paper describes incidences of high gas emissions and outbursts in Twistdraai Colliery in 
South Africa. Most of the events have been associated with geological disturbances such as dolerite dykes. 
Management practices adopted to overcome the problems are described. 

INTRODUCTION 

Twistdraai Colliery is situated near the town of 
Secunda in the Eastern Transvaal Province of the 
Republic of South Africa. It is one of the five Sasol 
Coal Collieries that supply medium quality coal to the 
Sasol I1 and I11 oil-from-coal petrochemical and 
ancillary by-product plants. The annual coal 
consumption at the Secunda operation is in excess of 
34 million tonnes. The coal is produced from four 
underground operations and one open pit operation. 
Brandspruit and Middelbult Collieries each have as 
annual output of 8.5 million tonnes, Bosjesspruit 
Colliery 6 million tonnes, Twistdraai 4.5 million 
tonnes and Syferfontein open pit 6.5 million tonnes. 
Twistdraai Colliery is at present in the process of 
expanding its production activities with the intention 
of entering the international coal export market. 
Production from this colliery will increase to 8.5 
million tonnes over the next two years. The 
geographical expansion is taking place in the eastern 
sector of the mine whilst the western sector remnants 
which are bordered by Bosjesspruit and Brandspruit 
Collieries are being mined out. In order to mine an 
area containing approximately 3 million tonnes of in 
situ coal it was necessary to develop through a 
dolerite intrusion to gain access. During this 
operation five methane outbursts occurred which will 
be discussed in this paper. Twistdraai Colliery has 
been in operation for fifteen years during which time 
many dolerite intrusions have been mined through 
without such incidents, in the past however, high gas 
emissions were always associated with such 
operations. 

GEOLOGY 

Twistdraai Colliery is situated along the North- 
eastern margin of the Main Karoo Basin. The Karoo 
sedimentary rocks in the Twistdraai area range from 
Dwyka Formation diarnictites at the base of the Karoo 

Basin to the coal-bearing Vryheid Formation of the 
Ecca Group in the north. The Ecca sedimentary 
rocks comprise various grit stones, sandstone, silt 
stones and shales. 

Four coal seams are present at Twistdraai Colliery 
namely the No. 3 Coal Seam at the base, the No. 4 
Lower Coal Seam, No. 4 Higher Coal Seam and the 
No. 5 Coal Seam. The No. 4 Lower Coal Seam is 
the only coal seam of economic importance in this 
area. 

Dolerite dykes and sills related to the Drakensberg 
volcanism occur irregularly throughout the entire 
coalfield. Two phases of dolerite intrusions can be 
distinguished in the Twistdraai area namely the B4 
and B8 dolerite sills, and are intruded into the 
sediment in this order. 

The B8 dolerite sill is located close to the coal 
seams and cuts through these seams in numerous 
places and in an erratic manner. 

THE INTRUSION OF THE B8 DOLERITE SILL 
IN THE SEDIMENT 

A displacement with a magnitude similar to the 
thickness as the dolerite sill occurs where the B8 
dolerite cuts through the coal seams. Due to the high 
temperature of the dolerite at the time of intrusion into 
the coal seam, the coal within the vicinity of the 
dolerite is completely burnt out. Gases, mainly 
methane gas, which are released from the coal when 
it is burnt, is trapped by the surrounding sediment 
and forms “pockets” of gas. These gas “pockets” 
burst out when the pressure from the surrounding 
sediment is released through mine operations. 

SEQUENCE OF EVENTS 

Two bord and pillar panels had previously been 
mined to within a short distance of the burnt coal 
zone adjacent to the dolerite intrusion. The single 
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header Joy 12 HM 9 continuous miner section then 
moved away to carry out operations in another area. 
As a standard practice on the mine no continuous 
miner may mine through burnt coal for fear of 
ignitions as high concentrations of methane gas are 
always associated with the burnt coal. A special 
blast-and-load rockwork team moved in and took 
over the development operation. Headings A and B 
were mined first. 

35 m3/s of air was supplied to ventilate this section 
with instructions to stop operations if the last through 
road velocity fell to below 1 m/s or the quantity 
below 25 m3/s. Two 37kw auxiliary force fans with 
760mm ducting were installed in headings A and B 
respectively with instructions to keep the ventilation 
column within 10 metres of the face at  all times, and 
stop operations if the air quantity being issued from 
the end of the column fell to below 5m3/s. All areas 
within 100 metres of the faces were thoroughly 
stonedusted and the last through road floor watered 
down for dust suppression prior to operations 
commencing. 

Thc precautions taken were standard practice, the 
team a specialist team and “visually” geological 
conditions seemed good. 

FIRST OUTBURST - 18/02/93 DAY SHIFT 09H45 

The face had advanced some 10 metres into the burnt 
coal. A flameproof diesel driven Toro load-haul- 
dump vehicle was cleaning up prior to the drilling 
crew moving in. The operator had swept the floor 
pushing the duff into the face with the intention of 
filling the shovel against the solid face. The shovel 
was in contact with the face when the outburst 
occurred. Finely broken burnt coal (similar looking 
to ash from a plant) was thrown back for a distance 
of 12 metres from the original face burying the 
operator to shoulder height. The original face had 

disintegrated and advanced 6 m e w s  whilst the bord 
width increased to almost 8 metres from the original 
5.5 meters. The entire last through road filled with a 
concentration of between 4% and 18% methane gas. 

By the grace of God the LHD operator was not 
injured and was immediately taken to surface for 
medical observation. The LHD had stalled under the 

Normal mol’ conditions 

LHD huned under hurnt coal 
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Outburst in heading B 

heap of burnt coal. Within 3 hours the gas 
concentration had reduced to 2% in the heading and 
had cleared from the last through road. At that time 
8mVs of air was being forced into the heading and a 
waterblast had been pushed into the gap between roof 
and pile to cool it down and prevent spontaneous 
combustion. Operations were stopped to allow the 
gas to bleed out for 24 hours. The following day the 
LHD was removed and the heading cleared as quickly 
as possible as spontaneous combustion could easy 
have occurred over a longer period. 

It was found that the face had advanced up to the 
dolerite dyke and that due to the increased 
unsupported roof span cracks in the roof were 
showing. The roof was subsequently stabilised with 
10 metre long fully grouted cable anchors and the 

ribsides with diamond mesh pinned with 1.8 metre 
long split sets. During this time the rockwork 
teamconcentrated on the repair work and no further 
development or mining took place. 

SECOND OUTBURST - 03/03/93 DAY SHIFT 
12H45 

This outburst occurred simultaneously when the face 
was blasted and pressure released in heading B. 
Similar gas concentration were experienced and the 
same procedure was followed to clear the gas. 
During the night a roof slab of laminated sandstone 
and shale caved in. The dimensions of the slab were 
approximately 12 metres long 5 metres wide and 1.2 
metres thick (the dimensions of the unsupported area 

Caving in of heading C 
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after the outburst). The load and support process 
was started 24  hours after the outburst in an 
atmosphere clear of methane gas. 

The working face had again advanced up to the 
dolerite intrusion and the bord width increased to 
almost 10 metres. The epicentre of the outburst was 
on the southern side of the face and the solid pillar 
between headings A and B had been weakened 
considerably. It was decided to support the roof with 
10 metre long fully grouted cable anchors and 
250mm to 350mm diameter mine poles. The heading 
was abandoned with the option to recommence work 
in future. 

THIRD OUTBURST - 19/03/93 NIGHT SHIFT 

By this stage roof pressure had been transferred to 
beading C and the intersection immediately outbye of 
the heading. Cracks were appearing in the roof and it 
was decided to brush approximately 1 metre off the 
roof and install diamond mesh pinned with 1.8 metre 
long split sets and 10 metre long cable anchors into 
the solid roof. The repair work in the intersection 
was successfully completed hut the heading was 
abandoned when caving took place to a height of 
approximately 8 metres in the working face during 
the brushing exercise. 

During this period inseam horizontal diamond drill 
holes were drilled in the last through road between 
the headings. These holes were drilled into the 
dolerite intrusion with the intention of bleeding out 
gas and releasing the pressure. The methane content 
of the air which continually bled out of these holes 
averaged 18%. None of the holes caved in during 
drilling. 

Work continued in heading A which by this time 
had been mined through the intrusion and into the 
roof of the seam on the western side. Grade chains 
were installed in order to winze down into the seam at 
a 6'angle. Simultaneously work continued in heading 
D which was in an extremely burnt area. Diamond 
mesh pinned with 1.8 metre long split sets and 10 
metre long cable anchors were being installed after 
each blast. An outburst occurred in this heading 
during the night whilst no personnel were in the 
section. The incident was discovered the 
followingmorning with the early examination. The 
gas concentration in the heading was found to he 5% 
and a 3% concentration was present in the last - 
through road. A waterblast was installed in the 
heading and it was allowed to bleed until the 
following day when work commenced in a clear 
atmosphere. The loading and supporting exercise 
was proceeded with extreme caution as this was to be 
the conveyor belt road which could not afforded to be 
lost. This heading was successfully mined through 
the dolerite intrusion into the roof of the seam on the 
western side and winzed down as in heading A. 

FOURTH OUTBURST - 16/10/93 DAY SHIFT 
11H30 

At this stage only two headings had been successfully 
mined through the intrusion in this panel. Work on 
headings E and F commenced and a decision to hole 
through the barrier pillar between the two panels at 
crosscuts 8 and 9 was taken. This was done to gain 
access and commence work in the adjoining panel in 
beadings A and C leaving double pillars between 
them. 

Sidewall in win72 
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The fourth outburst occurred in heading E 
simultaneously with a face blast and pressure release. 

Heading E and F were abandoned and used as 
storing areas. Work continued in headings A and D 
which were to be the travelling road and conveyor 
belt road. An extra rockwork team was brought in 
and work commenced in the adjoining panel in 
hcading A and C which were to bc established for 
return airways. 

Inseam horizontal drilling was camed out from the 
face position in the proposed travelling road. Three 
holes of 800 metrcs length were drilled to establish 
that the task should continue as the seam was clear of 
geological disturbances. 

No further outbursts occurred on the top side of the 
intrusion. A fact which could be attributed to the 
double pillar between the headings and the extensive 
support installed after each blast. Headings A and C 
were successfully mined through the intrusion and 
“back.holdings” were to be established. 

FIFTH OUTBURST - 03/03/94 DAY SHIFT 
08H40 

A holing was established between the conveyor belt 
road which was an intake airway and the proposed 
travelling road which was temporarily being used as a 
return airway. The conveyor belt was extcnded 
down the winze into the seam below and limited 
production commenced whilst establishing the area to 
accommodate a double header Joy 12 HM9 
continuous miner section. 

The fifth outburst occurred just prior to the “back 
holing” being established in heading C for a return 
airway. This was the first and only outburst which 
occurred on the downside of the intrusion. The 
outburst took place with brushing of the roof to 

remove cracked laminations. The original intention 
was to box hole the hcading but after the occurrence it 
was decided to raise the heading by ramping up in to 
the roof of solid coarse grained sandstone. Similar 
gas concentrations were encountered after this 
outburst and the procedure followed was exactly the 
same as with the previous incidents. This return 
airway was successfully established and the travelling 
road was converted from a return to an intake airway. 
The second return airway was raised by ramping up 
into the solid sandstone roof on intersecting the burnt 
coal adjacent to the intrusion. It was successfully 
established without further incident. 

Two cross cuts were established on the downside 
of the intrusion, further horizontal drilling took place 
and the section was prepared for a double header 
continuous miner to move in. 

CONCLUSION 

During the 15 year period prior to 1993 numerous 
dolerite intrusions bad been mined through at 
Twistdraai Colliery without such incidents. 
Geologists, Strata Control Engineers and other 
experts who had been consulted during this period 
had been of little help as they too had not experienced 
such occurrences. Good ventilation practices, 
flameproofing standards, blasting procedures, 
support standards and a very committed team of 
people were the reason for the success. The 
concentrations of methane encountered can be likened 
to a bomb waiting to explode but the detonation was 
denied through good mining practices. At the time of 
writing this paper the rockwork teams at Twistdraai 
Colliery have achieved 1197 working days without a 
single madshift being lost due to an accident. 
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Int. Symp. cutn Workshop on Management & Control of High Gas Emission & Outbursts 
Wollongong, 20-24 March, 1995 

The outburst of 24th July 1991 in South Bulli Colliery, N.S.W. - A case history 

Bulent Agrah 
Bellambi Collieries Pty. Lid., Corrimal. NSW, Ausrralia 

ABSTRACT: A compound system of low-angle reverse faults, un-detected by in-seam seismics, and later 
proven too insignificant to be detected by other geo-sensing techniques, determined the location of an outburst 
that caused the death of three miners. The unexpected presence of C02 as dominant gas at the outburst site, 
was instrumental in the fatal character of the incident. An analysis follows of the various observations made in 
the area. 

1 INTRODUCTION 

The outburst of July 24, 1991 in South Bulli 
Colliery, causing the loss of three lives by 
asphyxiation, occurred in W- 12 panel development, 
in an area where the presence of outburst-prone 
structures had never been suspected, and could not 
have been predicted on the basis of previous 
experience and observations in adjoining panels, and 
in the Colliery as a whole. The presence of CO, as 
the main constituent of the seam gas at this locality, 
set this outburst as a first, and hopefully unique, 
occurrence in the Colliery's long history going back 
to 1887. Another first was the structure associated 
with the outburst, namely a low angle thrust fault, of 
modest dimensions, hitherto unknown, -or un- 
reported- , in coastal Collieries of the Southern 
Coalfield (Agrali 1992). 

The present paper is intended to deal mainly with 
the geological aspects of the incident, including the 
identification problem of particular geological 
features ahead of workings, -rather than following an 
outburst- together with the mining implications of 
the presence of such features with a low potential 
for detectability. General conclusions will also be 
drawn from the distribution of previous outburst 
locations in South Bulli Colliery, to emphasise the 
particular character of the last occurrence in W-12 
panel. 

2 SITE INVESTIGATION 

The outburst site (Fig.1) was first visited by the 
geologist four days after the event, but a preliminary 
appraisal of the local geology could be made only 
three days later, following the removal of the rubble 
from the face and ribs. At this stage the actual 
outburst cavity was only partly cleared, not allowing 
direct measurements. 

Despite restricted access, the geological feature -of 
a textbook perfection- apparently directly linked to 
the outburst, could be immediately described as a 
"low-angle thrust, probably trending N-NW, with an 
east-northeasterly thrust". Later measurements 
allowed the definition of the strike as 355", with a 
vertical displacement ('lhrotv') of 0.75 m and a 
horizontal displacement ('heave') of about 2.0 m. 
The thrust angle appeared to be variable between 10" 
and 25". A 0.1 m thick fault breccia was visible in 
roof 'rocks, passing laterally to a pulverulent coal 
horizon in seam with a thickness varying from 0.03 
m to 0.4 m (measured) or more displaying a 
succession of constrictions alternating with thicker 
pockets. This horizon in coal, i.e. the actual fault 
gouge (locally called 'mylonite'), was, in all 
likelihood, the main gas reservoir within the seam. 
Fig.2 gives a simplified picture of the face area 
following the outburst. 

The amount of coal, pulverulent or otherwise, 
projected back in the heading by the outburst has 
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Fig. 1 - Outburst site in W-12 Panel 

been estimated to 120 tomes, though much higher 
estimates were made before the clearing of the 
rubble started. Judging from the position of the last 
roof strap placed prior to the outburst, it would 
appear that about 2 metres of face coal was 
displaced, representing a volume of 26-27 m3. 

The outburst cavity itself, occupying the top 1 m 
portion of the seam, and also affecting roof strata, 
extended about 1 in westwards, and 1.5 ni 

southwards within the right-hand half of the face; 
this represented a volume of roughly 6-7 m3. 
Applying an in sifu relative density of 1.742 to the 
rubble (1.9 in of coal. and 0.85 in of roof rocks), the 
volumes mentioned above would represent 56-59 
tomes. If the figure of 120 tomes of rubble 
removed, mentioned earlier, is correct, the 61 to 64 
tomes of discrepancy between the two sets of 
figures, unaccounted for, must represent the amount 
of coal coming from the "n7ylonite" horizon itself, 
probably forming a large cavity extending some 15 
to 30 metres along the strike axis, assuming an 
average thickness range of 0.25 to 0.4 in for the 
horizon, and a 15" to 20" dip for the fault plane. 
the mylonite horizon seemed intact in the area to the 
south of the outburst location, but here we seem to 
have a phenomenon common to all outburst 
occurrences: a sizeable gap between the volume of 
the cavity and that of the rubble caused by the 
outburst. 

A second fault plane, parallel to the visible main 
feature, was observed 0.4 ni above, in roof rocks 
only, visible from inside the cavity. A few share 
planes could be observed at the face, dipping east 
with angles of 15" to 20". with no apparent, i.e. 
measurable, indication of movement. 

It therefore appears that the outburst occurred 
when the rib line came to a distance of less than 0.5 
m from the tip of the pulverulent coal horizon in the 
upper (thrust) compartment of the reverse fault. 
These early assumptions , based on imperfect 
observations as sketched on Fig. 1,  were nevertheless 
upheld by later measurements. 

The first interpretation of the situation, based on 
very limited data, could be suinmarised as follows: 

1 .The outburst occurred along a low-angle thrust 
(reverse fault); 

2.The presence of a thick mylonite pocket, 
probably extending for tens of metres, and acting as 
a gas reservoir under high pressure. determined the 
outburst occurrence; 

3.The fact that CO, is dominant in coal gas 
composition suggests, -as a possibility among 
others- , the presence of a nearby igneous body, or a 
large mass of cindered coal, though not necessarily 
in Bulli Seam level. A sill in  roof strata could have 
been the direct cause of low angle thrust phenomena. 
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Fig.:! - Face area in B heading, following the outburst 

The linkage between the high CO, content and the 
presence of an igneous body or mass of cinder was 
considered as "possible, but speculative" , being 
mainly based on the hypothetical presence of an 
igneous body in the general area as suggested by the 
interpreter of a magnetic survey. The general 
consensus is that: "though seam gas composition 
around igneous bodies and masses of cindered coal 
is almost always richer in CO, , there are cases o j  
high CO, content with no evidence of an obvious 
igneous link". 

3 LATER OBSERVATIONS 

Later visits to the face, following the resumption of 
development in the panel, provided some 
photographs of the outburst site, and sketches were 
made of the transit of the fault plane from the riglit- 
(west) to the left (east) rib. Fig.3 gives an idea of the 
variability of the fault plane at the coal face during a 
mere 12.7 m of advance. Changes in the thickness of 
the comminuted coal horizon forming local pockets, 
the presence of powdery coal along some - 
horizontal- bedding planes, and the discontinuous 
nature of a number of slickensided planes both 
parallel to the main fault plane, or at an angle with 
the latter, are all very characteristic of the nature of 
low-angle thrusts formed, by compression,under 
relatively shallow cover (Lahee 1961, Ramsay 
1967). 

The bearing of the fault was first determined, 
roughly, by horizontal mid-seam drilling from the 
western rib of the heading outbye from the outburst 
site. Drilling could not proceed across the fault plane 
due to jamming in comminuted coal. High gas 
pressure pushing back a mixture of coal and drilling 

water invariably pegged the position of the fault 
plane. 

Fully cored angle drilling in roof strata from 
locations up to 30 m outbye from the outburst site 
did not show any evidence of the continuity of the 
fault plane in strata higher up. It is as if only the coal 
seam and 1 or 2 (?) metres of immediate roof strata 
bore the brunt of the lateral compression. The 
continuity of the fault plane in floor strata was never 

E W 

E W 

0 0.5 1.0m 
u I 

Fig. 3 - Low-angle thrust at B Heading face: 
a) 13 m b) 17 ni, c) 26 in inbye the outburst 
site (only top 1 m of seam shown). 
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Fig. 4 - Small-scale faulting (low-angle thrusts) observed in W- 12 panel, B9/R driveage, 65 m S of the 
outburst site, illustrating the confinement of faulting to the top part of the seam: a) South rib; b) Face 

obvious. Later observations of smaller scale reverse 
faulting in the same general area, behind the main 
fault, indicated that the top half, or even the topmost 
portion, of the seam was only affected by an actual 
displacement, the fault plane either ending in mid- 
seam or continuing as a slickensided bedding plane 
(Fig. 4). 

Fig. 5 - Extent of reverse faulting in W-12 panel at 
the completion of development in the area 

Later southerly development work in this panel, 
and westerly development work in the adjacent panel 
to the north, together with the partial extraction of 
the Longwall 212 Block of which the W12 headings 
were the intakes (Maingate access), provided the 
whole 'picture' of the fault system (Fig. 5 )  affecting 
this western development area of the South Bulli 
Colliery. This took over a year, as development was 
considerably slowed by drilling for gas testing and 
drainage. 

Following fragmentary observations shed a light 
on the continuity and ' behaviour' of various 
elements forming the low-angle thrust SYSTEM as, 
indeed, the first fault plane proved to be the 
vanguard of a wide array of reverse faults, 
slickensided planes, bedding plane shears, and small 
flexures, generally striking 355". 

-Two main thrusts, each with vertical 
displacements of less than 1 m, parallel and 40 m 
apart, were identified in the general area, as 
southerly development was stopped 250 m inbye the 

Fig. 6 - Northerly extension of the fault system as 
revealed by later development in W-Main Panel 
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outburst site, when a second reverse fault was 
intersected. The first fault did not extend more than 
65 m. A number of N-NE striking low angle reverse 
faults, with throws of a few centimetres to 0.8 m 
seem to link the two main features. 

-The SYSTEM is present 700 m north of the outburst 
site, in W-Main Panel (inbye of CT 36) as a set of 6 
distinct low-angle reverse faults (thrusts), within a 
35 m wide zone, with a combined throw varying 
from 2.0 m in one heading to about 2.5 m in the next 
(Fig.6). Two of the faults, with throws locally 
exceeding 1 m, were identified as the northerly 
extensions of the two major thrusts in W-12 panel. 
Lateral variations of the throw was found to be very 
rapid over distances as short as 30 m. Slickensided 
joints and bedding planes were part of the usual fault 
zone paraphernalia, starting about 30 m before the 
first major fault. Fault gouge thicknesses were 
variable, but within a similar range to those 
described for W- 12 panel. 

The great surprise of the fault system in W-Main 
panel was, next to the high throws measured in the 
first two southern headings, its total absence in the 
third -northern- heading. Joints are still there, with 

Fig. 7 - Igneous intrusions west of W-12 Panel, as 
suggested by results of aerial magnetic survey 

no measurable thrust, which may well mean that 
faulting may re-start a short distance hrther north. 

4 KNOWLEDGE OF THE AREA PIUOR TO THE 
OUTBURST 

For the following characteristics, the W-12 panel did 
not differ from any other panel or district in the 
Colliery: roof and floor lithology; cleat directions; 
presence, direction and density of 'leaners'; average 
joint density. Some roof rolls and roof rolls existed; 
floor rolls were totally absent. 

Airphoto lineaments and surface joints generally 
reflected the underground joint population, in terms 
of distribution and frequency. The 35.5" joint 
direction was well recognised over the area, 
extending both north- and eastwards. 

The only unusual joint direction, parallel to the 
headings (009O), present over a distance of 150 m, 
and ending 80 m outbye of the outburst site, was 
very local and, however puzzling, proved to be 
totally unrelated to the fault direction. One possible 
explanation for their occurrence was the presence of 
deep-cutting longitudinal erosion channels in the 
intermediate roof. 

Fig. 7 indicates the likely - or possible - spots of 
disturbances that could interfere with mine 
development, as suggested by the results of an aerial 
magnetic survey (Pratt 1982), also supported by 
observations made during a ground magnetic survey 
along longwall subsidence lines. 

5 GASR6GIME 

Bulli Seam in  South Bulli Colliery was not 
considered to be a gassy seam until the early 198O's, 
when there appeared to be an increase in the gas 
content of the seain towards the west, and also 
towards the north. This trend was discreet, i.e. 
obscured by considerable local variations. Still, 
volumes determined in South Bulli panels varied 
between 53% and 72% of the average gas content in 
Appin Colliery, and 70% to 90% of that in Westcliff 
Colliery (Velzeboer 1981). At this stage, it was 
considered that "stfficient ventilation capnci(,i, 
should be mailable to cope with (he gas I I I < I X . ~ '  
without having to resort to draincrge". 

Further work failed to indicate any link I-wt\\ccii 
gas emission trends and geological struct urcs ~.c>.iI 
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quality trendddepth of cover (Ogihie 1982). Expert 
advice following monitoring work was that 
"methane drainage should prove effective.. .'I 
(Griffiths 1982). 

Therefore drainage was put into practice, and was 
efficient, in 3 northern panels, but was not deemed 
necessary in central and southern (W) panels, as 
pressure rise rates were either nil or too small to 
measure. 

The earliest gas analysis dates from February 
1985, following the first major outburst in the 
northern panels (Agrali 1985). The CH,/CO, ratio in 
102 samples taken during this period indicates a 
range of 0.56 to 1 1.08, with an average of 3.98. The 
ratio was below 2.0 for only 4 samples, and above 
6.0 for 11 samples. While very low ratios could be 
attributed to sampling and determination errors, very 
high ratios appeared to reflect a local anomaly, i.e. a 
distinct geological feature. 

Routine sampling ceased with the completion of T- 
5 panel in the north, and was not resumed until late- 
1991. Analysis results of 16 samples in a southern 
panel (W-7) indicated an average CH4/C02 ratio of 
17.6, with only 2 values below 15.0, and this in a 
zone affected by igneous intrusions and cindering. 

20 bag samples were taken in northern and central 
panels between 1987 and 1991. The only samples 
with high COZ contents came from the top of W-1 1 
panel, from a very restricted area that appeared to be 
an isolated patch. 

The transition from a CH4-dominant types to a 
C02- dominant type gas composition occurred, for 
the first time, in W-12 panel, across pillar No.4, 
some 380 m north of the outburst site. 
Measurements were taken after the outburst, as total 
gas levels remained low at the coal face up until the 
incident occurred. 

The CH4/C02 transition above did not relate to 
the geological structure present, i.e. the low-angle 
thrust system, as development in W-Main panel, 
further north, proceeded through the same structure 
in a CH4-dominant type gas regime. 

Total gas content values in W-12 panel are, in 
average, lower than in other panels where samples 
were taken (6.42 t/m' in W-12 vs 6.81 t/m3 and 7.20 
t/m3 respectively in central and northern panels). 

High values measured for seam gas pressure in all 
panels are in a same range, whereas low values are 
dubious. 

6 EXPLORATION WORK 

The results of a transmission in seam seismic survey 
between a borehole (geophone) and W-11 panel 
(shot holes), run in late-May, were made available 
only in August, i.e. after the occurrence of the 
outburst, but a preliminary assessment did not 
suggest any cause for alarm. The final assessment 
(Doyle 1991a) read ' 'no high energy channel data 
was recorded j -om uny shot point". One possible 
explanation was that "the presence of a fiacture 
zone .... andor of a soft dyke ... may have impeded the 
transmission". 

An additional reflection survey was run after the 
outburst (Fig. 8). Data quality was reported as very 
good to excellent (Doyle 1991b). A number of low- 
to medium confidence reflectors were identified, 
most of them of poor to very poor quality, that 
would not have been recognised as significant 
except by association with the known outburst. 

wee_ 
c 

Fig. 8 - Refection in-seam seismic survey - "All" 
reflectors. A-F are main or significant reflectors 
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The survey did not pinpoint any feature as part of a 
potential outburst zone, as interpretation in this 
particular field is traditionally left to mine operators. 

It should be noted that the reflection survey in the 
northern area ( W-Main panel), where reverse 
faulting with a global throw of up to 2.5 m was later 
proven, did not pick any suspect lineament. 

A RIM (Radio Imaging Method) survey of the 
Longwall 212 block, delineated in the west by W-12 
panel, aimed to detect any reverse faulting along 
355' joints known in gate roadways. Although this 
method is known to have picked very small normal 
faults in other collieries, and occasionally the 
extension of an identified reverse fault in one 
colliery, the experiment in South Bulli was 
unsuccessful (Neil and Thomson 1992). A number 
of reverse faults with up to 0.36 m of vertical 
displacements were encountered during longwall 
extraction, none of which was predicted or 
suspected. 

8 NOTE ON EARLIER OUTBURSTS IN SOUTH 
BULL1 COLLIERY 

Among 12 incidents reported in South Bulli Colliery 
by shift deputies as outbursts, between July 1982 
and December 1990, only 8 appear to be genuine 
cases, the remainder being considered as simple 
cases of rib collapse due to causes other than gas 
pressure. 

Most cases occurred either along a W-NW 
trending strike-slip fault, or on the approach to a 
major normal fault, originating in mylonite formed 
along a bedding plane ('horizontal fault). All 
occurrences were located within a small area, 300 m 
x 700 m, situated more than 3 km NE of the outburst 
site in W-12, along the tips of the northernmost 
panels (Fig. 9). 

7 IN SITU STRESS REGIME 

The regional stress at South Bulli is strongly 
directional with the major principal stress being 
horizontal with a direction of about 
065".Compilation of observations on mining- 
induced sheer joints and guttering indicates that this 
orientation remains more or less constant although 
the magnitude of the principal stress -about 3.2 times 
the vertical- may increase locally. 

A thorough inspection of W-1 1 and W-12 panels 
(Ward 1991) was carried out to detect and explain 
any significant changes in the horizontal field in the 
vicinity of the outburst location. Conclusions are 
summarised below: 

1- There is no evidence to suggest any change in 
orientation of the in situ stress field in the vicinity of 
W- 12 panel; 

2- There appears to be a marked increase in the 
magnitude of the stress field in W-12, the cause of 
which is as yet unknown; 

3- There is a suggestion that the increased stress is 
not specifically restricted to the area of the outburst 
but encompasses the whole of W-12, possibly 
extending east towards the central section of W-11, 
and also further to the west. 

ou r8u 1w1 

Fig. 9 - Outburst map of South Bulli Colliery 

9 CONCLUSIONS 

The following observations made before and after 
the outburst form the basis of our conclusions: 

- The inability of current geo-sensing techniques in 
identifying small-scale faulting, and in particular 
low-angle reverse faulting, has been clearly proven 
by our experience in South Bulli Colliery. 
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- In-seam drilling for gas drainage, going across a 
number of low-angle reverse faults also failed to 
identify these features, except where the presence of 
thick mylonite caused the rods to jam. Even then the 
position of the feature is recognised only if its 
presence is known or suspected, as drilling jams 
occur quite often in soft coal unrelated to any 
faulting. 

- It was proven beyond doubt that the transition 
from 'CH, dominant' type seam gas areas to 'CO, 
dominant' type seam gas areas was a phenomenon 
totally independent from the geological structure 
present. 

- The presence of an igneous body as the source of 
CO, is still not discounted. Several indications of 
such bodies or dykes by early magnetic surveys 
proved to be un-proven question marks, but each 
indication has been routinely tested by further seam 
level exploration. 

- The absence of high levels of CO, in northern 
roadways, closer to the suspected igneous body, 
explains why such an occurrence was not expected 
in W-12 panel. Actually the CH,/CO, transition was 
a very gradual one. 

Therefore the outburst of 27th June 1991 was 
caused by a combination of two distinct, un-related 
elements: a particular geological feature, and a 
particular gas composition. Both elements were 
novelties for the South Bulli Colliery. Reverse 
faulting and low-angle thrust phenomena were 
unheard of in this part of the Coalfield, and the 
presence of the so-called Illawarra Bottom Gas was 
considered a freak occurrence. 

It is now relatively easy to speculate on whether it 
would have been possible to identifl, with some 
luck, i.e. without going through the trauma of an 
outburst involving loss of lives, the presence of the 
reverse fault system in the area. Such speculations 
are pointless, as 'luck' is not part of any mine 
planning routine, though it is obvious that if westerly 
development work had proceeded another 100 
metres, before driveage in W-12 panel reached the 
fault zone, the outcome could have been quite 
different. 

In the absence of established methods of 
identifying small-scale low-angle thrusts ahead of 
workings, it appears that the appearance of a) low- 
angle shear planes (slickensides) with no measurable 
relative movement, and b) horizontal slickensides 
with or without mylonite, could be considered as 
indicators of possible thrust phenomena in the 
vicinity. Practical wisdom would require that 

appropriate precautions be taken and local mining 
crews made aware of possibilities. Any slight thrust 
phenomenon is likely to generate more mylonite - 
hence a larger potential gas reservoir- than a much 
larger gravity fault. 

Detection of changes in the quantity and 
composition of seam gas is a more positive approach 
in outburst prediction than the detection of small 
geological structures, and the emphasis is now on 
estabiishing and strictly adhering to a routine seam 
gas testing and drainage. Drilling ahead of workings 
for gas sampling is now a routine in South Bulli 
Colliery, as it is in most Collieries of the area. 
Threshold levels are established for desorbable gas 
quantities, and when these are exceeded 
development can not proceed until effective drainage 
reduces the gas content to an acceptable level. 

Long-hole drilling has recently been introduced to 
the Colliery as an exploration tool, as much to 
investigate structures ahead than to provide core 
samples for gas analysis hundreds of metres ahead of 
the working face. 
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Outbursts in Leichhardt Colliery: Lessons learnt 
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ABSTRACT: Leichhardt Colliery experienced in excess of 200 outbursts during its short history until 1982. A 
considerable research effort was applied in its later years to understand how outbursts occur and how to prevent 
them. The paper describes the outbursts and relevant signs as well as the geological and gas settings. The 
attitudes of the time contributed to the difficulties of overcoming the outburst problem. Some of these attitudes 
still exist in the industry. 

1 INTRODUCTION 

Leichhardt Colliery, located south of Blackwater in 
the Bowen Basin, in Central Queensland, mined the 
6m thick Gemini seam between 1970 and 1982. 
During this time it experienced in excess of 200 
outbursts, the largest of which involved 
approximately 350 tonnes of coal and claimed the 
lives of two miners. Much was learned about 
outbursts and the contributions of stress and gas to 
the phenomenon, but it was difficult to raise interest 
or heed in the rest of the Australian coal mining 
industry except at a couple of mines which were not 
overcoming outbursts. Following the fatal outburst 
in December, 1978, considerable effort and money 
were expended on outburst research by BHP, the 
operators of Leichhardt and the Commonwealth. By 
the mid 1 9 8 0 ’ ~ ~  interest in outbursts in Australia had 
died. 

2 HISTORY 

Mining by contractors commenced at Leichhardt in 
1970 using a Joy 6CM miner to drive initial pit 
bottom developments. This work was accompanied 
by high gas emissions and some small conical 
cavities, similar to outbursts. Mining by BHP with 
Joy lOCM miners commenced in 1973 and 
outbursting commenced in 1974 when the workings 
extended beyond the zone of stress and gas reduction 
associated with the initial workings. 

Mining continued until December 1978 mainly with 
the Joy lOCM’s, but also with trials of an Alpine 
miner to cut an arched roadway and some advance by 
shotfiring. Advance drilling of methane drainage 
holes was conducted using various diameters and 
delay periods in an attempt to alleviate the outburst 
risk. On 7th December 1978, a major fatal outburst 

occurred. From 1979 until the mine closed in 1982, 
the only advance was by shotf i ig .  

3 MININGSTRAIN 

An anisotropic stress field dominated the mining 
strain (Figure 1). The principal stresses measured in 
the sandstone roof were 30MPa (horizontal), 20MPa 
(horizontal) and 1OMPa (vertical). Stresses in the 
coal were of lower magnitude than in the stone, but 
of similar anisotropy. The Gemini seam varied in 
strength (UCS) from 5MPa for bright coal to around 
20MPa for dull coal. Tensile strength varied from 
0.2MPa to 0.6MPa. Mining stain phenomena 
included roof sag and guttering with several falls, 
mining induced cleavage in the stone and cod,  hard 
ribs and crushed ribs and outbursts. 

Mining induced cleavage of the coal and stone were 
first described in Australia at Leichhardt (Hanes and 
Shepherd, 198 1). Intense mining induced cleavage 
in the coal, especially the dull coal at the top of the 
seam was prominent in areas that outburst. The 
cleavage planes were as closely spaced as lmm or 
less. Conjunction of the fractures produced large 
curviplanar fractures which defined detached slabs of 
coal. The fractures curved about the face and were 
most intense on the side which first intersected the 
maximum principal stress trajectory. Where mining 
induced cleavage did not occur, outbursts also did not 
occur. Thus their presence was an indication of 
outburst proneness. 

Rib crush coincident with mining was a safety sign 
indicating the lack of outburst danger. It typically 
occurred in drives parallel to maximum stress 
direction. “Hard” ribs and face which stood solidly 
and showed pick marks over the full height were a 
warning sign. Outbursts commonly occurred 
subsequent to such signs of face “hardening”. 
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Over 200 outbursts occurred, most on continuous 
miner development. The bursts ranged from less 
than one tonne to in excess of 350 tonnes. Most 
were less than 100 tonnes. They occurred with their 
cavity axis perpendicular to the most prominent 
discontinuity in the coal, ie perpendicular to the 
direction of least constraint. Most bursts occurred 
with their axis perpendicular to the prominent face 
cleat. They typically occurred from the face or rib 
which first intersected the cleat as a violent buckling 
and ejection of the cleated and fractured coal. Few 
outbursts occurred with development of the arched 
roadways driven by the Alpine miner which was 
possibly a function of the stronger roadway shape 
and the slower advance rate. Outbursts also occurred 
with shotfiring when gas conditions were 
appropriate. 

4 PREVENTATNE MEASURES 

Various sections of the seam were mined in an 
unsuccessful attempt to find a benign section. In 
1975, following a large outburst, 200111 of advance 
was made by shotfiring. This initiated outbursts 
which severely damaged the roof and the technique 
was abandoned. 

Large diameter auger hole boring commenced with 
300mm diameter holes, but because of the difficulties 
associated with the larger holes, various hole 
diameters and patterns were trialled, without 
measurement of the effects on the gas and stress 
states. Gas could not be heard or measured emitting 
from the holes and most holes showed no signs of 
crushing. A pattern of two layers of five 1OOmmm 
holes, each 28 to 30m long was finally adopted for 
protection of working faces. The effects of these 
holes on gas and stress were not measured. It was 
assumed that a face could be advanced in “safety” 
after the holes had been drilled accepting that 
effectiveness would be better the longer the delay. 

Where mining closely followed drilling, outbursts 
typically occurred. Long standing times after drilling 
reduced the frequency and size of outbursts. This 
was demonstrated by Wood and Hanes, 1982 when 
summarising events leading up to the fatal outburst 
of December 1978. “In A North Intakes, the heading 
in which the major 500 tonne outburst of 1/12/78 
occurred, lOOmm relief holes produced a positive 
effect. The face was drilled in June 1978 with ten 
1OOmm holes each about 28m long and left to stand 
until 7th November. The advance of the section 
covered by the holes was under good conditions and 
rate of advance increased. Mining induced cleavage 
was absent until near the end of the holes and the ribs 
tended to spall rather than be ‘hard’, ie pickmarks 
over their full height. Near the end of the holes the 
ribs ‘hardened’ and some mining induced cleavage 
occurred. A further five holes were then drilled and 
mining recommenced. Three bursts occurred in the 
following three days with drivage over 12 m. The 
bursts ranged in size from 50 tonnes to 500 tonnes. 
It is concluded that the holes drilled and allowed to 

stand for four months were successful in preventing 
outbursts and in minimising outburst related strain”. 

5 GAS 

The Gemini seam contained up to 15 m3/tonne of 
100% methane at a virgin fluid pressure of 3.8 MPa, 
equivalent to hydrostatic head. The coal was water 
saturated. 

Early attempts at determining the gas parameters of 
the coal were frustrated by the lack of sophisticated 
equipment and techniques available today. Shotfired 
drivage for research purposes after the 1978 fatal 
outburst were accompanied by detailed measurements 
of gas pressure gradients, flow gradients and the 
Hargraves Emission Index. Pressure and flow 
measurements were conducted using the (then) newly 
available inflatable packers. These measurements 
revealed that gas played a dominant role in outburst 
conditions. 

6 BENIGN TO PRONE 

Development of the 1 South Panel after the fatal 1978 
outburst was conducted by shotfiring. Figure 2 
shows conditions experienced by workings driven by 
shotfiring and the changes associated with the onset 
of outbursts. Mining conditions were initially very 
good with minimal mining strain. Mining induced 
cleavage was essentially absent. The coal cuttings 
drilled for the Hargraves Emission Index were dry 
and yielded less than O.lcc/g of gas. These workings 
were within the cleat related “shadow” of adjacent 
workings. They had been drained of gas and water. 
When the development passed beyond this “shadow” 
zone, conditions changed dramatically. Mining 
induced cleavage and outbursts reappeared. The coal 
cuttings for the emission test were wet and the 
Hargraves Emission Index increased to in excess of 
1 .Occ/g until the wet cuttings invalidated the test. The 
gas pressure gradient steepened dramatically. 

Figure 3 summarises pressure gradients for 
outbursting and non-outbursting conditions and 
clearly shows that gas pressure gradient was the 
dominant controller of outbursts. 

7 LESSONS 

In retrospect, there are some lessons to be learned 
from Leichhardt which were not necessarily obvious 
during the years of mining. The following 
observations are in hindsight and are not intended as 
a slight on the people involved at Leichhardt who 
persisted with difficult mining conditions at an 
isolated location to apply the most appropriate 
methods known at the time. Conditions, knowledge 
and investigative technology then were very much 
different from what they are today. 

Insufficient exploration and definition of geological 
conditions were conducted prior to taking a decision 
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to mine. The mine was planned on 9 boreholes, at 
least two of which contained large thrust faults. 
Definitive gas investigations were not carried out 
mainly due to the lack of appropriate technology. 

Daily production rate was the main goal of the mine 
from its commencement. Even when new methods 
of mining or gas drainage were introduced, the need 
for production was dominant in their application. 

The need to measure geotechnical parameters was 
not initially recognised. It was assumed that 
experience of deep mining at Company mines in 
NSW could be directly applied to Leichhardt. When 
technology in the form of in-seam drilling was 
imported from NSW to address the outburst 
condition, detailed measurements were not conducted 
to define the similarities or differences in geotechnical 
conditions to which the technology was applied. 

The miners and management tended to adopt an 
attitude of “We have experienced many outbursts and 
know how to handle them”. This attitude is not 
acceptable today. Decisions must be based on 
continual measurements and retesting. 

To be able to control or prevent outbursts requires a 
good understanding of the contribution of the various 
controlling factors and a constant vigilance of them. 
This requires continuing measurement of the relevant 
parameters and questioning of the validity of the 
theories which define outbursts and their 
management. When management, miners and 
technical staff believe they understand what is 
happening and that they have control of the situation, 
the danger rises. 
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ABSTRACT: The paper deals with the gas and coal outburst incidents which have occurred since 1962 at the 
only bituminous coalfield of Turkey. Some information is given about the coalfield. The incidents are analyzed 
statistically with criteria such as amount of coal and gas outburst, depth of workings, effect of tectonism, 
thickness and inclination of seams. The preventive measures in crosscuts, gateways, raises, longwalls are given 
and other protection systems, outlined in a special "Code of Safety", are fblly discussed. 

1 INTRODUCTION 

Spontaneous gas and coal outburst incidents have 
been investigated in many coal and salt mines since 
the middle of the last century. The number of 
incidents increases as the mining progresses deeper. 
The history of incidents is rather new in Turkey 
confined only to the Zonguldak Bituminous 
Coalfield on the Black Sea Coast, 130 km East of 
Istanbul (Fig. 1). 

The first incident was in 1962 at the Kozlu 
Colliery. Unfortunately, not enough official data was 
collected. According to the official records, the 
second incident was also in Kozlu in 1969 and till the 
end of 1993, 57 incidents occurred. The gas and coal 
outburst incidents increased after 1970. In order to 
take preventive measures a "Code of Safety (Turkish 
Government, 1978)" was issued on March 1978 and 
since then the measures took a legal procedure 
(Okten 1983). 

2 ZONGULDAK BITUMINOUS COALFIELD 

The only bituminous coal reserve of Turkey was 
discovered in 1829. Production started by several 
domestic and foreign companies in 1840 and 
continued till 1940. In 1940, all the companies have 
been nationalized under the name Turkiye Tqkomur 
Kurumu (TTK: Hard Coal Agency of Turkey). This 

State owned agency occupies an area of 13500 km2 
and operates five collieries (Cetek 1977) (Fig. 1). 

The strata are carboniferous, the productive seams 
are Westfalian - A in age. The coalfield has been 
disturbed by the Hersinian and later by the Alpine 
Orogenies. Thus, the strata are folded and heavily 
faulted (Gok 1970, Kihq 1977). 

There are 57 seams of which 38 are productive 
having thicknesses of 0.7 - 30 m and inclinations of 
0" - 90'. The reserve estimations, carried to - 1200 m 
level, are 1.380 billion metric tonnes, 10% of which 
are visible (TTK 1993-b). 

Due to heavy tectonics, the panels were broken by 
several faults, the mechanization is limited, and labor 
intensive technology is applied. The saleable 
production in 1993 is 3.5 million metric tonnes, using 
a labor force of workers 24474 of which 14974 was 
underground (TTK 1993-b). 

According to the IS0  International Classification, 
the coal of Kozlu, Uziilmez and Karadon Collieries 
have 533 - 534 codes, while Armutquk 622 and 
Amasra 711 (Biron, Toroglu 1991). The coal 
characteristics are given in Table 1. 50 'YO of coal is 
utilized in the iron and steel industries, 20 % in 
power stations, and the rest in cement plants and 
other industries (TTK 1993-b). 
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Figure 1. Location map of Zonguldak bituminous coal field. 

Table 1. Saleable coal characteristics of Zonguldak coalfield. 

Items Kozlu-Uziilmez Karadon Armutquk Amasra 
Moisture, % 2-12 2-12 2-14 3-14 
Ash, % 12-15 12-13 9-12 12-15 
Volatile Matter, % 25-27 25-27 29-34 32-35 
Fixed carbon,% 52-57 51-56 47-54 41-47 
Upper heating value, 6500-7 100 6400-7 100 6250-7250 5650-6350 
kcalkg 

kcallkg 
Ash &sing degree, 1350 1350 1270 1270 
O C  

IS0 Code 533-534 534 622 71 1 
Coking quality Good Very good Medium Very Poor 

Lower heating value 6300-6900 6200-6950 5450-6050 5450-6050 

ASTM Rank 68-1 54 59-155 62- 148 56-139 
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Table 2. Spontaneous gas and coal outburst data in Turkey 

I Total I 283 -_ I 321 1 

3 SPONTANEOUS GAS AND COAL 
OUTBURST INCIDENTS 

3.1 Statistics of the Inciderits 

The spontaneous gas and coal outbursts have 
occurred only at Kozlu and Karadon Collieries. The 
other collieries such as Uziilmez, hmutquk and 
Amasra had no occurrences 

The first occurrence was at Kozlu Colliery in 1962 
(Biron 1966). According to reports, a crosscut at 
-300 m level, advancing to the undersea reserves, cut 
the Seam of Hacimemiq. One night, when nobody 
was working, the coal outburst and filled the crosscut 
to half of its height 40m. The second incident, 
officially recorded, was on June 22, 1969 at also 
Kozlu Colliery. According to official records, the 
number of incidents till 1993 is 57 (Table 2) (TTK 
1 993 -a). 

The Kozlu Colliery had a total of 30 incidents by 
the end of 1993. The last and the worst occurred at 
Cay Panel on March 3, 1992 at a depth of -485/560 
m. It is estimated that the gas outburst started a 
chain of explosions of methane and coal dust and 
damaged a big section of the colliery where 263 lost 
their lives and 77 were injured. The fires started after 
the explosion could not be extinguished in normal 
procedures and the entire mine was inundated. All 
the incidents occurred below a level of -300 m, half 
on coal raises and the rest on crosscuts and lateral 
galleries. 

The first incident at the Karadon Colliery was on 
September 11, 1969 totaling to 27 with 15 fatalities. 
All the incidents were below the - 100 m level, 70 % 
at coal raises and the rest at crosscuts and gate 
galleries. 
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3.2 Amount of Coal Outburst 

The intensity of outburst incidents is measured by the 
amount of coal thrown out and the gas emitted. The 
amount of coal outburst in 43 incidents out of a total 
of 57 is analyzed in Fig. 2 .  

It is seen that the biggest portion lies between 0 - 
100 t averaging 57 t. The biggest outburst was at 
Karadon Colliery on November 16, 1969, at a 
crosscut at the 360 m level where 700 t of coal was 
thrown out (Okten 1983). 

Only in 11 incidents was the amount of gas 
outburst measured satisfactorily as seen in Fig. 3 . 
The amount of gas averaged at 2500 - 10000 m3. 
The biggest gas outburst (1 1000 m3) was at Karadon 
Colliery on March 6, 1975, on a raise of Acilik 
Seam at - 360 m level (TTK 1993-a). 

0 2.5 5 7.5 10 12.5 
Amount of gas outburst (x103 m3 ) 

3.3 Amount of Gas Outburst 

L 
a, n 
E 
3 
Z 

0 200 300. 
Amount of coal outburst ( t )  

Figure 2. Amount of coal in outourst incidents 

In gas and coal outburst incidents a large amount of 
gas is emitted filling the entire excavation and related 
workings. The emission may last hours, and even 
days. The gas is CH4, C02 with a mixture at different 
proportions. 

At Zonguldak Coalfield the gas emitted is 
methane. According to the reports of the incidents, 
the methane concentration of about 1% had risen 
over 10%. It took a long time to drop to normal 
concentration even after resuming efficient 
ventilation (Saltoglu 1976, Okten 1983). 

Figure 3 ,  Amount of gas in outburst incidents 

3.4 Depth of Workings 

The number of gas and coal outburst incidents 
increases in relation to increases in depth of 
workings. This statement is also applicable to the 
Zonguldak Coalfield. The number of incidents and 
related depths of workings are shown in Table 3 .  

Table 3, Relation of depth of workings 

Colliery Depths, rn Number of 
incidents 

-3001-360 4 
Kozlu -3601-425 16 

-42 5 1-485 7 
-560 3 

- 1 101- 160 2 
- 1601-260 5 

Karadon -2601-360 12 
-3601-460 5 

-460 3 
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In Kozlu Colliery, all the incidents were below the 
elevation of - 300 m and concentrated between 
elevations of -360 / - 425 m. In Karadon Colliery the 
respective figures are - 110 m and -260 / -360 m 
elevations. The decrease of incidents below these 
elevations was due to the concentration of worhng 
places. The horizons of -560 m in Kozlu and -360 m 
in Karadon are in development stages. Another 
reality is that between 1976 - 1986, both in Kozlu 
and Karadon the production workings were at 
shallower depths. This realty decreased the number 
of incidents in recent years. It is estimated that the 
number will increase with an increase in the depth of 
workings (TTK 1993-a). 
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3.5 Effect of Tectonism 

A 

It is known that the outbursts usually occur at places 
deformed by tectonism. In these places, the coal 
contains larger amounts of methane and the 
disruptions of these places give greater possibilities 
for faster desorption of gas (Kowing 1977). 

It is observed that in Zonguldak Coalfield, the 
incidents are in good accordance with the tectonizm. 
The big portion of the incidents occurred at fault 
zones or areas passing through the fault zones. There 
are incidents also where the thickness or the 
inclination of the seams show sudden changes 
(Saltoglu 1976, Okten 1983). 

3.6 Thickxess and Iticlitiatio?i of Scanis 

It appears that there is no relation between the 
thickness of the seams and the outburst incidents. 
However, the number of incidents and seam 
thicknesses are shown in Fig. 4, for both collieries. It 
is shown that the seams thicker than 1.5 m show 
higher incident rate. On the other hand it should be 
noticed that 75% of the production was realized in 
seams of this category (TTK 1993-a). 

The inclination of seams is another factor. As the 
inclination increases, the disturbances on footwall 
and midpartings may facilitate dislocation of the coal 
(Kowing 1977). The occurrence of the highest rates 
of outbursts in driving coal raises supports this point 
of view. In Kozlu and Karadon Collieries the 
inclination of the seams was reported only in 40 
events out of 57. Inclinations below 30" account for 
2, 30" - 45" for 13 and 45" - 60" for 21 incidents. 

Seams inclined over 60" show only 4 incidents. This 
may be related to the fact that the productions in this 
category of seams are quite limited. They are all 
illustrated in Fig. 5 

d\( 1 1.5 (d( 2 
1 ( d $1.5 d ) 2  

Thickness of Seams (m) 

ky Karadon Col l iery 

Figure 4. Relation of seam thickness with outburst 
incidents. 

4 PREVENTIVE MEASURES 

After the first incidents, especially during the years 
of 1969 - 1975, there was a rapid increase in the 
number of fatal accidents. This stimulated a study of 
the problem and find preventive measures. All these 
measures were formulated in a "Code of Safety", 
named "Safety Measures in Working Susceptible to 
Spontaneous Outbursts of Methane, Other Gases and 
Coal Strata" (Turkish Government 1978). The 
preventive measures according to these regulations 
are resumed as follow: 
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4.2 ConiroI Sysiems for Mine Gases 
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Figure 5 .  Relation of seam inclination with outburst 
incidents 

4.1 Education of Workers 

Special educational courses are given to new 
workers and periodical courses to old workers. In 
these courses, mine gases, gas measuring apparatus, 
spontaneous gas and coal outburst incidents are 
taught. In particular, incidents like caving of the face 
with a noise, violent gas emissions in drillings and in 
cracks, sudden increase of methane concentration in 
mine air, the noises like thunder and tearing a cloth, 
are hlly explained . Besides, the measures for safety 
immediately following the incident are explained. 

Special courses are given to crosscut workers, 
face miners, firemen and drill operators. In these 
courses, the data obtained in drillings, conditions 
before and after blasting and preventive measures 
are taught in depth (TTK 1993-a). 

M e r  the methane explosion accident at the 
Armutpk Colliery in 1983, it was decided to install 
systems to measure mine air continuously. Two 
systems to measure CH4 at 60, CO at 30 points were 
bought from the hken  Keiki Co. of Japan and 
installed at ArmutCuk and Kozlu Collieries. In these 
systems CH4 to 3%, CO to 100 - 500 ppm were 
measured. At 4 second intervals the information 
obtainqd from the sensors is studied and in case of 
spontaneous increase of methane, the circuit breakers 
cut the electricity of the panel and no current is given 
till the gas concentration has fallen below the legal 
limits. 

As these systems were for CH4 and CO 
measurements only, a new system was bought from 
the World Bank Credit and installed at Karadon, 
Uziilmez and Armutpk Collieries in 1990 to 
measure CH4 at 140, CO at 46 and air velocity at 72 
points. In addition, working information on auxiliary 
ventilators, belt and chain conveyors were obtained. 
In this system the data could be stored upto 4 weeks 
and the graphical interpretations could be drawn. 

All the engineers and formen were equipped with 
CH4 detectors. The coal raises and gateways in 
susceptible places were equipped with methane alarm 
detectors (TTK 1993-a). 

4.3 GaIIeries in Stone 

In order to obtain information for the strata in front 
of gallery, pilot drill holes are driven 30 m in length 
and 65 mm in diameter. If a zone susceptible for 
spontaneous outburst is met, the blasting charges are 
increased in order to create a relief area. 

The crosscuts are stopped at 5 m before cutting 
the seam. The support system is installed and 3 drill 
holes are driven to cut through the seam. If 
difficulties are met or the gas emissions are high, 
work is stopped for an intensive investigation. 

4.4 GaIIeries in Coal 

At the face of the galleries, 3 pilot holes at least 10 m 
in length are drilled. The drilling is repeated until the 
length drops to 5 m. An independent auxiliary 
blowing ventilation system is installed. 
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Figure 6. Safety Measures in Coal Raises 

4.5 Raises 

In coal raises, 3 drill holes, at least 15 m long, in 
different directions from the raise, are drilledThe 
support system of the raise should carry special 
precautions. The supports should be divided in two 
portions, one for the manway, the other for the coal 
chute. The chute section should be covered by planks 
on manway side. The face of the raise should be 
protected from coal slides by two special covers (Fig. 
6). A half cover should be built about 4 m behind the 
face in order to protect the manway section. At 15 m 
intervals, staggered half covers should be built. 
Under these covers, "compressed air pipe stations" 
should be installed to give respiration to workers in 

case of oxygen deficiency after high gas emissions . 
With these precautions the workers, not entirely 
buried in coal debris, can escape from one station to 
the other in an oxygen deficient atmosphere. An 
independent blowing ventube line is installed at the 
roof of the chute section of the raise. 

4.6 Longwallr 

If possible, retreating longwalls should be adopted. In 
advancing longwalls, the faces of the gateways 
should not be fbrther than 2 m for the upper, 10 m 
for the lower gateway. If a fault is met, the workings 
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at the longwall should be stopped at the blasting of 
the fault passing operations. 

The drilling operations at the gateways should be 
stopped till the water drainage is accomplished. The 
work should also be stopped and the conditions 
studied, if the drill rods are squeezed. Detectors with 
alarms should be installed (TTK 1993-a). 

4.7 Blasting 

The blasting should be performed by the trained 
firemen only. All the electricity should be cut and 
personnel at the return gates should be removed to 
the air return crosscuts. The firing should be done 
near the blowing fans. If this is not possible, it should 
be 200 m away from the blasting place. This place 
should be checked after 20 minutes, measuring the 
methane at every 50 m. 

4.8 Compressed -air Respiration Stations 

In outbursts, a large volume of methane is released 
and decreases the oxygen concentration to a 
dangerous level. In many fatal accidents, the workers 
not buried by coal debris, left the face in time but 
they die in oxygen deficiency (Siebers 1977). In 
order to eliminate this drawback "Compressed - air 
Respiration Stations" are built. Pipes, 50 - 70 cm 
long, with several holes 2 mm in diameter, are fixed 
to the compressed - air mains equipped with valves. 
These stations are installed 10m behind the face 
raises and gateways and 20 m of crosscuts. On air 
return gateways they are 10 m behind of the longwall 
face. They are well marked by special name plates. 
The workers put their mouths to the pipes, open the 
valve and after having sufficient air, run to the next 
station. This operation is repeated till they reach 
fresh air. 

5 CONCLUSIONS 

Spontaneous gas and coal outbursts occupy an 
important case in mine safety. In 1969 - 1993, 57 
incidents occurred causing fatalities. The last 
methane outburst starting explosion caused the worst 
mine disaster in Turkey. Incidents are studied, the 
workers are trained in several courses. A Code of 
Safely has been put in operation. The pilot drillings 
and automatic gas detection systems have been put 
into operation. The respiration stations saved many 

lives directly after the outbursts. These prevention 
systems will continue more vigorously. 
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ABSTRACT: The manner in which gas is stored in coal, its pressure, composition and content can all 
influence the nature of an outburst. Numerous theories have been proposed over the years as to which gas is 
the most significant CH4 or COz for outburst prone seams and how is the gas stored in the coal. However these 
concepts have been regarded by mining operations as interesting theories with little significance to mining 
operation and outburst management. This paper reviews some of the current literature relating to gas in coal, its 
composition and content and its relevance to outbursts. Various concepts are discussed highlighting particular 
areas for future research and how this may assist with the effective management of outbursts. Particular 
reference is made to conditions in Bulli Seam mines and their special requirements to enhance mine safety. 

1 INTRODUCTION 

Considerable research has been undertaken to 
understand the manner in which gas is held within 
coal and the various factors that influence gas content 
and gas composition (Hargraves, 1963; Chen, 1994). 
The importance of this research in understanding the 
basic mechanisms behind outburst phenomena is 
largely self evident. However, what is the 
significance of this research and understanding of 
how the gas is entrapped within the coal, upon the 
use of exploration, gas drainage and mining 
techniques to better manage the outburst risk? These 
concepts are discussed to enhance mine safety and 
provide some scope for further practical research 
within the working mine environment. 

2 GAS IN COAL 

Gases predominantly methane and carbon dioxide 
have long been associated with coal and coal mining 
operations. The manner in which these gases are 
contained or held within the coal has also been the 
subject of much research and investigation and is 
matched only by the variables which have the 
potential to influence he gas content and composition 
of coals. 

Factors such as temperature, pressure, coal rank, 
depth of cover, ash content, moisture content, 
permeability, maceral and mineral composition, 
porosity, tectonic history, geological history, 
geological structure etc.; can all be regarded as 
influencing gas in coal. 

Work undertaken by Hargraves, 1993; Lama, 
1980; Bartosiewicz and Hargraves, 1985 indicates 
that gas content increases with coal rank, pressure, 

depth of cover and decrease with increasing 
temperature, moisture and ash content 

These generalised concepts have been validated for 
the coal of the Illawarra and Bowen coalfields as well 
as coals in the USA. Of greater interest is the type of 
gas stored in the coal and their relative significance in 
respect to factors which influence gas content, gas 
composition and how this relates to outbursts. 

2.1 Types of Gas in Coal 

Methane, carbon dioxide, nitrogen and higher order 
hydro-carbons are regarded as the by-products of the 
coalification process and as such are inextricably 
bound to coal. Methane has long been regarded as a 
factor of problem of coal mining which must be 
effectively managed and controlled. Work 
undertaken by Hargraves, (1963) indicates that 
methane content increases with the rank of the coal 
and the depth of cover. 

This is supported by overseas studies and is 
consistent with the latter stages of the coal maturation 
process. Similarly the presence of moisture and 
mineral matter (ash) tend to reduce the methane 
content by reducing the pore spaces or surface area 
for sorption of the CH4. 

Carbon dioxide, whilst being regarded as part of 
the coalification process creates its own peculiar mine 
management problems. It is thought that (Hargraves 
1963) COZ is progressively replaced by CH4 during 
the final stages of coal maturation. Hence earlier 
thought was that CO2 was a gas predominantly 
associated with lower ranked coals. 

With igneous activity, particularly gases of 
pneumatalytic origin, it is believed that CO;! displaces 
the CH4, a process enhanced by the stronger affinity 
of coal for COz. This is supported by work 
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undertaken by Smith and Gould, (1980) in measuring 
the l3C/I2C (carbon isotope ratio) for the C02 in 
comparison to that for the coal. 

The potential impacts of nitrogen in assessing gas 
composition is largely ignored. It is usually regarded 
as sampling error or a consequence of the gas content 
measuring method where by some excess amount of 
air may have been trapped within the sample 
container. However nitrogen can exist within the coal 
and it has the effect of displacing other gases. 

This in itself is not a problem for mine operators 
however when gas samples are taken to determine the 
potential for outbursting the presence of nitrogen 
tends to reduce the amount of methane or carbon 
dioxide and may lead to errors in measuring total gas 
content. 

The sorption characteristics of pure components of 
methane, carbon and nitrogen on coal has been 
investigated by Arri et al (1992), with the results 
shown below in Fig. 1, where it can be seen that 
methane sorbs more than nitrogen while carbon 
dioxide sorbs more than methane. This has been 
found to apply to Illawarra coals. 

30 

0 
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 

Pressure (MPa) 

Fig. 1 COz, CH4 and N Sorption Isotherms 
for the Bulli Coal Seam. 

(Based upon work by Faiz, et al, 1992) 

2.2 Gas Content 

The mechanism for storage of gas in coal has been 
recognised as having three distinct components, 
(Rightmire, 1984) 
a) sorbed molecules on pore surfaces; 
b) free gas held within the coal matrix; both macro 

and micro porosity and; 
c) gas dissolved in groundwater within the coal 

seam. 

The sorption of gas onto pore surfaces accounts for 
up to 90% of the gas held in coal. This process can 
be classified into two types, physical and chemical. 
Physical sorption involves week intermolecular 
attraction due to Van der Waals and electro-static 
forces and has a low heat of vaporisation. By 
contrast chemical sorption involves stronger chemical 
bonds associated with electron sharing and transfer 
and has a high heat of sorption. The sorptive 
capacity of coal for gas is dependant upon the 
porosity and as such is related to rank. Also the 
sorptive capacity varies with gas composition in that 
two to three times as much COz can be adsorbed in 
comparison to CH4. 

In this regard sorption isotherms can be of 
assistance in that they provide a measure of the 
sorption capacity and hence can be used to determine 
the maximum possible gas in the coal. 

3 IS IT GAS OR LIQUID? 

Over the last fifteen years there has been consistent 
debate about the state of the gas stored in coal, 
particularly relating to outburst conditions in the Bulli 
Coal Seam. The particular problems associated with 
CO;! outbursts and the difficulties in de-gassing 
seams with high C02 concentrations has been the 
main focus of interest. Experience in Europe, 
(Ettinger 1991) particularly in Poland and Russia for 
very deep coal mining operations indicates that there 
is some potential for carbon dioxide to be stored in a 
liquid state and thereby creating problems with 
outbursts and rock bursts. 

Papers by Ettinger (1991) and (1987) argue that 
under certain conditions the coal - methane 
association may be regarded as solid solution 
relationship. In fact he further suggests that the term 
"sudden gas and coal outburst" should be changed to 
sudden phase transition of methane from dissolved in 
seam into gaseous form as methane is capable of 
forming solid solutions not only with coal but with 
water (ice). 

In Australia, particularly for the Bulli seam this has 
been dismissed as a plausible situation due mainly to 
the shallower depth of cover and lower ranked coals. 

To gain a better understanding of how gases 
particularly carbon dioxide might be stored within the 
coal some work Relating to the behaviour of Carbon 
Dioxide in Chromatography (as published in 
American Laboratory) was reviewed and in general 
terms it was found that for pure CO2 at about 25" to 
30" C a pressure of 6.9 to 7.6 MPa is needed to turn 
the gas from the gaseous phase, through liquid to a 
supercritical fluid where it exhibits a low viscosity, 
close to that of a gas. However carbon dioxide in 
this supercritical fluid state has the capacity to 
dissolve organic compounds, more like a liquid. 

If this is the case for laboratory conditions, can 
gases within the Bulli coal seam, particularly near 
pure gases behave in a similar manner? 
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Fig. 2 Phase diagram for Carbon Dioxide 
(Anon 1986) 

3.1 The Coal Seam Environment 

A number of Bulli seam collieries are now operating 
at least 20 to 30 km from the seam sub-crop and at 
depths between 500 and 550 metres. The gas content 
has been recorded as high as 19 m3/tonne, with near 
pure C02 (98%) and considerable difficulty has been 
encountered in draining the gas via conventional in- 
seam gas drainage boreholes. 

The insitu gas pressure is believed to be equivalent 
to the hydro-static pressure created by the depth of 
burial. That is to say, for a number of the deeper 
collieries mining the Bulli Coal Seam the insitu gas 
pressure is expected to be approximately 5.5 to 5.6 
MPa. This still not in the range required (6.8 MPa) 
for C02 to change phase from gas to liquid, but there 
is the possibility that at this pressure of the gas may 
be dissolved within any water which may be present 
within the coal matrix or pore spaces. 

However there is some evidence that combinations 
of gas within the seam (i.e. methane, carbon dioxide 
and nitrogen) behave as a gas mixture with little 
correlation to that of a pure gas. Perhaps this might 
explain why some collieries have differing success 
with gas drainage; that is to say a 60% C02 with 40% 
CH4 gas mixture appears to be easier to drain using 
conventional methods then that experience in draining 
98% C02. This is reflected in the gas isotherms for 
C02 and its higher affmity for coal. 

structure to desorb far more rapidly then is the normal 
situation. Estimates of the amount of gas liberated 
tend to be far greater then would be expected for the 
amount of coal discharged and the background seam 
gas content. 

If it is possible for geological structures, to 
significantly alter the seam permeability in small 
localised areas then could it not also be possible for 
the normal seam gas pressure (5.5 MPa) to be 
elevated sufficiently for the gas to turn to an liquid or 
semi-liquid state? This is most likely to occur for 
compressive structures such as strike slip or thrust 
faults and would only require an additional 1.3 MPa 
(i.e. about a 23% increase above the hydro static 
head). A number of features relating to COz 
outbursts tends to support this concept: 

C02 outbursts have been recorded as less violent 
with the gas and coal coming off in waves; as the 
restraining pressure is released the gas changes 
from liquid to gas, expanding and thereby 
propelling coal and or stone into the mine 
roadway. This in turn allows more CO:! to go 
through a phase change, liberating more gas and 
coal and giving the impression of rolling out in 
waves. 
A haze or mist has been noticed within the outburst 
cavity immediately after a COz outburst and 
appears to linger in spite of the ventilation. 
The coal face appears to be sweating, seeping or 
oozing with water (or liquid) just before the 
outburst. 
Large volumes of gas are given off and the amount 
of coal or material discharged is not sufficient to 
account for so much gas under background seam 
gas conditions. 

4 WHAT DOES THIS MEAN FOR OUTBURST 
MANAGEMENT? 

Understanding whether or not C02 is trapped as a 
liquid in outburst prone geological structures would 
appear to be of interest to academics and researchers 
but of little relevance to coal mining operations and 
the effective management of the outburst risk. 

It is exceedingly important for research into gas 
composition and content within the coal seam to be 
directed towards practical applications within the 
mine environment, just as mine operators must be 
willing to adapt new techniques and technologies to 
mining applications. 

The following discussion will give some indication 
of how the potential for coal seam gas, particularly 
C02 to exist in a liquid or near liquid state can be 
utilised for more effective management of the 
outburst risk. 

3.2 The Outburst Environmnt 
4.1 Gas Drainage as a Means of Outburst control 

Most of the evidence to date suggests that outbursts 
in the Bulli Coal seam are associated with geological Present day longwall mining requires high 
structures which create localised changes in the Seam productivity with high production rates exceeding 
permeability, causing the seam gas within the 11,000 tonnedday and consequently, high rates for 
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roadway drivage. This may contribute to the 
development of high pressure gradients ahead of 
development faces (Anon 1992). Boreholes drilled in 
advance of the longwall development blocks are used 
to control outbursts by the following mechanisms; 
(i) Gas drainage boreholes 
(ii) De-stressing coal by large diameter boreholes 
(iii) Location of geological features contributing to 

instantaneous outbursts of coal and gas. 
In principle, it may be tempting to use an advance 

borehole to fulfil all the above purposes but the 
logistics of drilling boreholes for different purposes 
may present difficulties in practice. Pre-drainage 
boreholes are usually 50 mm, 65 mm and 85 mm in 
diameter and up to 200 metres in length; drilled at 
right angles to the direction of roadway development 
(Vutukuri and Lama, 1985) and (Morris, 1982). 
Drainage and de-stressing via large diameter (300 
mm) boreholes has been practised at metropolitan 
colliery with limited success, (Strang and 
MacKenzie-Wood, 1985). The main limiting factors 
of the system are slow rates of drilling large diameter 
boreholes, deviation of the hole into roof or floor 
strata, the time required to drain the surrounding 
block and the limited area of influence of each 
borehole. 

In an attempt to meet the growing need of mining 
operations to drill long gas drainage boreholes, 
Advanced Mining Technologies has introduced 
Directional Drill Monitor technology in conjunction 
with down the hole motor drilling and new drill 
guidance systems. These techniques enable 80 mm 
borehole to be drilled up to 1,OOO m in length (Anon 
1995 b). The mechanism by which the boreholes are 
successful in draining gas from the surrounding strata 
are discussed in the next section. 

4.1 1 Borehole Stress Distribution 

Drilling large diameter boreholes causes a re- 
distribution of the stresses surrounding the borehole. 
The factors which affect the intensity and the pattern 
of stress re-distribution are: 
(i) Virgin strata pressure before drilling 
(ii) Diameter of the borehole 
(iii) The ratio of horizontal to vertical strata pressure 

Immediately after drilling, high strata pressures are 
imposed on the wall of the borehole. For Bulli seam 
conditions the virgin vertical strata pressure will be in 
the order of 12 MPa, whereas the maximum 
horizontal stress will be in the range of 30 MPa. 
Drilling of a borehole within the coal seam (similar to 
Bulli seam conditions) will develop crown pressures 
at a limit up to 78 MPa and horizontal pressures up to 
6 MPa horizontally at point B (as shown in Fig. 3). 
This stress will exponentially change to pre-drilling 
strata pressures at a distance 5 times the borehole 
radius from the borehole centre. 

Thus, a borehole influences the stress re- 
distribution within the surrounding rock mass up to a 
limited distance only. If the strength of coal is 
around 25 MPa, an envelope of fractured rock will be 

before drilling 
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formed around the borehole, thus modifying the 
permeability of the coal. 

It can be concluded from the foregoing discussion 
that the role or the boreholes is not to create a 
network of de-stressed rock with improved 
permeability but to provide a sink for drainage of in- 
seam gases. 
This situation appears to be exacerbated by high 

stress within the seam, particularly in areas where 
strike slip movement has occurred or any other 
compressive type of geological structure which is 
commonly associated with outbursts. 

4.1.2 Mechanism of gas drainage from a coal seam 
and factors affecting borehole spacing 

The flow mechanism of in-seam gases through a 
porous coal seam is very complex. This complexity 
is increased as the gases are stored within the coal 
seams in three different modes. Approximately 90 % 
of the gas is stored in the internal surface area of the 
coal matrix, 10% of the gas is occluded in the pores 
and the cleat systems, and the rest is dissolved in 
seam water. Gases migrating away from the coal 
seams are sometimes trapped in the fracture and pore 
systems in the roof and floor strata. The large mass 
of gas present as adsorbed gas must flow out or 
diffuse out of the coal matrix towards the methane 
drainage borehole. In the initial stage, the flow of 
gas to the borehole from the coal matrix follows 
Darcy’s Law. Immediately after a borehole is drilled 
from an underground opening the pressure on the 
boundary of borehole wall drops in relation to the 
insitu pressure causing radial flow into the borehole. 
Permeability of gas through a porous medium 
depends upon the density of the gas, porosity of the 
rock, viscosity of the gas, pressure, molecular weight 
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of the gas and temperature. The pressure of the gas 
in the reservoir and the flow rate changes with time 
and space. When the pressure has reached a steady 
state the flow follows the law of diffusion. The 
parameters affecting the rate of diffusion are quantity 
and the concentration of the gas in the coal medium, 
gas viscosity, gas pressure, porosity and permeability 
of the coal, and the coefficient of diffusion of the gas. 
By changing the diffusion parameters the variation in 
time can be taken into account to predict the gas 
concentration at any distance and time ahead of the 
face (Basu and Singh, 1994). Thus, the changes of 
permeability of the coal with time and space is 
responsible for the reduction of gas inflow from a 
drainage borehole. 

It follows that the factors which influence selection 
of the spacing of drainage boreholes include 
permeability of the coal which changes with time, 
distance and direction; the borehole diameter and the 
lead time required to drain the coal seam. In practice, 
very closely spaced boreholes are uneconomic to drill 
and widely placed boreholes need more time to de- 
gas the block of coal. Therefore, it is essential to 
optimise borehole spacing and direction to intersect 
the main cleat to achieve cost effective gas drainage 
results. The optimum borehole spacing for the Bulli 
seam is 13.5 m to 25 m with an average of 20 m 
(Lama, 1980 and; Baker, 1994). 

4.1.3 Enhanced drainage from boreholes 

Several mines in the Southern Coalfields are regarded 
as being amongst the most gas-prone in the world 
and they rely on gas drainage techniques and outburst 
management strategies to maintain high productivity 
mining and reduce methane and carbon-dioxide make 
to within safe, statutory limits. Even with this 
approach, gas build-up in the mine workings may 
halt production whenever the gas involved is CQ. In 
order to increase the effectiveness of boreholes for 
gas drainage and to increase the productivity it is 
necessary to consider the following steps: 
1. Boreholes should be lined with perforated pipes 

to keep them open in the area of high abutment 
strata pressures. 

2. In order to increase the permeability of boreholes 
it may be necessary to induce hydro-facturing in 
the borehole, section by section using inflatable 
packer techniques. In many cases it may be 
necessary to increase permeability by sand 
blasting the hydro-fractured boreholes. 

3. Alternatively a new technique of enhancing 
permeability of boreholes by controlled blasting 
should be developed. 

4.2 Outburst Prediction 

The basic premise of identifying potential outburst 
prone areas relies upon identifying geological 
structures through detailed geological mapping and 
drilling in advance of mine development along with 
assessing the seam gas content via borehole samples. 

This is a two-fold criteria in that the presence of a 
geological structure and seam gas content above 
predetermined threshold values are both necessary 
requirements and indicators of potential outbursts. 

4.2.1 RIM for Effective Structure Prediction 

Radio Imaging Methods have the potential to 
delineate structures (down to 50 mm displacement) or 
fluid content variations between two roadways (e.g. 
across a longwall block). It has been developed for 
use between in seam drill holes and roadways and 
this can greatly improve the potential of this method 
to detect small outburst prone structures. RIM 
surveys conducted between two boreholes (up to 250 
m long) flanking proposed development roadways 
should improve the confidence of structure 
prediction. 

It follows that as RIM technology can detect minor 
changes in seam conductivity, it could also detect 
major changes in gas composition and gas content if 
there is the potential for localised conditions to cause 
the gas to be stored within the coal in a liquid or near 
liquid state. The presence of water and or gases 
dissolved in water can further enhance the potential 
for RIM to detect outburst structures. 

In general RIM is not an answer to effective 
outburst management in its own right, however it 
does have the potential when used in a systematic 
manner with seam gas content analysis to either 
identify potential outburst prone areas where 
additional drilling and sampling should be undertaken 
or areas where the lack of gas and geological 
structures indicate that the outburst potential is low 
enough to allow normal mining. 

4.3 Future Research 

There is a need to direct research towards solving 
those problems which have direct impacts upon the 
operating mine environment. However without some 
basic scientific study of the coal seam environment 
and the manner in which gas is stored within the 
seam the most appropriate technologies and mining 
techniques can not be suitably utilised. In this light 
their is a need to investigate the following areas: 

The potential for RIM to identify high 
concentrations of CQ as may be associated with 
outburst prone geological structures. 
In a high COz seam environment the potential 
benefits of low pressure fracing or de-stressing 
should be investigated to enhance the drainage 
effectiveness of boreholes. 
The potential use of RIM to identify or target areas 
of concern where further drilling and gas testing 
might be needed. This could prove to be more cost 
effective then the current “shot gun” approach 
where holes are drilled and gas tests taken in 
advance of all mine development. 
The potential use of surface wells with hydro 
fracing to de-stress and drain large areas of the coal 
seam prior to mining. 
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Whilst there is a certain amount of basic research 
interest associated with these areas of study there is 
great potential to enhance the management of the 
outburst risk. 

CONCLUSION 

Coal has the potential to store large quantities of gas, 
with potentially disastrous consequences upon the 
mining environment. Geological conditions and 
structures have a marked affect upon the nature of the 
coal seam, particularly permeability and the migration 
of seam gas. It would appear that with the increasing 
depth of cover for Bulli Seam Mines and the 
occurrence of geological structures, it is not 
unreasonable to expect a phase change to occur 
within the seam, particularly for COz. 

There is a strong tendency to expect one borehole to 
solve a number of mining related problems (gas 
drainage, outburst prediction, seam gas concentration 
etc.). The specific requirements for each borehole 
must be clearly defined in combination with the 
physical constraints and limits of a borehole drilled in 
seam. The distribution of stresses within the coal 
seam and upon the borehole must be fully 
understood. Alternate methods such as hydro- 
fracturing, casing and possibly blasting should be 
considered as mechanisms to enhance gas drainage 
through boreholes 
RIM (radio imaging) has the potential to identify 

small geological features within the coal seam. 
Additional research and investigation needs to be 
undertaken to improve the reliability of this technique 
and identify any possible link between changes in gas 
content and anomalies identified by RIM. In a similar 
manner the potential for surface based boreholes to 
de-gas large areas of the seam prior to mining need to 
be considered. The use of these and similar 
technologies have the potential to assist mine 
operators to manage the outburst risk. 
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ABSTRACT: The paper presents principles of outburst management as practised at Appin Colliery. The basic 
principles used in the management are reliability of the data, achievement of threshold values and 
communication of results so that the right decision is taken without any risk to the safety of the workers. 
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1 INTRODUCTION 

The Bulli seam in the Illawarra region of NSW is 
renowned for the risk of outburst during roadway 
development. The risk however should not be 
considered exclusive to the Bulli seam. Seams in 
Queensland are becoming deeper and are known to be 
as gassy and have similar structures to those 
commonly associated with Bulli seam outbursts. 
Outbursts have been recorded at Leichhardt Colliery 
and at Collinsville. As mines in other areas become 
deeper they should also consider the risk. Bulli seam 
outbursts have been associated with both methane 
and carbon dioxide. Carbon dioxide poses a 
particular problem because of the toxic nature of the 
gas - a relatively non violent outburst can still emit 
fatal concentrations of gas. 

Gas content threshold levels have recently been 
specified by the NSW Department of Mineral 
Resources for all Bulli seam development workings 
based on the perceived relative outburst risk of 
methane and carbon dioxide mixtures. The limit 
above which normal mining is not permissible and 
the limit above which only fully remote mining is 
permissible are defined. With current mining 
technology that upper limit is effectively the level 
above which mining shall cease. The threshold gas 
contents for Appin Colliery, shown in Figure 1, 
assume the balance of the sample is methane 
(generally methane and nitrogen). 

Appin has worked exclusively in the Bulli seam 
throughout it’s 32 year life and has experienced 21 
reported outbursts, generally associated with methane 
gas and all associated with geological structures. 
These outbursts have generally been small but the 
largest recorded was 88 tonnes. The predominant 
gas at Appin is methane however the mine has for a 
number of years had a geologically disturbed zone 
running through it where the predominant gas is 
carbon dioxide. In situ gas levels at the mine of 10 - 

15m3/t are above those regarded as posing an 
outburst risk and mining could not take place without 
gas drainage. 

Development under outburst mining procedures at 
Appin will only proceed when all feasible avenues for 
prevention have been exhausted. This not only 
exposes workers to a higher risk the development 
rates achieved whilst outburst mining are around a 
third of those achieved under normal mining. 
Appin’s Outburst Management Plan was introduced 
several years ago to compliment gas drainage 
operations in managing the outburst risk. The plan is 
essential to ensure that production pressures do not 
influence decisions relating to safety. 

2 PRINCIPLES OF OUTBURST MANAGEMENT 

Outburst management principles are categorised by 
the three P’s : 

Prediction - know what is ahead of you 
Prevention - take steps to mitigate the hazards 
Protection - provide worker protection in case 

the mitigation is inadequate 

3 THE OUTBURST MANAGEMENT PROCESS 

The P’s of prediction and prevention are addressed at 
the weekly Outburst Risk Review meeting. The 
attendees use standard processes to review the 
available data in relation to the planned development 
advance for the forthcoming week. 

The potential for outburst immediately around the 
working development face must be known. 
Information on the presence of structures and gas 
content and composition is gained from sources such 
as surface boreholes, extrapolation of structural 
mapping of nearby roadways, radio imaging, seismic 



Figure 1. Appin Colliery Outburst Thresholds 

etc. This information is unfortunately too regional 
to be of great value for outburst decision making. 
The information used for outburst decision making 
is gained from inseam boreholes which can intersect 
structures and can be used to take gas contend 
composition cores. These inseam holes may be gas 
drainage holes but in many cases holes are drilled 
specifically for outburst management. 

The outburst drilling for June and July 1994 is 
shown in Table 1. 

Table 1 

I APPIN COLLIERY 1 
Outburst Drilling JundJuly 1994 

Development metres advanced 2,230m 
Length of inseam drainage holes 
Number of core holes 
Length of specific core holes 
Number of cores 

10,000m 

Major considerations at the meeting are: 

Is the data reliable and representative of the areas to 
be mined? 

have all structures been detected? 
do we know accurately enough where holes 
intersected structures? 
do we know accurately enough where cores 
were taken? 
are core analyses low due to proximity of gas 
drainage holes? 
is density of coring adequate to detect localised 
gas variations ie are we confident we know what 
is in our next cut? 

Is there a need to drill for additional data ? 
if data is unreliable or not representative will 
additional drilling provide the necessary 
confidence? 

Are structures outburst prone ? 
determined by following a standard decision 
making flow chart. 

If the gas content in an area is close to outburst 
mining threshold can the mining operations be re- 
scheduled to allow further gas drainage? 

can development be re-sequenced and/or 
priorities changed to allow delay mining in 
marginal areas? 
are additional drainage holes advantageous ? 

Is there any other option other than to work under 
outburst mining procedures? 

can that driveage be significantly delayed to 
allow further mitigation? 
is there an alternative driveage which could 
eliminate the “outburst” driveage? 

Is there a need to reconvene before the next 
scheduled meeting? 

will information become available that should be 
considered before the next meeting? 

All decisions “fail to safety” ie. no mining will 
take place unless it apparent that no further 
mitigation is feasible or further drilling will not 
provide meaningful data. Provided that gas 
contents are below the upper threshold then mine 
will only proceed under outburst mining 
procedures. 

Attendees at the meeting typically include Mine 
Manager, Undermanager-in-Charge, Gas Drainage 
Engineer, Geologist, and Core Sampler (production 
worker). Crew members often attend and an open 
invitation is extended to the District Inspector of 
Coal Mines and Check Inspectors. 

Following the meeting a mining plan and copies 
of the drilling information are then posted on a 
noticeboard for all employees to see and issued 
specifically to development deputies. 

During development deputies look closely for 
outburst indicators. If they observe any untoward 
change they will terminate driveage until the 
circumstances have been reviewed, additional 
drilling carried out if applicable and instruction to 
recommence is issued by the manager. 
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4 OUTBURST MINING CYCLE 

The third P is addressed by the mine’s standard 
procedure “Procedure for Mining under Outburst 
Conditions” which is designed to minimise operator 
exposure to the outburst hazard and to afford 
protection whilst in the face area. An Emergency 
Equipment Station equipped with breathing 
apparatus is manned in the panel throughout the 
cutting and bolting cycle to provide immediate 
response in the event of an outburst. All outburst 
workers are fully trained in the mining and 
emergency procedures. 

Cutting and loading takes place with only one 
operator at the face. The shuttle car is driven to the 
face and the driver then retreats to the Emergency 
Equipment Station. The miner driver, in a specially 
designed cabin, cuts and fills the car then bumps the 
face with the head of the miner intermittently for 5 
minutes before radioing for the car driver to return. 
The shuttle car chain is unable to be flighted during 
filling therefore the car is only about 3/4 filled. 

The bolting cycle is carried out by a maximum of 
three operators wearing breathing apparatus. The 
miner driver remains in his cab throughout the 
bolting cycle to maintain radio communication with 
the Emergency Equipment Station. A deputy’s 
inspection of the face is carried out before bolting 
commences. 

5 PRODUCIION AND COST IMPOSITIONS 

The advance achieved whilst mining under outburst 
conditions is around one third of that achieved 
normally due to the inherent delays and 
inefficiencies in the cycle. Thus, in addition to the 
safety imperative, there is also a production 
imperative to remove the gas to enable normal 
mining to take place. 

The mine’s overriding outburst management 
philosophy is simple - remove the gas and there 
cannot be an outburst. Gas drainage operations 
rarely interfere with production activities but, even 
after offsetting power generation revenue, account 
for a significant proportion of total mine costs. 
Drainage holes are usually drilled 6 - 9 months 
before mining and generally prove effective in 
reducing in situ gas levels from 10 - 15m3/t to less 
than 3m3/t. 

Drilling for structure location and drilling for gas 
contentkomposition cores does interfere with 
production. To give a high level of confidence in 
the immediate mining area structure or core 
locations need to be known with reasonable 
accuracy and the density of cores needs to be 
sufficient to provide representative knowledge of 
potentially variable contents. Cores must also be 
maintained in advance of mining. This is achieved 
by frequent short holes being drilled without survey 
or longer surveyed holes. Either option is time 
consuming and generally cannot be achieved 
without loss of development shifts or redeployment 

to lower priority panels. Core analysis takes 
around 24 hours which obviously makes the 
potential production imposition greater as 
development rates increase. 

An extreme case of outburst mitigation and 
investigation is shown in Figure 2. 

6 CONCLUSIONS 

The management of the outburst risk must be driven 
by the safety of the workers. To increase safety a 
greater understanding of the phenomenon is 
necessary combined with increased gas removal and 
improvements in the quality of data to enable better 
decision making. 

As development rates improve the imposition of 
mitigation measures and data collection will increase 
and significant improvements must be sought in 
both areas to maintain the effectiveness and 
economic viability of development and gas drainage 
activities. 

Fully remote development is desirable to remove 
workers from the outburst hazard as well as 
potentially reducing the extent of mitigation and 
predictive work. 
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ABSTRACT: This paper examines possible variations to the traditional approach of regulation in the NSW coal 
mining industry. It also examines the relationships between regulation, hazard management plans, and quality 
management systems with examples taken from current practice in NSW coal mines. 

INTRODUCTION 

In NSW in the 1990's health and safety have become 
management rather than technical issues. Health and 
safety issues arise directly as a result of failures to 
adequately manage existing controls and barriers for 
known hazards. These observations are consistent 
with the findings of investigations into major 
incidents throughout the world. 

Research shows that between 70% and 80% of all 
accidents have human causes in one form or another. 
In New South Wales for example, recent research 
into the causes of roof fall fatalities in underground 
coal mines shows non compliance with support rules 
as a causal factor in some 83% of the cases over a 35 
year period. 

This same point has been made during enquiries 
into the Three Mile Island nuclear incident in the US. 
The report pointed out that popular discussion of 
nuclear power plants tended to concentrate on 
technical questions arising out of equipment safety 
engineering but added that as evidence accumulated, 
it became clear that problems were "people related" 
and not equipment. 

Similar issues were brought out by the Norwegian 
Royal Commission into the Ekofisk Bravo oil 
platform blowout'. The Commission found the 
accident to a large degree was due to human error. 
Certain technical weaknesses were present but were 
only of peripheral significance. The underlying cause 
was that the organizational and administrative 
systems were inadequate to ensure safe operations. 
Similar findings followed the Piper Alpha2 disaster 
and of course ChernobyP. 

All of the hazards associated with these events, 
together with their associated controls, were known 
prior to the event's occurrence; there were no 

unknown or new hazards! These incidents occurred 
as accumulations of failures to manage existing 
controls and barriers to known hazards became 
critical. The controls and barriers, many of which 
were already in place, were either not working 
properly or were not adequately applied. 

This paper seeks to explore regulatory means to 
focus more comprehensively on hazard management 
through variations to the traditional "deterrence" 
approach to regulation as applied in NSW. Deterrence 
requires prescription and detection of non 
compliance. The objective here is not to promote a 
model to replace "deterrence" but rather to add the 
dimension of voluntary "compliance" with the intent 
of contemporary occupational health and safety 
statutes, as a means to displace it. 

The New South Wales (NSW) Experience 

An examination of the record in NSW illustrates the 
changing nature of the underground coal mining 
industry during the last forty years. Between 1955 
and 1992 the number of operating underground 
mines has reduced from 138 to 50. During the same 
period the employee levels changed from about 
12000 in 1956 rising to a peak of 18000 in the 
seventies, then falling to around loo00 in 1992. 

Production from underground mines on the other 
hand has shown a steady increase from about 17 
million tonnes p.a. in 1955 up to 50 million tonnes 
p.a. in 1992. These increases have been largely 
attributed to increased mechanisation, higher 
utilisation and improved mining methods. The output 
per employee shift has risen from around 10 tonnes 
in 1968 to 20 tonnes in 1992. 
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Interestingly whilst the employee numbers have 
varied markedly over the years the lost time injuries, 
to employee numbers, ratio has remained steady with 
about two thirds of the workforce receiving a lost 
time injury each year up till 19904- This observation 
becomes important if the figure is regarded as a 
measure of "loss" as well as a measure of safety, and 
therefore is an indicator of management quality. 

In addition whilst the accident frequency rate has 
shown a decline from around 1982 with credit being 
assigned to an increased focus on safety and training 
it has not been possible to detect a corresponding 
decrease in the frequency rate of fatal a~cidents.~ 

The fatality frequency rate has been almost flat 
showing a slight increase over the last ten years due 
mainly to two bad years in 1990/91 and 1991/92 
when a number of multiple fatality roof fall incidents 
occurred along with other incidents which could be 
viewed as typical of industry generally rather than 
mining specifically. 

Fatalitv Rate 
~ r m Q l m m r v Y M  

Fig. 1 

It is apparent then that coal mining safety 
performance is best described as less than adequate 
even though the traditional hazards of explosions, 
fires and gases have successfully been controlled. 
Certainly where comparisons are drawn with other 
industries the performances are not adequate although 
the Accident Frequency Rate (AFR) trend in NSW is 
showing dramatic improvement in recent years under 
close regulatory scrutiny. 

The graphic of Non Fatal Days Lost (Fig. 2) shows 
the progress made in recent years with the accident 
frequency rate in NSW coal mine$. In 1990 the 
NSW industry was benchmarked against the USA 
equivalent for the coal industry. 

Whilst the Occupational Safety and Health 
Administration (OSHA) in the USA believed that 
under reporting could have been as high as 25%6 the 
comparison between the US and NSW was stark, 
still with the US average at 34.6 and the NSW at 255 
in 1988. Indeed even with the progress made to date 
NSW still has far to go to achieve the sorts of results 
being achieved in the US. 

Lost Time Injuries 

86/86 86/87 87/88 88/89 8V#U W/9l VI/= 92/93 

VeOl 

Fig. 2 

Given the U.S. system of reporting and the fluidity 
of their figures the NFDL figures should be viewed 
with some circumspection. As has been mentioned 
earlier the U.S. National Research Council reported 
up to 25% under reporting in 1983 with suggestions 
of widespread abuse of the systems. 

Offsetting this the Americans include "light duties" 
as lost days where in Australia these are not included, 
also from 1983 to 1988 the reported days lost in the 
U.S. coal industry had increased by approximately 
25% under more stringent scrutiny6. On the face of 
these figures and even with some circumspection 
about reporting, i t  still seems the Australian figures 
compared unfavourably with the U.S. equivalent by a 
factor of about three to one in 1993 (down from 
about six to one in 1990). 

It seemed that the differences in management 
cultures between NSW and the USA could be a 
significant factor in accounting for the difference in 
the lost time injury frequency rates. For example 
management and inspection strategy in the U.S. has a 
strong emphasis on loss control at the high frequency 
low severity end of the incident spectrum which is 
reflected in the non fatal days lost f i g ~ r e s . ~  

In NSW management and inspection resources 
have largely, because of the nature of prescriptive 
regulation, been directed into preventing high loss 
incidents. Certainly in the U.S. close attention is 
provided to the investigation and reporting of what 
here could be considered relatively trivial matters12. 

It is clear that the underground coal industry in 
NSW has experienced considerable change in the past 
forty years. It is also clear that enormous expenditure 
has taken place on new plant and infrastructure. In 
1954 more than 40% of underground coal production 
was hand loaded, ten years later this was down to 
2.6%. By the mid 70's less than 0.05% of 
underground production was hand won. 

The technology used at the coal face had changed 
significantly in the decade leading up 1968. By 1968 
approximately 88% of all underground coal produced 
in NSW was won by the use of continuous miners. 
Before the end of 1954 about 19% of coal came from 
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second workings pillar extraction. This percentage 
grew rapidly over the next ten years to reach 45%. 

In addition to the changing nature of the industry 
and the importance of pillar extraction there was the 
emergence of new technologies and a growing 
reliance on new mining methods; longwall and 
shortwall mining. Shortwall technology has been 
slowly superseded by longwall mining which has had 
a significant effect on production moving from low 
levels of the 7 0 s  to 1.5 million tonnes by 1980 and 
17 million by 19884. 

In 1987 a watershed occurred for the NSW 
Inspectorate with an increased appreciation that 
relatively minor but frequently occurring incidents 
may be worse in loss terms, involving greater loss of 
life and injury than the relatively infrequent major 
incidents such as explosions or fires, which have 
traditionally occupied the attention of the inspectorate. 

Prior to this appreciation the Inspectorate viewed 
it's primary role as preventing major incidents, in 
accordance with the historical role defined in the early 
part of the industrial development of coal mining. 
The worst industrial disaster in Australia's history 
occurred at the MtXembla coal mine in NSW in 
1902, with the loss of ninety six lives. Legislation 
and hence inspection focus has traditionally been 
prescriptive and targeted to counter major loss of life 
in single incidents. 

Such an inspection role tends towards "deterrence" 
with detection and prosecution as the primary 
instruments used to deter non conformance with 
minimum regulatory standards'. In this model Safety 
and Health is not itself a performance measure even 
though that is the ultimate objective. Rather detection 
of non compliance and prosecution is the objective 
and these rates are readily measurable. 

The advent in NSW of Roben's style Occupational 
Health and Safety (OH&S) legislation in 1983 
provided a catalyst for a shift in emphasis for the 
NSW inspectorate. OH&S legislation places the 
accountability for the identification and management 
of hazards absolutely with those who create and work 
with them. 

Under this regime the inspection model is based on 
achieving "compliance" with the principle that all 
hazards should be quantified in terms of risk to 
Health and Safety, and all such risks should be 
reduced as far as is reasonably practicable, and risk 
management methodologies provide the appropriate 
vehicle for this to occur. 

Health and safety in this model becomes a realistic 
measure of management performance even though it 
tends to be uncertain being based on statistics and 
related concepts. These related concepts such as the 
balance of probabilities and of uncertain rather 
than certain root causes of accidents, are of little 
value in a "deterrence" style of regulatory regime 
because of their very uncertainty. 

If the two models, "deterrence" vs. "compliance" 
are considered as extremes within a regulatory 
environment then in principle an inspectorate should 
be able to continuously vary it's response between 
them according to the circumstances of particular 

occasions. In a sense, in addition to the old 
deterrence model, under Robens style legislation an 
inspectorate has available to it all of the modem risk 
management tools; not only for managing it's own 
affairs such as investigations, inspections, audits etc. 
but also for testing the quality of the management of 
it's clients. 

SYSTEM SAFETY PRINCIPLES 

System Safety is a derivative of the Management 
Oversight and Risk Tree (MORT)8 and has been 
identified as an appropriate management vehicle on 
which to base the NSW inspectorate's strategies 
aimed at improving the coal industry's safety 
performance. This methodology provides for the 
necessary management infrastructure identified in all 
Roben's style legislation, that hazards must be 
managed b those who create and work with them. 

role which is either facilitative or prescriptive as 
appropriate. Such an approach tends however to a 
"concurrence" with the intent regulation rather than 
"deterrence" from non compliance with prescribed 
standards, as a regulatory objective'. 

This regulatory model recognises the primacy of 
management accountability for occupational health 
and safety. It also provides for an external 
(independent) audit function on the adequacy of 
controls and barriers for known hazards, and on the 
quality of the management systems within which 
controls and barriers are imbedded. 

One important aspect of system safety is its holistic 
approach to risk management which includes human - 
technology interactions as elements within a 
managed system. Any such model takes account 
of the basic unreliability of human decision making 
but it does not attempt to exclude humans from 
systems; rather it provides for redundancy in systems 
to accommodate potential unreliability not only from 
humans but also from technical controls and barriers, 
which can fail for purely technical reasons. 

System Safety is a collection of management 
"tools" which may be used to construct a 
management system. This proceeds analogously 
with way that ordinary tools are used to build or 
repair machinery, and it is just as important that the 
tools which are used best suit their task. For example 
to a regulator such as the NSW inspectorate, accident 
investigation and audit are important and powerful 
team based tools, whilst for an operator, operational 
readiness and risk assessment are important. 

The key notion here is the representation of a 
management system as an independent self regulating 
entity within which appropriate management tools can 
be used to build, operate and maintain its various 
elements. To illustrate this analogy the simple 
dynamic system with feedback model, which is used 
in engineering can be useful to idcntify a minimum 
number of system elements which must be present, 
together with their disposition, for a system to be 

The met K odology also provides for a regulatory 
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fully defined. Other models are just as valid, this one 
only suits my preference. 
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Fig. 3 

Management Systems 

Hazard identification and risk ass ssm nt are two 
prerequisites for the development of health and safety 
management plans. Hazard identification is self 
explanatory but must be pursued rigourously within 
the boundaries of any defined system. Risk 
assessment proceeds in the usual way through the 
quantification of the likelihood that the consequences 
of any hazard will be realised. 

The objective of risk assessment is to reduce the 
likelihood (probability) that a hazard could become 
uncontrolled at some future time, ideally by removing 
the hazard; or to reduce the consequences of the 
hazard to acceptable levels should it become 
uncontrolled. Risk assessment as a topic is not under 
discussion here since it is largely technical and deals 
with concepts of adequacy and reliability and is really 
separate to considerations of how it is used within a 
management system. 

Risk assessment evaluates the adequacy of controls 
or barriers by which hazards may be constrained or 
eliminated if the barriers are properly used. A 
management system in the context of this discussion 
examines how a system of controls and barriers can 
be maintained in proper use after they have been 
defined and implemented and have become 
operational. 

The Application of System Safety Accident 
Investigation 

In 1991 the NSW coal mining inspectorate adopted 
system safety accident investigation as it's preferred 
investigative tool for major incidents. This step was 
taken in recognition of the principle that where any 
incident has occurred, it is the system of management 
that has failed. 

Investigation using this methodology is usually 
team based and relies on matching the appropriate 
technical resources to the tasks in hand. The process 
however is rigouroils and pursues thc root causes of 

incidents. The method does however permit cause 
identification "on the balance of probabilities" in 
some instances, and for this reason it does not readily 
adapt to deterrence style enforcement. In general the 
objective is to identify system failures rather than 
regulatory non compliance. 

Unfortunately, in view of the overwhelming 
evidence that failure to manage is a root cause of the 
majority of major incidents, the methodology can 
appear threatening to management. This can 
particularly occur where say, the prime cause of an 
individual's failure to act appropriately in a particular 
instance, may be displaced as the cause of an 
accident, in favour of the system of management 
requiring superior human performance, as being a 
root cause of an incident. 

The first step in conducting a system safety 
investigation requires the definition or identification 
of the expected methods of risk reduction. In other 
words what barriers had management intended to be 
in place to control an identified hazard, the loss of 
control of which is under investigation. At this early 
stage no attempt to assess barrier adequacy is 
undertaken by the investigators. 

Essentially this process merely identifies what the 
management system, intended to be in place at the 
time of an incident actually was. Very often the 
management system identified does not have the 
reliability of control envisaged by management and 
this can particularly occur where reduced human 
performance is a factor, and this is often the case in 
coal mining. 

It is arguable that investigation of a risk 
management system is simply the reverse process to 
its establishment. Investigators should only need to 
retrace the steps management took in establishing 
their plans. The adjacent diagram illustrates what the 
steps are that could be reasonably expected to arrive 
at a risk management planlo. The risk management 
plan should appear in the plan box of the management 
system diagram described earlier. 

Integration of Hazard Identification, 

I 

Fig. 4 
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OUTBURST MANAGEMENT 

An incident 

On the 24 July 1991 three miners died at a NSW 
mine as a direct consequence of the pressure release 
of dissolved carbon dioxide and methane gas in the 
molecular matrix of coal in the NSW Bulli seam 
which was being mined by conventional means. The 
mine was considered by management to be at low 
risk from this hazard although there was a history of 
low intensi t out bursts . 
ameliorate the consequences of an outburst but these 
were not deployed underground at the time of the 
incident. The mine also had in place a system to 
evaluate the probability of an outburst but this 
information was not integral to operational decisions. 

On this occasion a decision by the inspectorate was 
taken to proceed in two stages: 

First, a system safety investigation was commenced 
to formally establish and document what had 
occurred, and define a set of "Judgements of Needs" 
which could reduce the risk. 

Second, the expected risk management plan was to 
be identified and compared with what was actually in 
place at the time of the incident. 

It is important to note that no determinations as to 
the adequacy of measures in place at the time were to 
be made during the investigation. These 
determinations need to be made by experts based on 
the investigation's Judgements of Needs when 
subsequently, the "expected" and "prospective" risk 
management plans come under consideration by 
management. 

The System Safety tools used were as follows: 
1 )  Events and Conditions Chart: to map 

events from the commencement of the shift on which 
the incident occurred through to the time of the 
incident then on to the recovery of the (final) body of 
the continuous miner driver. 

2)  An Energy Barrier Trace: to identify all 
sources of energy release and all possible controls 
and barriers for energy transfer to targets (victims). 

3 )  Change Analysis: on the expected risk 
management plan to compare the actual plan with the 
expected plan implemented. 

A number of issues quickly emerged which 
collectively revealed gaps in the expected 
management plan. It became clear during the Energy 
Barrier Analysis that the only "hard" (reliable) 
barriers for this hazard was removal of the gas energy 
prior to mining and/or mining under (special) 
outburst conditions, and these measures had been 
considered by management at the time to be 
prohibitive due to reduced mining performance. 

Also, the controls which were available, and indeed 
some which were in use, were judged by 
management to be unreliable, either for the 
prediction, or for the prevention of outburst, but the 
risk was nevertheless judged as acceptable. The 
"hard" barriers which were available at the time were 
only able to reduce the effect of an outburst after it's 

The mine K ad available on the surface, measures to 

occurrence; these were not deployed at the time, and 
indeed were not intended to be deployed until deemed 
necessary. 

Finally, the toxicity of carbon dioxide at the high 
concentrations experienced during an outburst was 
not well understood by management, it  being 
regarded as an asphyxiant rather than a poisonous 
gas. It was significant that no formal risk analysis 
had been carried out on the outburst hazard even 
though the mines exposure was increasing and any 
incident could threaten the economic viability of the 
mine. 

The investigation revealed three significant features 
of outburst risk management and these became 
evident in the Energy Barrier trace: 

1) The complexity and expense of providing 
adequate protection from the number of new hazards 
which arise after an unpredicted outburst occurs were 
unacceptably high; 

2) The reliability of methods used either singly or 
in combination to predict outburst at the time of this 
event was low; 

3) The only adequately reliable barriers to 
unpredicted outbursts were the location and removal 
of the gas energy prior to mining and/or mining under 
outburst conditions. 

Outburst Risk Management Plans 

The Chief Inspector of Coal Mines determined that 
each mine working with the outburst hazard must 
submit outburst management plans for approval. 
Immediately, a difficulty arose because of the 
variability of the risk at diferent sites. Nevertheless 
based on the three previous items, it became clear to 
working groups comprised of expert mining 
engineers and inspectors that the development of 
adequate outburst risk management plans relied on 
the achievement of item 3 above. 

The controls and barriers to achieve this had been 
identified in the Energy Barrier Analysis of the 
incident investigation, and the reliability of each 
control when considered separately was evaluated by 
expert mining engineers. For the technical purpose 
of risk analysis, the standard for outburst risk 
reduction was the benchmark risk for normal 
mining conditions in NSW, of 0.2 fatalities per 
million man hours on a ten year basis, even though 
this is still considered to be unacceptably high, 

Mining engineers and inspectors developing 
outburst risk management plans proposed the 
following strategy: 

1) Prediction that the possibility of an outburst 
exists is to proceed with the reliable location, in the 
path of future mining in the Bulli seam of any 
geological structures which may be associated with 
outbursts. 

2) Where such structures are identified, detailed 
examination is to be initiated by drilling to and 
through the structure and monitoring gas emissions 
from samples and strata. 
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3) Where gas emissions exceed predetermined 
levels, gas drainage holes are bored to and through 
the structure and special outburst mining 
conditions are adopted. 

Normal mining conditions are not to be resumed 
until after the structure has been penetrated. Outburst 
mining requires two "hard" barriers for the machine 
operators; some examples of these though not all are, 
removal of operators and remote control of machines, 
provision of separately ventilated and enclosed 
operating cabins, self contained breathing apparatus, 
and reduction of risk by limiting the number of 
persons in the area of risk. 

Outburst Risk Management System 

Once an adequate control strategy has been defined 
and a risk management plan developed, then a risk 
management system may be implemented. In the 
terminology used here a management system 
describes how an operational management plan is to 
be monitored and audited. For these purposes in 
NSW the principles of Quality Assurance(QA) have 
been applied to the outburst management plan's 
controls and barriers. 

The Australian Standard AS3902 (IS09002) 
describes QA for services. At least in' principle, 
formal accreditation to this Standard could be attained 
by operating mines, although at this time this has not 
been called up for outburst management in NSW. 
Nevertheless all of the elements required for 
accreditation are expected by the inspectorate for 
approval purposes. 

I I 

Fig. 5 

For approval purposes there are three management 
issues: 

1) Adequate documentation of the expected 
outburst controls and barriers including all of the 
technical measures and work instructions which 
influence the quality (reliability) of the controls and 
barriers; 

2) Documented process of "internal" audit 
designed to inform management of the degree of 
operational compliance with their measures and 
instructions; 

3) Formal provision for "external" audit to test that 
the "internal" audit is functional. 

Since there is no "product" associated with outburst 
risk management, Quality Assurance is concerned 
with measuring the rate of compliance by operators 
with documented work instructions. Experience 
shows that this aspect of Quality Assurance is itself a 
management performance indicator. High operational 
compliance rates indicate high quality management 
and are synonymous with success. 

Whilst outburst management has yet to reach its full 
expression in the terms referred to here, and the plans 
themselves are still evolving, considerable success 
has been achieved with the early detection and 
neutralization of the outburst hazard in the Bulli 
seam. 

RISK ASSESSMENT FOR OTHER 
REGULATORY PURPOSES 

Mining Apparatus approval 

The original purpose for apparatus approvals in NSW 
Coal mines was the elimination of methane and dust 
ignition sources on electrical and mechanical plant. 
Over time this purpose had evolved to cover health 
and safety issues other than explosions, and these 
other issues were usually associated with serious 
injuries and dangerous occurrences reported to the 
inspectorate under statutes. 

As could be expected, the process was highly 
prescriptive with many conditions being applied to 
plant approvals so as to regulate various aspects of 
plant design and operation. Many in the coal industry 
had come to regard these approvals and their 
associated conditions as minimum specifications 
when purchasing plant, and manufacturers had come 
to expect approval almost as a right. 

With the promulgation of the Occupational Health 
and Safety Act of 1983 all responsibility for ensuring 
safe design for plant was unambiguously assigned to 
manufacturers and suppliers; and all responsibility for 
the safe operation of plant was transferred similarly to 
employers. 

In 1991 a process of deregulation of the approval 
process was commenced with the appointment of 
Accredited Assessing Authorities (AAA). These 
authorities were authorised to approve apparatus 
which, whilst still required to be approved under the 
Regulation, could be certified to be in compliance 
with an Australian Standard. 

This measure may be regarded as an interim step 
prior to the removal from the Regulation of the 
requirement to have certain apparatus approved. The 
role of the AAA is to fulfil the external audit function 
inherent to Quality Assurance until such time as 
Certification Authorities in Australia incorporate 
quality assurance into their certification procedures. 
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This has already been achieved in by the 
Workcover - Occupational Safety Centre which 
carries out standards certification procedures in 
NSW. This centre has been accredited as a AAA by 
the inspectorate. 

Certification is however only one aspect of risk 
management for mining equipment. Another 
important aspect is the operational safety of 
equipment and its suitability for the purpose to which 
it is put. System Safety also provides management 
tools for the assessment of risks associated with the 
appropriate use and operability of equipment. 

In NSW all manufacturers of equipment (or 
substances) for use at work have the responsibility 
under the Occupational Health & Safety Act: * to "discover and eliminate or minimise all of the 
risks to health and safety" which may be associated 
with its use. 

* to carry out or have carried out such research 
testing and examination as may be necessary to 
eliminate or minimise any risks to which the plant or 
substance may give rise * to ensure adequate information regarding the 
proper use of plant or substances and the results of 
any relevant tests, are available to their users. 

An approval may be issued by the Chief Inspector 
of Coal Mines (or his delegate) where it has been 
demonstrated that the foregoing measures have all 
been satisfied through the provision of a documented 
risk assessment which may be audited. 

Specific mention is made in legislation to the 
management and minimisation of risk. In this 
regard, risk may be defined as the likelihood that an 
accident can occur and this likelihood (probability) 
may be combined with the attendant consequences of 
the accident or occurrence to produce a risk index. 
This combination of the frequency of an accident (Eg. 
an injury) with the resulting severity (Eg. 
compensation cost or loss) of the accident, provides a 
convenient index or measure of risk. 

Me thodolog ies 

There are numerous ways of applying risk 
management to any process or system. It is 
important that an appropriate technique(s) be selected 
for each case study; there is no universal method 
which satisfies all situations. Methods are available 
within System Safety such that multiple techniques 
may be applied to complex systems such as 
Operational Readiness; alternatively a variety of 
individual "tools" such as Energy Barrier Analysis, 
Events & Conditions Charting (E&C), or Hazard & 
Operability (HAZOP) approaches may be used for 
smaller projects. 

All risk review methods require a quantified 
approach to risk, however the quantification process 
can either be numerical in form - where the data is 
sufficient for statistical rigour; or it may be qualitative 
Le. "more than adequate", "adequate", "less than 
adequate" - where sufficient experience and 

knowledge is available during the risk analysis 
process. 

Any risk based approach should satisfy the 
following criteria: * All natural and man made hazards should be 
identifted ; 

* Each hazard should be quantified in terms of 
risk; * Risk controls and barriers should be identified 
and ranked according to their effectiveness or 
reliability; 

* Each risk should be reduced through the 
successive application of controls & barriers until it is 
judged that the risk level is satisfactory (assumable). 

The skills base on which any risk assessment is 
conducted must be sufficiently broad for the purposes 
outlined in its "scope". This skills base should 
combine design, operational, and regulatory 
personnel where appropriate. 

The risk assessment process itself must be 
unencumbered by pre-conceptions about desirable 
outcomes. Where specialist input is required, for 
example computers for use in safety related 
functions, a primary risk assessment for the entire 
plant should integrate secondary risk assessments for 
its component parts which should be conducted using 
specialists in the technology. In general the entire 
process requires independent "facilitation" to maintain 
credibility . 

Risk assessment methodologies for approval may 
be used for purely engineering matters or operational 
matters or for combinations of the two. In order that 
effort not be expended repetitively on studies for 
established processes and systems, the current 
practice for approval matters recommends the 
application and presentation of risk based studies into 
the risks which attend the implementation of new 
systems or processes, or the implementation of old 
systems or processes in new ways. 

General guide-lines for Approval 

The following general guide-lines indicate the matters 
to be considered where an approval is required by 
regulation and risk assessment methods are to be 
used in support of the a plication for approval: 

1. The process of I! isk Assessment commences 
with the drafting of the risk assessment scope. Once 
the scope has been drafted an appropriate team should 
be assembled whose first task is to conduct a 
Preliminary Hazard Analysis (PHA) where all of the 
generic hazards are identified and listed''. A number 
of texts on the subject of risk analysis describe these 
processes in detail. 

2. Risk assessments are required in support of any 
process or system or product which may introduce a 
new hazard or may change the existing hazards in any 
work-place which comes within the approval 
jurisdiction of the Coal Mines Regulation Act. It is 
important that where a risk reduction may occur from 
a new process or system, that this is not achieved at 
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Generic Hazard Groups 
(Source Technlcal Analysis Inc 1989) 

Collision/Mechanical Damage 

Contamination 

Corrosion 

Electricity 

Loss of Habitable Atmosphere 

Pathological/Psychological 

Temperature extremes 

Radiation 

Fig. 6 

the expense of an increase in the risk for an 
associated process or activity. 

3.  A credible risk assessment should commence 
immediately after the conceptual feasibility of any 
process or system has been established. The 
assessment should commence with designs and plans 
and would continue into the implementation and 
operational phase of a project. Risk assessment is 
primarily focussed on the impact of technology in the 
work-place rather than the technology itself, so it is 
not intrinsically a technical assessment although some 
technical assessment may be necessary. 

4. Relevant risk assessment studies may be 
transferable between cases subject to concurrence by 
the owners. This means that repetition can be 
avoided with appropriate savings in both cost and 
time. Where such savings may be realised it is 
important that any approval should clearly state the 
basis of the submission together with any variations 
from the original study. 

5. Over time, risk assessments may become 
obsolete if numerous minor changes result in 
significant departure from the original basis of a 
study. This should be bourne in mind at the time of 
submission and an indication of the currency of any 
documentation should accompany an approval 
submission. 

6. Changes in engineering or technology which in 
themselves may not be significant should be 
examined for implications of change in operations 
where significant alteration to risk may occur. This is 
of considerable importance where established 
procedures or practices may be affected. 

7. Where any hazards in a risk assessment are 
identified but excluded from a study, the basis for 
their exclusion must be clearly stated, and should 

accompany the approval submission. It would be 
unacceptable for one or more risks to be reduced at 
the expense of increased risk from other identified but 
ill-considered hazards. 

8. Where available, industry statistics should be 
used to produce risk models. It is recognised that 
little information is available to form a basis for 
engineering risk assessments and recourse to 
overseas or other industry data in these cases may be 
appropriate, however extensive statistics are available 
in Australia to assess injury rates and attendant 
consequences in the coal mining sector and these 
should be used as the basis for justifications. 

9. Approval documents will endorse 
recommendations of risk assessments where they are 
judged to have addressed all the relevant issues and 
implemented actions which reduce identified risks to 
acceptable levels. It may be assumed that 
demonstrated compliance with relevant codes or 
standards is sufficient evidence that risks are at a 
satisfactory level. In general however risk 
assessments take place in those cases where there are 
no codes or standards or where variations to them are 
required. 

10. Where it is relevant or necessary a risk review 
team should include appropriate Inspectorate input 
with due regard to the nature of this input either from 
the District or the Head office. The aim of the 
inspectorate is to ensure that industry risks are 
minimised and where participation may aid this then 
assistance will be provided. Primary responsibility 
for Safety and Health however remains with 
manufacturers and employers and participation by the 
Inspectorate should not infer any transfer of 
accountability. 

CONCLUSION 

The NSW Coal Industry in the 90's is in a process of 
transition in the way safety is managed. It has 
generally been recognised that safety and health in 
coal mines is no longer a technical issue. All of the 
technical measures which could be adopted to guard 
miners and the public from mining hazards are 
available and are understood. Health and Safety in 
coal mining is a management issue. Investigations in 
recent years into major incidents and fatalities 
repeatedly expose failure to properly apply known 
technolog or practices in order to minimize risk. 

mines has been "deterrence" based where detailed 
prescription followed by rigourous enforcement is the 
principal regulatory strategy. It is generally accepted 
that a deterrence strategy alone can have little impact 
where failure to manage is the issue because of the 
magnitude of the task of prescription and 
enforcement. 

It is necessary to expand the regulatory strategies to 
incorporate "concurrence" by management with the 
intent of regulation. Risk management 
methodologies provide all of the necessary "tools" 
which may be used by management to devise 

The tra 2 itional model for regulatory sanction in coal 
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management systems for coal mining hazards. There 
are however some significant obstacles. 

Both the role of the regulator and the nature of the 
interaction between the regulator and management 
needs to alter to accommodate an increase in 
management's accountability for safety and health. 
Also, the tendency by management to regard 
regulation as a minimum standard which is enforced 
by the inspectorate needs to alter; this has to change 
so that excellence in safety and health becomes a 
management performance indicator. 
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Int. Symp. cum Workshop on Management & Control of High Gas Emission & Outbursrs 
Wollongong, 20-24 March, I995 

Gas management in the Burragorang Valley operations 

M. A. Kelly 
Planning Engineer, Clutha Limited, Australia 

ABSTRACT: To date there has only been two outbursts recorded at Brimstone and none at Oakdale Colliery. 
Each outburst at Brimstone was minor. Thus our experience in the Burragorang Valley with the outburst 
phenomena is extremely limited. Current operating procedures have had to be modified in order to maintain 
compliance with Inspectors requirements. Both Oakdale and Brimstone Collieries work the Bulli seam only. 
Each Colliery operates according to an Outburst Management Plan which sets out a procedure that each 
mining unit follows. Determination of whether to mine normally or under outburst conditions depends on 
defining geological structures and measuring gas quantities. At present in-seam drilling is used to determine 
if structures are present, although trials have begun using the radio imaging method (RIM). Gas management 

. will be required to be modified. The Department of Mineral Resources (DMR) requirements to lower the gas 
thresholds that determine when outburst mining should commence have almost made it necessary to 
implement a gas drainage program. Due to the scope and complexities of gas drainage it is anticipated that a 
rudimentary piping system would be used whilst investigations into feasibility of a gas drainage plant was 
being done. 

1 INTRODUCTION 

Clutha operates two coal mines, Oakdale and 
Brimstone in the Burragorang Valley, NSW 
Australia. They are situated some lOOkm South- 
West of Sydney and 90km North-West of 
Wollongong. Each mine operates in the Bulli seam 
to produce medium volatile hard coking and semi 
coking coals. A by-product from the coal 
benefaction is a medium volatile steaming coal. 

2 OPERATIONS 

Both Oakdale and Brimstone Collieries operate a 
Colmil longwall unit and develop using 
conventional continuous miner and shuttle car units. 

2.1 Brimstone Colliery 

Brimstone Colliery has been operating since 1968. 
Access to the Bulli seam is via a 1400m long incline 
drift and the seam outcrop. The drift provides both a 
600tph conveyor for coal haulage, suspended over a 
rail mounted rope haulage men and materials 
system. 

2.2 Oakdale Colliery 

Oakdale Colliery commenced mining the Bulli seam 
in the mid 1950’s. The mine access is only via shaft 
entries. No 1 is equipped with a small man riding 

cage. No 2 shaft is equipped with the 600tph coal 
bulk winder. Each of these shafts is used for 
downcast air. The third shaft, No 3 is the men and 
materials shaft and is also the upcast shaft. 

3 GEOLOGICAL SETTING 

The coal resources in the Burragorang Valley lie in 
the Illawarra coal measures which are of Permian 
age and are overlain by Triassic strata. The upper 
lOOm of the Illawarra coal measures are known as 
the Sydney Sub Group and contain six coal intervals 
identified below: 

Bulli coal (upper interval) 
Balgownie coal member 
Wongawilli coal 
American Creek coal member 
Tongarra coal 
Woonona coal member (lower interval) 

Only the Bulli seam is considered economic to 
mine due to reasons of coal quality and/or mining 
height. 

The Bulli seam varies in thickness from 1.7m to 
2.3m with an average of 2.lm. The depth of cover 
varies greatly between 250m and 450m, with the 
rough topography. The seam gently slopes at 1 in 
15 to 1 in 20 trending slightly north of east. The 
major structure is the Oakdale Monoclinal Flexure, 
which has a NNW SSE trend and extends across 
Oakdale and Brimstone lease areas. There are 
several faulted structures associated with the 
monocline, and the regional geological features 
trend in parallel to this feature. 
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Other structures of importance are a NNW 
trending dyke and fault to the east of the monocline 
in Brimstone, which was the location of an outburst, 
and a ENE trending dyke which in general varies in 
thickness from l m  to 3m with localised silling. 
However in one area this dyke/sill complex widened 
out to over 150m. Other dykes and sills are located 
to the east of Oakdales No 3 shaft area running in an 
easterly direction, 

Many other minor and insignificant faults 
(predominantly strikdslip) have been mined through 
without any indication of being liable to outbursting. 

4 OUTBURST HISTORY 

Experience with the outburst phenomena is 
extremely limited, as there have been only two 
recorded instances in the history of operations 
working the Bulli seam in the Burragorang Valley. 
Both occurred at Brimstone Colliery. The first has 
limited recorded data as  to the circumstances 
surrounding the outburst and conjecture to actually 
being an outburst. Both where relatively small and 
non violent, the coal tending to “roll” out into the 
workings. 

4.1 Outburst Event I 

There is no documentation of this event, most 
probably due to the dismissal of this event actually 
being an outburst. The event was described as the 
degassing of a quartz crystal lined cavity in a dyke. 
This small (<150mm) pipe like structure was mined 
into when cutting into a major dyke. Refer to Fig. 1 
for the panel location plan. Plate 1 shows the extent 
of the pipe and rib conditions. 

4.2 Outburst Event 2 

The second recorded instance of an outburst 
occurred in “G” heading 304 Panel. The outburst 
comprised of about 10 tonnes of pulverized cindered 

coal, which piled up onto the head of the continuous 
miner head. Refer to Fig. 2 for the panel plan. 

The outburst was initiated at the intersection of the 
faceline and left hand rib which coincided with the 
first contact of a dyke and reverse thrust fault zone. 
It appeared that the outburst was associated with the 
liberation of CO2. Shortly after the event the gas 
contents were measured at + lo% CO, and 4% CH, 
near to the floor and 1.5% CO, and 0.4% CH4 at a 
height of about 1.8m. (Loy, 1992). 

It is interesting to note that the outburst occurred 
towards the end of the bolting cycle, some 20 
minutes AFTER mining ceased. Bolting had 
commenced due to unusual changes at the face 
occumng such as: 

Water issuing from the left hand comer of face. 
Cinder like material appeared and spalled from 
the face, and appeared in the roof. 
Roof breaks intensified and were more readily 
apparent. 
Coal on the right hand side took on a disturbed 
appearance and seemed to contain a clayey 
substance. 

Outburst Event #2 

304 Panel 

Fig. 2. Outburst Event 2 Panel Plan 

The undermanager in charge decided to cease 
mining until exploratory drilling could be 
completed. Since the miner had sumped in about 1 
metre it was necessary to square up face for the 
protection of the drilling personnel. After the face 
had been squared up and the final support was being 
erected, the outburst occurred. 

The outburst did not cause any injury to personnel, 
damage to equipment or  disturbance to the 
ventilation system. A hand-held roof bolting 
machine was buried on the left hand side. Refer to 
Plate 2 showing the extent of the outburst. 

Complex 

Fig. 1. Outburst Event 1 Panel Plan 
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Plate 1. Outburst Event 1 site photograph 

I 

Plate 2. Outburst Event 2 site photograph 

48 1 



5 OUTBURST MANAGEMENT PLAN and how the OBMP is to be implemented. The 
manager has the primary responsibility to ensure that 

Oakdale and Brimstone Collieries follow a the OBMP is implemented. As well, the manager 
comprehensive plan in the management of outbursts 
in compliance with the Department of Mineral 
Resources regulations. The system and controls for 
the method of working in the Bulli seam are detailed 
in the outburst management plan (OBMP). There 
are limits of in-seam gas contents, and whether or 
not structures that may be liable to outburst are 
present, as set by the Mines Department as to when 
outburst mining should commence. As well samples 
of in-seam gas content must be taken ahead of 
mining. 

The decision system documented by the OBMP 
can be described by the gas decision flowchart, used 
in conjunction with the gas decision making chart. 
Refer to Figs. 3 and 4 respectively. Note that gas 
thresholds may vary with certain conditions imposed 
by the DMR. 

With the imposing of new guidelines and reduced 
gas thresholds as of l l t h  May 1994, there is an 
urgency in implementing gas drainage systems in the 
Burragorang Valley. 

5.1 Plan duties 

The  OBMP clearly defines each person's 
responsibility with regards to safe working practice, 

f 

Fig. 3. Gas Analysis Decision Flowchart 

SEAM GAS ANALYSIS DECISION MAKING GRAPH 
10, I I 

METHANE M -I/TONNE of C H ~  
~ _ _  _ _  - ~ L __ _______ __ - - ___ - . 

Fig. 4. Gas Analysis Decision Chart 
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has to arrange for systematic drilling ahead of 
mining in order to intercept structures and allow coal 
core samples to be taken. Coal samples are analysed 
for gas content and composition. Determination of 
the mining under outburst conditions is made if : 
(1) there is a structure that in the opinion of the 

manager is liable to cause an outburst, andor 
(2) the results of the gas content are above levels set 

by the DMR. 
The undennanager-in-charge assists the manager 

to arrange the drilling and sampling and is 
responsible for counter signing limits of 
authorisations for mining sequence plans. Each 
mining sequence as given to a panel deputy states, 
based on the available information, as to which 
sequences can be mined normally, which are mined 
under outburst, and those that cannot be no authority 
has been given to mine. 

Where equipment is required to be used under the 
OBMP then it is the duty of the engineers-in-charge 
to ensure that equipment (electrical and mechanical) 
is maintained, inspected and tested at intervals 
recommended by the manufacturer. 

Determination of structures is critical to outburst 
management. It is generally regarded that most 
outbursts occurring in the Bulli seam are related to 
some geological feature of some sort, whether 
readily visible or not. It is the geologist's role in the 
OBMP to assist in the training of colliery personnel 
to recognise signs of geological disturbance and 
assist the colliery Manager by providing geological 
information. This information may be related to 
regional geology, or localised mapping of features in 
a particular section of the mine. 

Since outburst phenomena is not fully understood 
its detection and prevention can only be based on 
current knowledge and experience. In order to 
increase this knowledge base all information 
gathered from various sources is collated and 
mapped by the mine surveyor. It is his function to 
relay information back to the workforce by plotting 
this data on mine sequence plans. Apart from 
geological data on sequence plans the surveyor plots 
the relevant gas sample points and test results, and 
the drillholes. 

Because the deputy is in charge of panel operations 
he must ensure that his requirements under the 
OBMP are followed. The deputy must only mine 
using the approved mining method in sequences 
authorised to do so. Other aspects of the OBMP so 
far as the deputy is concerned is the presence of, 
inspection and testing of safety equipment such as 
compressed air breathing apparatus. 

5.2 Outburst information 

People required to work in outburst prone areas are 
given as much information as possible as to what is 
an outburst and what factors, conditions or signs are 
may be present for an outburst to occur, such as : 

increase in frequency of cutters (joints) or 
fracturing. 
presence of fault planes. 
calcite bands. 
change in coal colour. 
presence of mylonite. 
coal hardening or softening. 
change in gas composition. 
gas blowers. 
presence of dyke stringers. 
faulting in coalhoof. 
cindered coal. 
greasy backs. 
water issuing from face. 

Also covered in this section of the OBMP are an 
explanation of various geological structures such as 
faults and dykes. 

5.3 Prediction procedure 

Currently outburst prediction is the combination of 
gas sample contents and composition, drilling logs 
and projections of known geological features. Field 
trials of the radio imaging technique for prediction of 
structures are continuing. 

5.4 Normal mining procedures 

If an outburst were to occur whilst mining normally 
then the risk and exposure to personnel is potentially 
much greater than if the unit was working under 
outburst conditions. For this reason the OBMP has a 
system in place that implements first response 
procedures. Each person in the development panel is 
required to carry a Fenzy oxygen escape device at all 
times. The OBMP clearly defines the escape 
procedure, establishment of the number of missing 
persons, if any, and what steps should be taken by 
the workmen. Standard rescue procedures, including 
the minimum number of persons that must be 
available, and the calling of backup teams is set out 
both in the OBMP and is reinforced in training 
sessions. Any rescue attempt should be carried out 
in a professional manner so that the rescuers do not 
become victims themselves. 

This section of the OBMP covers procedures to be 
followed if mining normally and the conditions 
change such that signs of a potential outburst are 
present. It includes a review process that allows the 
mining system to be easily upgraded to outburst 
mining procedures, but not downgraded to normal 
until a full review of the available information. 
Additional drilling and gas sampling may be 
required before a decision can be made to revert to 
normal mining. 

The OBMP states the location of and minimum 
number of safety and rescue equipment to be kept in 
each development panel. 
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5.5 Outburst mining procedures 

Under the OBMP the system of mining under 
outburst conditions is extensively modified to 
significantly reduce the exposure to personnel. Key 
aspects of this system are: 

minimising number of personnel in face area. 
providing physical protection as well as breathing 
systems (including backup systems) for the miner 
driver. 
having sufficient number of personnel, located at 
the fresh air base, on standby equipped with 
breathing apparatus. 

If unfortunately an outburst event does occur, then 
the OBMP requires all aspects of events before, 
during and after the event to be formally recorded. 
Analysis of such factors will lead to a better 
understanding of the outburst phenomena and 
hopefully better prediction and management. 

5.6 Training systems 

All workmen required, or are likely, to work in 
development panels are trained in all aspects of 
outburst detection and rescue training. In addition, 
refresher training is held at 6 month intervals. 
Included in training covers: 

use of escape apparatus. 

outburst mining procedures. 
first aid procedures. 
first response procedures. 

use of rescue breathing apparatus. 

5.7 Outburst committee 

To enable modifications to the OBMP a committee 
comprising representatives from the workforce, 
union, supervisors and management meet on an as 
required basis. The aim of this committee is to 
review systems and methods of work that will 
provide for the safe and economic mining of coal 
from the Bulli seam, recognising that the Bulli seam 
has the potential to outburst. 

6 RESEARCH 

As part of conditions of variations to the gas 
thresholds granted by the Mines Department, a set 
program of work had to be undertaken. Included 
was research work camed out by Geogas Pty. Ltd. 
(Williams, 1994). 

The objectives of this research were to : 
An assessment of the magnitude of the residual 
gas content Q3. 
Determination of gas desorption pressures. 
Determination of gas desorption rate. 

After finding these characteristics it was 
anticipated to compare these values with those of the 
South Coast coals. This is in order to draw 
conclusions as to possible differences between the 

Burragorang Valley mines which historically have 
experienced few outbursts and the South Coast 
mines in the Bulli seam. 

6.1 Residual Gas Q3 

Outbursts require gas under pressure or able to 
desorb rapidly, to initiate, if there is no gas or 
pressure, there is no outburst. The gas pressure is 
dependent on the gas content of the coal and the gas 
desorption characteristics, which can alter 
dramatically over a short distance if geological 
structures are present. 

The residual or Q3 gas content of the coal is that 
gas that is remnant in the coal at 1 atmosphere and 
the coal surrounded by seam gas not air. 

The rationale in determining the Q3 content is that 
determining gas thresholds should be in reference 
between the Q2 and the Q3 content. If, as early 
samples have indicated, the Q3 content of the 
Burragorang Valley coals is higher than the South 
Coast coals then this would give some technical 
basis for different threshold limits to be applied. 

A series of 22 in-seam borecore samples were 
taken from all new development panels across a 
wide area of the combined colliery leases. All 
samples were subjected to the Geogas “quick crush” 
test. Sub sampling was also camed out with these 
samples sealed inside jars with tube outlets. The 
amount of gas desorbed over a period of 28 days was 
measured. 

Results for Oakdale was an average of 2.94m3/t 
and Brimstone 2.92 m3/t. This is not statistically 
different from the south coast average of 2.7m3/t. 

6.2 Gas Sorption Pressures 

The pressure at which the gas will start to desorb is 
important, not only to outburst potential, but to the 
design of gas drainage. This property describes the 
relationship between gas pressure and gas content. 
The gas sorption isotherms should vary with Q3 
content. 

The gas sorption isotherms for Oakdale and 
Brimstone, although at the upper end of the curves, 
are not very different to those typical for the South 
coast. 

6.3 Gas Desorption Rates 

The single most important parameter in determining 
the propensity to outburst, apart from the presence or 
absence of a crushed coal zone, is gas desorption 
rate. It is a dynamic measure of the gas which vanes 
with gas content, composition and pressure as well 
as properties of the coal such as it strength and 
permeability. 

The gas desorption rate defines how quickly gas 
will flow into workings controlling the general body 
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gas reading under normal circumstances, or the 
violence of an outburst. 

The samples were crushed in a ring mill grinder 
and the gas measured and compared between the 
first 30 seconds of the test and at the end. Test 
results indicated a slower rate of desorption than the 
south coast coals. This equates to the Burragorang 
Valley coal gas content of approximately 0.8 m3/t 
higher than the South Coast coals, for the same rate 
of gas desorption. 

6.4 Radio Imaging Method 

The use of the radio imaging method (RIM) is 
undergoing trials in the Burragorang Valley mines to 
assess its application for detection of structures 
ahead of mining. This work is being carried out by 
METS Pty Ltd (Thompson, 1994). 

As the name suggests a radio signal is used 
between a transmitter and a receiver. The signal 
speed and attenuation is a function of the 
conductivity of the material transmitted through and 
the frequency of the source signal. Water content 
affects conductivity hence differences can be readily 
detected between materials of different water 
content. Radio waves travel at a different rate 
through low conductivity materials such as coal 
when compared to high conductivity materials such 
as shale, mudstone and clays. 

This ability to detect materials of different 
conductivity makes this method ideal for detection of 
dykes and faults. It certainly is not a “stand alone” 
system that will predict exactly the type of 
geological structure or displacement, and it is not 
reported that it will do so, but when used in 
conjunction with knowledge of geology and seam 
gas contents it can be used to predict zones of high 
risk. 

The transmitter and receiver can (for in seam 
applications) be between: 

2 drillholes 
drillhole to roadway 
roadway to roadway. 

Signal readings are taken along various fanned ray 
paths that intersect. The resultant processed signals 
can be used to form a coloured tomographic image. 
The colours are coded so that higher attenuation 
areas are clearly identified by yellows and reds (high 
risk), whereas the clear coal areas are coloured blue. 

A series of trials are continuing at Brimstone and 
Oakdale collieries. Even though RIM can be used 
gateroad to gateroad across existing blocks the 
interference from conductors such as cables, 
conveyor structure and pipe can make it difficult to 
get good results. A better approach is to drill cross 
block holes that intersect the next future gateroads. 

Results to date are encouraging, the RIM technique 
has been able to distinguish between clear and 
unclear coal in both mines. Of particular interest 

was the detection of some higher risk areas for a 
longwall 3 gateroad in Oakdale Colliery. As mining 
progressed toward this predicted area, extensive 
drilling could not find any structures. However the 
seam thinned significantly and had a localised 
increase in dip through the thinning zone. In 
retrospect there was quite a good correlation between 
the predicted and actual zones identified. The ability 
to detect more subtle changes in local geology has 
prompted continuing trials. It is hoped, given more 
experience of the RIM technique, by mining through 
predicted zones and then mapping them, that this 
method can enable a much higher confidence in 
structure prediction and hence lower the risk of 
outbursts. 

6.5 Preliminary Gas Drainage 

Work has been undertaken to trial gas drainage and 
determine parameters that will be used for gas 
drainage design. In Oakdale a rather rudimentary 
system of pipes will be used to collect gas from cross 
block holes and direct it into the returns. It is hoped 
that some measurement of gas flowrates can be 
made. This scheme will only be temporary and is 
limited to the amount of gas to be discharged into the 
returns, and the size of the pipe range. 

7 CONCLUSIONS 

The need for gas drainage will become critical for 
maintaining current operations in the Burragorang 
Valley with the changes made by the Department of 
Mineral Resources to outburst mining in the Bulli 
seam. There is a need to rapidly assess the coaVgas 
properties so that a gas plant can be designed. In 
combination surface sites suitable for discharge of 
predominantly C02 need to be established and the 
required approvals sought. 

Gas composition is generally in the +90% CO;! 
range, although CH4 levels have been measured to 
35%. Thus it will be necessary to make allowances 
for this in the gas plant design. At this stage no 
economic utilisation of the gas is possible. 

Further work into the effectiveness and confidence 
in the RIM technique will be required but work to 
date has shown promising results. Overall there 
needs to be a coordinated systematic approach of 
integrating, geological information, gas drainage, 
RIM with drilling and gas sampling to minimise the 
hazard of outbursts. 

In a simplistic view outbursts occur when there is 
gas under pressure and structures. You can’t 
eliminate the structures, but you can examine better 
ways of predicting them. The obvious way is to 
eliminate the gas, or at least reduce to a “safe level”. 
The catch is that you have to make sure that you 
have. 
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Prevention versus protection 
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ABSTRACT: An outburst in the Bulli coal seam is a geodynamic phenomena which involves the 
instantaneous release of a significant quantity of gas and coal from an advancing face of a development 
roadway which intersects, or is in close proximity to, an existing geological structure such as a shear zone, 
dyke or fault. 

This unpredictable release of energy has the potential to cause injury to persons and damage to equipment 
in the near vicinity of the outburst. The generation of asphyxiating, toxic and explosive atmospheres 
increases the risk of multiple injuries and large scale damage to the operation. 

The safety of employees is the first operational factor to be considered when any mining decision is taken 
and the long term aim is to eliminate outbursts by systematically removing their driving force (in-situ gas) 
from the seam prior to mining. A geologically complex seam will often hinder attempts to reduce the in- 
seam gas content to below safe threshold levels and where any doubt exists with respect to the likelihood of 
an area to outburst, mining operations will only take place using established safe mining practices. 

The systems and procedures which support the principles of prediction, prevention and protection in 
relation to outbursts, are outlined in the following paper. 

1 INTRODUCTION 

Tahmoor is one of a number of mines working the 
outburst-prone Bulli seam in the Illawarra coal 
measures of New South Wales. These mines have 
committed to creating a safe working environment 
and behavioural standards by the development and 
implementation of outburst management plans. In 
controlling risk, it is policy not to mine without 
effective pre drainage of in-situ seam gas to below 
safe threshold values and to maintain a timely 
information system which supports management in 
the decision process and which assists all employees 
in developing their understanding of the nature of 
the outburst phenomena. 

To minimise the consequences from any outburst 
incident, significant resources are committed to 
acquiring the best available equipment and 
techniques, which are supported by practical 
training and regular audit of the effectiveness of the 

When Tahmoor Mine commenced seam develop- 
ment operations in 1979, the roadways were 
immediately challenged by extreme strata stresses, 
high seam gas levels and the presence of geological 
structural anomalies. Seam gas was predominantly 
methane and a "code of practice" was applied to the 
negotiation of potential outburst zones to minimise 
the risk of ignition of inflammable gas liberated by 
the outburst. Further seam development revealed 
greater levels of carbon dioxide with a 
corresponding increase in outburst intensity and 

Plan 

higher risk of personal injury. The potential of in- 
seam drilling to reduce the gas content had not been 
recognised. Consequently significant resources 
were put to the development of mining equipment 
and procedures designed to afford the maximum 
level of personal protection possible in the event of 
an outburst occurring at the development face. 

2 PREDICTION 

The accurate prediction of potential outburst zones 
was to play an integral part in mitigating the risks 
associated with outbursts. The assessment of 
geological structures to be mined and 
recommendations provided by geotechnical staff 
gave comfort to operators and planners in 
determining the "plan of attack" in penetrating the 
zones. A combination of results from surface-to- 
seam and in-seam drilling and seismic surveys 
broadly determined the location and extent of 
geological structures. A comprehensive data base 
was developing on the outburst problem at Tahmoor 
and was constantly reviewed and used for 
extrapolating information for further development. 
Structural models based upon this data provided an 
excellent framework for prediction. Records of 
physical observations prior to outburst events 
provided a range of indicating signs of increased 
outburst risk. Training provided operators with the 
skills to recognise and respond to these changing 
conditions. The virgin gas content and composition 
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of the seam was determined by drilling and 
sampling with no deliberate attempts being made at 
that point in time to reduce the gas content adjacent 
to structural zones. 

With these predictive tools at hand, the time at 
which outburst mining equipment and procedures 
would be put into practice was much simplified. 

3 PROTECTION 

The procedures and processes employed to afford 
protection to personnel and equipment from the 
effects of an outburst, have undergone review and 
improvement during the past 10 years. Minimum 
standards are not only applied to the method and 
control of ventilation to the development faces but 
to all workings of the mine likely to be affected by 
the consequences of an outburst incident. 

Personnel training in the application of standard 
procedures, operation of protective equipment and 
first response rescue activities have focussed upon 
an individual's understanding of the outburst 
management plan and their specific role in 
complying with and being in possession of the 
experience and competence to  satisfy the 
requirements of that plan. 

The roadway development machine (continuous 
miner) has undergone significant modification to 
afford complete protection to the operator. A 
pressurised cabin designed to withstand the impact 
of an outburst externally and to maintain a life 
supporting environment internally forms the nucleus 
of the protection system. Remotely supplied and 
self contained breathing apparatus is supported by 
reliable communication to a comprehensively 
manned and equipped "fresh air" base established 
some 100 metres on the ventilation intake side of the 
development face. 

Coal conveying is provided for by a remote 
controlled shuttle car thereby removing the need for 
persons other than the continuous miner drive to be 
located nearer to the face than the fresh air base 
when the face is being advanced. 

Well defined procedures and minimum standards 
apply to the operational checks on equipment, the 
use of communication systems, the mining and roof 
support cycles, reporting and recording of 
performance and first response rescue in the case of 
system failure. 

Development operations at Tahmoor Mine have 
continued to provide many opportunities to 
continually test the "protective" systems in place but 
the fact that only one barrier existed between the 
outburst and the employee placed future roadway 
development activities in the category of high risk. 

4 PREVENTION 

It had now been established that to prevent the 
occurrence of an outburst at Tahmoor the seam gas 

content must be reduced to below the established 
level set for the geological structure present. This 
threshold value was defined for the range of gas 
composition from 100% carbon dioxide to 100% 
methane, both of which are trapped in the coal seam 
and to some extent surrounding strata by overlaying 
and underlying impervious strata. At 400 metres 
depth, the seam is subject to both horizontal and 
vertical stresses which at times have caused 
significant dislocations of the seam. The nature of 
these zones is that free gas is trapped and will not 
release without the intervention of a driven roadway 
or gas drainage hole. Failure to release this stored 
gas from the structured zone prior to mining may 
result in the sudden and uncontrolled release of gas 
into the working place. 

A comprehensive program to drain gas from the 
seam to below the defined threshold level was 
undertaken on the understanding that achieving this 
would prevent such outbursts occurring. 

Initial requirements are to establish the virgin gas 
content and composition of the seam. This 
information is used to determine standard drilling 
patterns for drainage holes and anticipated lead 
times to achieve the required threshold values. 

Exploration drilling is used to locate and 
determine the extent of geological structures. Prior 
to authorisation to mine being granted, check sheets 
will be compiled by geotechnical and gas drainage 
specialists, detailing drainage effectiveness and 
seam structure. This written authority to mine is 
provided to the supervisor in control of the 
respective development operations. 

Provision is made for an operator or official, who 
during the course of normal mining, considers that a 
workplace displays the signs and symptoms of 
outburst potential to suspend mining immediately, 
secure the workplace and report the matter to a 
higher official. 

5 CONCLUSION 

The development of technology in the areas of in- 
seam drilling and drainage and the accurate 
determination of seam gas content and safe 
threshold levels have brought about a shift from the 
traditional principles of "protection" to "prevention 
and protection". This approach to risk reduction has 
resulted in no incidents of outburst of coal and gas at 
Tahmoor Mine during the past 3 years, despite the 
negotiation of 90 structure zones by development 
roadways. Historically each of these structures had 
the potential to initiate outbursts. Despite the 
significant cost in equipment and labour resources, 
the elimination of outbursts by the adoption of 
preventive measures will be the means by which 
those who continue to mine the Bulli seam in the 
future we will be able to maintain safe and viable 
operations. 
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ABSTRACT: As a rule the majority of Kuzbas coal mines are gassy with gas content up to 100 m/t requiring 
air quantities 5-10 tons to one ton of mined coal. Gas barrier limits mine productivity in many cases. Besides, 
sudden outbursts occur in 30 mine seams in five coal regions, and over 80% of mine seams where rock bursts 
are registered are considered sudden gas and coal outburst dangerous. Under these conditions the specific 
demands are made on the technological methods for the preparation of mining. Standards have been developed 
for safe mining with appropriate zoning of the deposits and mathematical probability techniques are used for 
optimisa tion. 

1 INTRODUCTION 

As a rule, the majority of Kuzbas coal mines exploit 
gaseous seams with specific gas emissions up to 100 
m3/t requiring ventilation air quantity with its mass 5- 
10 tons to one ton of coal mined. Gas limits mine 
productivity in many cases. 

Besides, sudden outbursts have occurred in 30 
mine seams in 5 coal regions, and in over 80% of 
seams mined are considered dangerous to sudden gas 
and coal outbursts. 

More than half of sudden outbursts have occurred 
at the moment of coal develpment. The main object 
of outburst hazard control is in development and 
opening up of workings. In longwall stopes only 4% 
of all outbursts have occurred. 

Under these conditions the specific demands are 
made on the technological processes for the 
preparation of development workings. 

The deposits are regarded as gassy requiring 
mining by advance gas drainage. Mining with Z- 
systems of ventilation, gas drainage of workings and 
active suction of methane gas from the waste is 
applicable to the mines. 

In some cases technology with high ventilation 
pressures is suggested. The air flow rate is up to 60 
m/sec. It ensures sharp increase of mine ventilation 
opportunities and localisation of effect of sudden 
outburst centres. These centres can block air flow in 
mines and cause methane explosions. 

Four levels of new technological standards have 
been developed Important technological decisions for 
mining safety are taken as in advanced coal mining 
countries and conforming to international svandards. 
Great attention is paid to geomonitoring of mining, 
technological operations, preparation of mine plans 

for optimisation of parameters under specific mining - 
geological conditions and technical state of the coal 
mine. The monitoring systems are based on 
integrated computer systems of the type of 
CAD/CAM/CAE components. 

2 GENERALISATION OF OUTBURST HAZARD 
AND INTENSITY OF MINE GAS EMISSION 

In the work conducted by Vylegzhanin et al (1990) 
the most important natural and technological factors 
that determine coal seam outburst hazard not only in 
Kuzbas mines but also in other basins of Russia were 
generalised. 

Outburst g eostatistics 

Sudden outbursts occurred in 30 seams mined in 5 
Kuzbas coal regions. 90% of scams mined are 
subjected to sudden outbursts. Thcsc have steep dips 
and complex structure. These consist of some coal 
with different degree of disturbance. More than 94% 
of outbursts occur in development roadways in coal 
seams and at crosscuts intersection. 

On the basis of statistic data for gasdynamic 
phenomena, the frequency of occurrence of outbursts 
in Kuzbas and its empirical dependence of (per year) 
as a function of time h(t) with its value in the year 
1940 symbolically accepted as a nil, the relationship 
is given by 

h(t) = 1.903t * exp(-t/l5) (1) 
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In spite of the fact Eq. 1 has asymptote in time, it 
should be noted that the greater the depth, the grater 
is the gasdynamic energy of this phenomena. 

Besides the number of mines that exploit dangerous 
seams has grown yearly at 0.65%, and the number of 
dangerous seams has grown at 0.75%. So, with the 
transition to the deep horizons, outburst hazard 
factors tend to increase. 

Without 
disturbances 

3 OUTBURST HAZARD INFLUENCES 
TECHNOLOGY 

Disturbances Disturbances 
COMeCted to not COMeCted 
the surface to the surface 

The choice of methods and parameters of mining 
technology for seams prone to sudden outbursts is 
determined by stochastic programming and analysis 
task (Vylegzhanin, 1990), which is being done with 
regard to admissible probability P, and minimum of 
mining costs, plus monitoring of gas and outburst 
hazard considering probable (potential) damage from 
geocatastrophies. 

For the solution of such problems, computer 
programs have been developed which correspond to 
mining standards in Russia. 

The totality of mining technology development 
regulations (MTDR) on outburst hazardous seams 
concludes the following (Vylegzhanin et al, 1987). 

(1) Geomechanical regulations - the choice of 
admissible sequence of reserve preparation and final 
extraction based on physical control of the state of the 
rock mass. 

Aerodynamic regulations - the choice of 
admissible (according to safety rules of SR) schemes 
of ventilation of sections and of a mine as a whole; 
isolation and diversion of concentrated gas-air flows; 
localisation and control of impact of gas-air waves 
during outbursts. 

(3) Technical regulations - the choice of 
admissible (according to rules of SR) power 
equipment; technology of energy supply; application 
of anti-outburst measures and specific technological 
mining layouts. 

Within the framework of these subsystems MTDR 
regulations ensure control of coal mining technology 
underground (Vylegzhanin et  al, 1987). 

(2) 

Carbon dioxide 
+ nitrogen 
(lower border 
line) 

Methane - 
nitrogen 

Nitrogen + 
methane 

Methane only 

4 KUZBAS COAL DEPOSITS GAS ZONING 

60 - 70 100 - 150 7 0 -  100 

70 - 90 120 - 180 90-  140 

110 - 150 160 - 220 120 - 170 

110 - 150 190 - 220 160 - 170 

In accordance with contemporary concepts about 
natural zone disintegration of a rock mass developed 
under the leadership of Acad. Shemyakin E.I., 
geosystems of Kuzbas coal regions are differentiated 
structurally according to geodynamic and geological 
tectonic factors. In addition, there is not only zoning 
of coal enclosing mining complexes, physico- 
mechanical properties, but associated with it is zoning 
of Kuzbas coal deposits based on gas. This fact 
marks the special distribution of frequency and power 
of sudden outbursts and their location within dcfinite 
sections of seams and shaft are explained. 

Five (5)  zones have been distinguished: 
(1) Nitrogen and carbon dioxide 
(2) Carbon dioxide and nitrogen 
(3) Methane and nitrogen 
(4) Nitrogen and methane 
( 5 )  Methane 
The second component represents the predominant 

component. 
From the point of view of potential outburst hazard 

estimation of S-type curve of gas pressure change 
and methane content on the depth are of great interest. 

Table 1 gives the data on gas zoning associated 
with tectonic disturbance for specific tectonic 
sections. 

Table 1. 

specific 
gas zone 

I 

It should be mentioned that for the first and second 
groups of tectonic sections for steep seams (with 
angle of dip more than 45') the indicated depths 
increase on the average by 20%, and for the third 
group, on the contrary, it decreases by approximately 
10%. 

With the addition of immediate hazard of sudden 
outbursts, also intensive gas emissions influence the 
security of mine technological systems (TS). 

For example, analysis of gas pollution frequency in 
Kuzbas mines shows that with the growth of gas 
increase in mines, the intensity of gas pollution 
increases according to the quadratic law. 

5 SCIENTIFIC PRINCIPLES (TPMW) AND NEW 
TECHNOLOGICAL DECISIONS (TD) FOR 
MINES PRONE TO SUDDEN GAS AND COAL 
OUTBURSTS 

The system of scientific principles and technology of 
preparation of mining areas and their application to 
mines of using new technologies (MNTL) are given 
in references 1-3. Here we touch upon only the 
situations associated with the hazard of sudden 
outbursts in mines. 
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Rock state control 

Characteristic 

The interaction between the elements in the system 
'I technology-rock mass" can be regulated by 
purposeful change of physical rock properties (water 
infusion, degasification, rock loosening, packing 
etc.) (Vylegzhanin et al, 1993). 

According to physical effect on rock mass we 
differentiate local, regional and global control 
methods. 

Owing to the physical nature of the control method, 
its effect on rock mass is related to the volume, 
surface and combination of workings. 

If we consider outburst hazardous medium, its 
control is related with the volume effects of 
degasification, injection, hydro loosening. 

In general control of the state of rock mass is 
considered in the following way. Suppose the vector 
of natural mass state U, = (Ur, ...., U F )  does not 

satisfy the field of regulated states Q,(u), that is 
U,EQ(U). If we introduce such rock mass control 
function V(61 ,...&) such that the changed state of 
each rock parameter will be Torpedoing, Rock 

&gasification Packing consolidation 
I 

where 5, = (j) - vector of limit of changed rock 
mass state; (( ) - coefficients of control effects 
intensity &(G,i). 

According to the physical law, we note that some 
parameters must increase and others often decrease. 
So we can write the condition of regulated control in 
the form: 

(time) 

, (m / time) 

(time) 

C1 (Rub/m3) 

C2 (Rub/time) 

u+ ( 5 )  2 U*l ut :[c(g+,5-)m*] = - * (3) i u ( q l u  2 

550 - 950 20 - 70 200 - 2100 

350 - 600 30 - 200 1.5 - 10.0 

- 180 - 720 30 and 

0.6 - 1 . 1  20-200 100-400 

15 - 50 200 - 2000 20 - 200 

The relaxation phenomena in the physical processes 
of rock mass control protects the attainment of 
regulated conditions given by Eq. 3. 

The necessary time for a development roadway will 
be determined by the formula 

(4) 

there pj - intensity of relaxation processes. 
For the volume of rock longwall blocks surrounded 

by roadways, a system of boreholes is used. With 
the given density of boreholes set q (m-3), effective 
length 1* (m) and radius rs (m) of rock mass, the 
intensity coefficient of control effects on the roadway 
is given by 

In the calculation for optimisation of rock mass 
control efficiency, time T(S) and expenses G(5) 
assume great importance for longwall stopes. 

The necessary time for working is calculated by the 
formula 

T ( ~ ) = T ,  +R(v)/w(u)  +T(u*)  (6)  

where 2, = time for development operations, w = rate 
of advance of roadway in rock mass, R = radius of 
working depending on volume v; z*  = time for 
physical changes of rock mass properties. 

Expenses for control are determined by the formula 

(7) 

where C1, C2 = cost coefficients; V(5) = volume of 
rock mass control. Table 2 gives characteristics of 
some control methods. 

Table 2. 

6 INTENSIVE VENTILATION CONTROL 

In a large number of mines and particularly in seams 
with potential outburst hazard, mine ventilation 
presents barriers in increasing technological 
possibilities of the faces and mine productivity. 

For Kuzbas mines, relationships have been 
established bctween the air to be supplied to the mine 
G, "0-3 (m3/min) and average annual output 
intensity of a mine J, (T/min): 

G m  = 90 + 91 J, (8) 

where qo = 3.2, q1 = 5.0 - for supercategory mines 
and q1 = 2.4 for the mines in the category of 
gassyness 1-3. 
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Besides, air quantity Qm *lo6 (m3/day) is also 
related to the average daily face advance Q04 (&day) 
by the relationship 

Q, = 40.0 + 8.4 * (Q04 + 600)1.2 (9) 

So, by increase in face advance and mine output 
intensity, ventilation power must be increased. But 
this increase is associated with non-linear growth of 
working sections and consequently with capital 
investments and prime cost increase. 

Besides, in highly gassy mines, ventilation 
effectiveness depends on its air-dynamic parameters 
and net density which determine air delivery and 
leakage coefficient (Kolmakov, 198 1). 

For fast advancing faces, the limit of air amount 
that can be supplied is determined by the formula: 

where A, B = aerodynamic parameters of mine net 
influence; R, = regulated resistance of mining 
working under extraction. 

In existing Kuzbas mines ventilation air supply 
efficiency coefficient does not exceed 0.55-0.6. 

Together with programmes of active mines 
modernisation, ventilation technology "know-how" 
has been developed for new mines (Patent, 1981). 
Here fresh air supply to the mining workings and its 
diversion are produced by compressed air 
accumulation in the system's main air guidance gas 
holders with reduction in places of consumption and 
compression by using flow derivation. 

Owing to such ventilation method main air supply 
roadways sections sharply decrease, and ventilation 
system security and its degree of reliability increases. 

There also appear possibilities of methane 
utilisation, heat content of mine atmosphere and 
localisation of shock of outbursts. 

7 CONCLUSIONS 

The results given above show that solving of 
complex problems associated with gas, its effective 
control and prevention of sudden outburst requires a 
technological preparation of mining systems. Use of 
rational mining parameters, mass control of active 
methods and utilisation of non-traditional technical 
solutions, it is possible to increase mine capacity 
limited by ventilation and to ensure high production 
advancing longwall faces. 
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ABSTRACT: The disturbances of the mine ventilation caused by outbursts is reflected by transient states of 
airflow pattern in the network due to gas released by the outburst, 
concentration of gas in the airflow, 
airflow due to NVP caused by great differences in density of the flow in inclined or vertical airways. 

This non-steady phenomena of the ventilation process affects the operation of main fans causing secondary 
disturbances, creates hazard to miners because of erratic travel of gas pockets etc. The paper begins with the 
description of recorded parameters of air velocity, pressure and gas concentration at certain distance from the 
location of the outburst No 1283 recorded at the Nowa Ruda mine. 

The second part of the paper deals with a computer simulation method to study the transients of the ventilation 
process disturbed by coal and gas outbursts. At the end, the outburst of C02 No 1283 is compared with the 
computer simulation. 

1 INTRODUCTION 

An outburst of coal rock and gas disturbs the mine 
ventilation process. One can mention several 
phenomena that accompany such an outburst which 
may have an impact on the safety of the mine 
ventilation phenomena. These may proceed in a 
different patterns; their intensity may vary both in 
space and time. The magnitude and intensity of the 
processes depend in the first place on the outburst 
itself - that means on the volume of the gas released, 
the duration of the outburst and the mass of coal (or 
rocks) displaced. Most serious disturbances of 
ventilation processes are recorded in near proximity 
of the location of the outburst (the workings get 
filled with coal and gas). Hence, it becomes a 
hazard zone, and the effects of the outburst may 
prove both immediate and disastrous. 

An outburst gives rise to a number of phenomena 
that have the features of the transient states: 

1. The pressure wave propagating in the ventilation 
network can considerably change the of rate flow in 
the workings (in some cases there might occur a 
reversal of flow direction as well). Those changes 
will eventually cease as the outburst stops. 

2. During the subsequent post-outburst phase a 
natural ventilating pressure (NVP) can arise. It is 
caused by the changes in the density of air, due to the 
gas released during an outburst. This may bring 
about some changes in the state of air flow in the 
mine. It may be responsible for unstable functioning 
of the main fans. Ventilation disturbances due to the 

NVP caused by outburst are not as violent as those 
mentioned above, yet they will last much longer than 
the outburst itself. The air may stop flowing in some 
branches even though the fans are functioning. This 
is caused by gas (specific C02) pockets that appear in 
vertical or inclined airways. 

3. Gas due to an outburst circulating in the 
ventilation network involves the following phases: 
The outburst; the transport of gas; its mixing with 
mine air; and this removal of mixture through 
ventilation shafts. These disturbances may persist for 
a long time, lasting several tens of times longer than 
the outburst itself. 

The aim of this paper is to consider the possibilities 
of assessment of ventilation disturbances due to a 
coal and gas outburst using the computer simulation 
method. 

The first part of this paper concerns the data 
recorded during an outburst at Nowa Ruda mine in 
Poland. The second part includes a short description 
of computer simulation of the ventilation process 
disturbed by this outburst. The computer modelling 
of the outburst is also discussed in the paper. 

2 THEOUTBURST 

The data on mine ventilation during the outbursts of 
coal and gas are fragmentary and incidental. The 
data presented below is from measurements of an 
outburst in cross-cut C in Nowa Ruda mine in 
Poland (Fig. 1). 
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Fig. 1. Cross-cut C at mine Nowa Ruda. 

Outburst No 
Date of occurrence 
Time, hour, min. 
Length of the cross cut, m 
Volume of gas expulsed, m3 
Coal displaced, tonnes 
Length filled in by coal, m 
Duration of the outburst, s 
Type of gas 

1283 
28.01.1990 
4.55 
1520 
23000 
2000 
150 
300 
co2 

Fig. 2. Hodograph of the front of gas released by the 
outburst No 1283. 

Fig. 2 presents a hodograph of the advancing gas 
(CO2) front during the outburst under consideration. 
The hodograph has been derived on the basis of air 
and gas velocity measured at a distance of about 
1500 m away from the location of the outburst. The 
graph in Fig. 3 represents the concentrations of C02 
recorded in the shaft Slepy. The mine was gassed 
out for about 2 112 hours (Krach & Trutwin 1990). 
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Fig. 3. Concentration of CO2 recorded in the shaft 
Slepy. 

3 COMPUTER SIMULATION 

A computer program for simulation of ventilation 
disturbances due to coal and gas outbursts has been 
developed in the Strata Mechanics Research Institute 
of the Polish Academy of Sciences in Cracow 
(Diurzynski et al. 1990, 1992). This computer 
program makes it possible to calculate the transient 
states of the following: 

Flow of air and gases through all air ways due to 
fan operation and the NVP of the outburst and the 
resistance of the flow of air and gas mixture, 
Gas concentrations at selected location, 
Pressure and NVP, 
Effects of initial and boundary conditions prevailing 

The mathematical model for program simulation is 

- continuity, 
- motion, 
- state, 

in the ventilation network and the outburst of gas. 

based on algebraic and differential equations of: 

for air, gas or their mixture. The equations are 
arranged in accordance with I and I1 Kirchhoff 
principle, applied to the case examined. 

The model involves a number of simplifications, 
based on the following assumptions; 

- the flow in branches is regarded as  one- 
dimensional, 

- gas and air mixing is instantaneous at junctions 
and in the selected volumes in the ventilation 
network, 

- the density of air and gas is constant, 
- the density of air and gas mixture depends on the 

concentration (or content) of gas in the mixture, 
- the transport of gas is through convection 

(transport through diffusion has been 
neglected). 

According to this model, an outburst of gas is 
treated as a source out of which gas of specified 
volume flows into the mine ventilation network of 
excavations within a specified time period. 
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4 CALCULATION 

Using the computer simulation program, the 
necessary calculations concerning an outburst in 
Nowa Ruda coal mine were carried out. The 
description of the outburst was given above. 

tDROGOStAW Jy 

Fig. 4. Ventilation network of Nowa Ruda Mine 
considered for computer simulation of the outburst 
No 1283. 

In the calculations, the quantities that characterise 
the flow throughout the whole mine network were 
considered. Opening and closing of the regulating 
doors as well as the auxiliary ventilation system in the 
cross-cut C and the leakage in the air ducts were also 
taken into account. A part of the ventilation network 
in the Nowa Ruda coal mine is presented in Fig. 4. 
To assess the results of the outburst the volume of 
23000 m3 of C02 released, in 300 s, in the form of a 
square pulse has been assumed. This can be seen in 
the graph showing the flow velocity of air and gases 
(Fig. 5a). The computer simulation enabled graphic 
representation of C02 Concentration along airways 
and the shaft Drogoslaw. Gas concentration at the 
end of the air - duct (Fig. 5c) and concentrations in 
the shaft Slepy (Fig. 5d) were also obtained. 

Measured concentrations of COz are very similar to 
those obtained in computer simulation (Fig. 5d). As 
it can be seen, the concentration decreases after about 
900 s which is caused by the opening of RD-2. 

Subsequent increase in C02 concentration is due to 
the operating auxiliary ventilation, which removes the 
gas out of the cross-cut C. In diagram 5c we can 
observe step like changes of C02 concentration, 
which result from the assumed leakage of air duct. 

Apparent differences between the two patterns are 
due to the simplifications made, such as the 
rectangular shape of the pulse that dcscribes the 
effects of gas released during the outburst, the fact 
that diffusion is neglected, and because of imperfect 
synchronising of the outburst beginning with the 
measurements. One should also bear in mind that 
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Fig. 5. Air and gas velocity, concentration at given 
location against time obtained by computer simulation 
of outburst No 1283. 

there are other quantities the assumed values of which 
differ from the actual. 

Fig. 6 presents graphically the filling-in of 
considered network elements with the gas due to the 
outburst. On the computer screen a coloured scale of 
gas content in the mine air will appear. It makes it  
possible to analyse the disturbances due to the 
outburst. On the screen there is also information 
concerning the time lapse, flow directions and rate of 
flow in individual air ways. Fig. 7 depicts the 
process of gas pockets moving inside the ventilation 
network due to gas released during the outburst and 
in the operating ventilation system. 

5 CONCLUSION 

Computer simulation of ventilation disturbances 
allows for a preliminary analysis of effects of gas and 
coal outbursts. Applying proper techniques will limit 
the outburst-affected zone and may help protect the 
miners from uncontrolled outbursts. The computer 
simulation of ventilation disturbances due to the 
outburst may prove of importance while training the 
miners and the supervisory staff of the mines in 
which such phenomena frequently occur. 
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Fig. 6. Graphical presentation of simulation of 
disturbances in the ventilation network due to the 
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Fig. 7. Travelling gas pocket due to outburst and 
operating ventilation system (computer simulation). 
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ABSTRACT: The paper examines the effect of the size of an outburst on ventilation conditions of a 2-heading 
development layout. Using a simple steady state condition, the effect of the size of an outburst on the reversal 
of ventilation in a panel is modelled for different lengths, pressures across the panel and positions of the 
regulator. Regulator position plays an important role on the gas emission values which can cause partial or 
complete reversal of air in the panel. The panel length is important, but it is the ventilation resistance property 
of network of the panel that is the deciding factor in determining the reversal of air in the panel. 

1 INTRODUCTION 

Ventilation of headings for the gate and main road 
development in gassy mines is assuming a very 
important role in Australian mines. With increase in 
gas levels, many mines are experiencing outbursts 
problems with large amounts of gas emissions. The 
design of ventilation system under such conditions 
needs to take into account the effect of sudden large 
gas emissions which have the capacity to disturb the 
ventilation regime of the panel. Emission of large 
quantity of methane can create hazardous conditions 
in much larger areas than normally stipulated under 
the act. When high percentages of carbon dioxide are 
present, change in ventilation conditions may result in 
flooding of the areas with this toxic gas endangering 
miners. The most likely places to be affected are the 
crib rooms and fresh air bases. A case is on record in 
an Australian mine where, as a result of an outburst, 
high gas levels were measured in the intake up to a 
few hundred metres. No studies have been 
conducted to simulate the effect of outbursts under 
conditions in which Australian mines operate, 
although this subject has been studied in detail for 
European conditions for longwall faces and 
development roadways (Polak and Szewczyk, 1985; 
Dziurzynski et al., 1990; Trutwin, 1990; Frycz, 
1991). Based upon the experience of reversal of air 
currents, ventilation standards and procedures have 
been developed such as ventilation from rise to dip, 
forcing ventilation instead of exhaust, special sealed 
chambers for operators particularly during shot firing 
etc. 

Under Australian conditions, no such special 
procedures and techniques have been suggested or 
recommended in spite of the fact that outbursts have 
been in occurrence for almost 100 years. 
Development systems in Australian mines consist of 
multiple headings with the number varying from 2 to 

8 with larger number of headings used for main and 
bleed roadways. 

Two heading development is the common method 
for the gate road development of longwall panels. 
This also forms almost 50% of the total development 
requirements in longwall panel layouts in modern 
retreat longwall mining. These panels are most 
vulnerable to disturbances in the ventilation system 
and their influence can be most severe on the safety 
of the miners as there is only one intake and one 
return for the panel and crib rooms are placed close to 
the face. 

2 SIZE OF OUTBURSTS AND GAS EMISSION 
RATES 

The size of outbursts in Australia has varied over 
fairly wide limits. Fig. 1 gives size distribution of 
outbursts in the Bulli seam. Most outbursts are 
associated with coal ejection less than 50 tonnes 
although the largest outburst ejected more than 400 
tonnes of coal and rock. Obviously, not all the coal 
that forms the part of an outburst is ejected. Most of 
the coal still remains in the outburst cavern. In 
general, the coal displaced outside an outburst cone is 
only about 0.2 - 0.3 of the total amount of coal 
involved in an outburst. A medium outburst of 100 
tonnes, would therefore mean that the total amount of 
coal involved is about 330 - 500 tonnes. 

There is no definite data on the amount of gas 
liberated in outbursts that have occurred in Australian 
mines. Some of the large outbursts e.g. Collinsville, 
Queensland, 1954, 500 tonnes of coal, liberated 
14000 m3 of CO,; Leichhardt, Queensland, 1980, 
320 tonnes of coal, liberated 12000 m3 of CH4; 
Tahmoor, NSW, 1986, 400 tonnes, liberated 4500 
m3 of CO, + CH,; South Bulli, NSW, 1990, 100 
tonnes, liberated 2000 m3 of C02. These values are 
estimates and not based upon real time monitoring. 
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Fig. 1 Size distribution of outbursts in the Bulb seam 

Results of real time monitoring of gas emissions on 
development faces show that only about 30 - 40% of 
the gas present in coal being cut is released at the face 
and that gas emission exponentially drops with time 
after cutting has been stopped. This model can be 
equally applicable to outbursted coal. This would 
indicate that almost 20 - 25% of the total gas present 
in the coal affected by an outburst would be liberated 
in the first minute and 7 - 9% of gas would be 
liberated in the second minute. 

The gas content at  which an outburst would 
manifest itself can vary depending upon depth, gas 
type, coal strength etc. but generally accepted 
threshold values lie close to 10 m3/tonne. The gas 
content of coal seams liable to outbursts in Australian 
mines varies between 10 - 20 m3/tonne. The total 
gas, thus liberated in a 100 tonne outburst would 
vary between 750 - 1250 m3 in the first minute and in 
a large outburst of 500 tonnes, the gas liberated could 
be as high as 7500 - 12500 m3 in the first minute. 
These quantities could lead to velocities in the range 
of 1 - 17 m/s in a seam of 2.5 m thickness in 
roadway of 5 m width. 

In a small outburst the rate of gas emission in the 
first minute could be of the order of 12 - 20 m3/s and 
in a large outburst this could rise to 125 - 200 m3/s. 
These values would drop in the second minute after 
an outburst to about 1/3 of the initial flow rate. These 
flow rates can cause changes in the ventilation system 
including partial or complete reversal of ventilation, 
in the part of the mine or even over the whole mine 
depending upon the size of the outburst, and the 
ventilation pressure distribution in the mine. In fact, 
such events have occurred in a number of cases in 
mines in Poland, Germany, Russia etc. and a number 

of authors have modelled this phenomenon (Trutwin, 
1990). 

This phenomenon is important particularly in 
Australian mines where the crib room is continuously 
moved with the advance of the panel and its position 
is located very close to the face, mostly in the second 
cut-through behind the face. Under conditions of 
outburst mining, this cut-through also serves as the 
fresh air base station. In the event of an outburst 
with high CO,, full or partial reversal of ventilation in 
the panel even in an area close to the face can flood 
the base station or the crib room endangering the life 
of the miners and putting into jeopardy the outburst 
management system. The effect of sudden emission 
of high quantities of gas into mine workings in a two 
heading development system has been modelled to 
examine particularly the effect of various factors on 
the reversal of ventilation in the panel. 

3 BASIC ASSUMPTIONS OF THE MODEL 

The size of an outburst that will cause reversal of 
airflow in the panel or a part of the panel depends 
upon the following factors:- 

1. Length of the panel at the time of the outburst 
2. Air flow rate reaching the face 
3. Resistance of intake and return airways 
4. Position of the regulator if any in the panel. 
All these four factors influence the pressure drop 

across the panel. 
Ventilation regulations in underground gassy mines 

in Australia require that a minimum of 5 m3/s air must 
reach the faces. In mines liable to outbursts, this air 
flow rate in general is too small. Practice indicates 
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that the minimum airflow rate reaching the last driven 
cut-through should be at least 15 m3/s. In this 
analysis, it is assumed that this must be the minimum 
airflow rate and as such the panel ventilation 
parameters have been varied to ensure that this 
amount is always available at the last cut-through. In 
the model this can be achieved by two ways:- (i) By 
varying the pressure across the panel and/or (ii) By 
varying the size of the regulator. Pressure across the 
panel is determined by the overall properties of the 
ventilation network of the mine. This is designed so 
as to meet the requirements of the maximum length to 
which the panel is designed to be driven. The 
regulation of airflow rate in the panel is done by 
varying the size of the regulator. 

The effect of the following parameters on the 
reversal of ventilation system in a 2-heading 
development has been studied:- 

1 .  Length of panel 
2 .  Place of position of regulator 
3. Pressure difference across the panel 
In the model, the size of the pillars is taken as 50 m 

centre to centre and the width of the roadway as 5 m. 
The resistance of the 50 m length of such a roadway 
is taken as 0.00626 Ns2/m8 and the resistance of each 
stopping is taken as 500 Ns2/m8. VNETWORK 
program has been used for ventilation modelling. 
This program is based on Hardy Cross method of 
network analysis. 

The gas emission rate is used for simulation of an 
outburst condition. The values of the gas emission 
rates representing an outburst have been varied 
between 15 m3/s and 135 m3/s. It is realised that the 
gas emission rate is not uniform and drops rapidly 
and this dynamic behaviour would affect the results. 
However, to bring home some of the concepts, the 
steady state model could present results which are 
applicable in a part of the panel within a short time of 
the occurrence of the event. A general ventilation 
network layout for a lo00 m panel is given in Fig. 2. 

Panel 
length, 

m 

100 
500 
lo00 
2000 

4 EFFECT OF LENGTH OF PANEL 

Critical emission rate m3/s 

Regulator Regulator 
in return in intake 

15.26 134.00 
16.00 57.10 
17.70 36.90 
22.90* 22.90* . 

The length of the panel was varied from 100 - 
2000m and two positions of the regulator, intake 
and return were analysed for the amount of fresh air 
reaching the last cut-through of 15 m3/s. This 
amount of air was kept constant. The pressure 
difference across the panel was 228 Pa but the cross- 
section of the regulator was varied to achieve a 
constant airflow rate at the last cut-through for 
different lengths of the panels. Results are given in 
Table 1. The critical value defined here is the 
maximum gas emission rate that gets injected into the 
heading at which no reversal of air takes place in the 
last cut-through closest to the point of injection. 

These results clearly show that the critical value of 
gas emission rate increases with increase in the length 
of the panel for the cases where the regulator is 
placed in the return. For the cases where the 
regulator is placed in the intake, the critical value 

OUT BURST SITE 

LAST CUT THROUGH 

2 IZII:: 
1 L @ 9 4 2  

t l  
INTAKF RETURN 

GI = Pressure difference across the p u  1121 

@ =  Position of regulator (intake or return) 
{E= Stoppings 

Ressistance 
2 s  

1-2 etc .  = 0.00026 NS/m 
2-41 etc. = 500 NS/m 

2 1  

42-1 = 0 

Fig. 2 Ventilation network analysis layout for a 
loo0 rn 2-heading development panel 

Table 1. Effect of length of panel on critical emission 
rates. 
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deceases with increase in the length of the panel 
(Fig. 3). Only when the length of the panel is very 
large the critical values are not influenced by the 
location of the regulator. For smaller lengths of 
panels; i t  is always advantageous to place the 
regulator in the intake. The range of critical values 

for cases where regulator is placed in the return is 
very small. 

The rate of gas emission also influences the 
distance up to which reversal can take place in the 
panel. The results for different panel lengths and for 
different gas emission rates are given in Fig. 4. 
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Fig. 3 Effect of panel length on critical gas emission rate when regulator is either in return or intake. 
2000 m panel has no regulator 
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Fig. 4 Effect of gas emission rate on reversal distance from the face for different length panels when regulator 
is either in return or intake. 2000 m panel has no regulator. rir - regulator in return. rii - regulator in intake 
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These curves also show the values for the two 
regulator positions. The curves are fairly steep which 
indicate a small range of gas emission levels which 
can cause almost complete reversal of ventilation in 
the panels of smaller length. Even for longer length 
panels, the ratio of critical gas emission rates to that 
which causes reversal over long distance is less than 
2. This clearly shows that the critical values and 
ventilation reversal parameters are the properties of 
the panel determined by the relative resistances of the 
intake and the return roadways. It is therefore 
important that if reversal is to be minimised, the 
ventilation resistance of the intake roadways should 
be increased and return roadways decreased. This 
can be achieved by the following: 

1. Making larger cross-section return roadways 
2. Placement of belts in the intake roadways 
3. Placement of regulator in the intake roadways 
4. Placement of multiple regulators in the intake the 

first regulator right at the inbye end of the panel. 
Outburst management systems advise that under 

conditions of outburst hazard, travelling roadways 
should always be placed in the intake. When the 
intake roadway is a travelling roadway, placement of 
regulator in the intake presents problems requiring 
specially designed doors. 

Pressure, 
Pa 
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5 EFFECT OF PRESSURE DIFFERENCE 
ACROSS THE PANEL ON CRITICAL 
EMISSION RATES 

m o w  critical gas 
rate, emission rate, 
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Pressure available across the panel influences the 
amount of air reaching the last cut-through. Studies 
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were conducted where the pressure across the panels 
of different lengths was changed with ventilation 
model resistance parameters remaining constant The 
flow rates obtained at the last cut-through for a 2000 
m panel and critical gas emission rates are given in 
Table 2. 

This table shows that the critical emission rate is in 
line with the airflow rate at the last cut-through. 

Fig. 5 gives the relationships between critical 
emission rate and pressure difference across the panel 
for various panel lengths with regulator position in 
the intake (rii) or in the return (rir). The values are 
higher for cases with regulator placed in intake. The 
critical rates are higher for smaller lengths of the 
panels. 

100 150 200 250 300 350 

Pressure difference across panel, Pa 
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-e- 500 m panel ( r i r )  --ft 500 m panel  (ri i) -$- 100 m panel ( r i r )  
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Fig. 5 Effect of pressure difference across panel on critical emission rate for different length panels 
when regulator is either in return or intake. 2000 m panel has no regulator. 

rir - regulator in return. rii - regulator in intake 
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Fig. 6 Pressure difference across stoppings in cut-throughs versus distance of stoppings from outbye end 
for a lo00 m panel. Regulator (Reg) is installed either in intake (int) or return (ret). 

Numbers in index refer to gas emission rates. 

6 EFFECT OF GAS EMISSION RATES ON 
PRESSURE ACROSS THE STOPPINGS 

Effect of high airflow rates as a rksult of high gas 
emission rates can change the pressure differential 
across the stoppings. Fig. 6 shows the results of 
modelling for a 1000 m panel with airflows of 15 
m3/s at the last cut-through and pressure difference 
across the panel of 228 Pa. The results show that 
when the regulator is in the return, the pressure 
across the stoppings decreases as the gas emission 
rates increase. When the regulator is in the intake, 
the pressure across the stoppings increases as the gas 
emission rate increases. It is obvious, that the 
strength of the stoppings should be increased if the 
regulator is used in intake compared to the 
conventional design of stoppings where regulators 
are placed in the return. 

7 CONCLUSIONS 

Results of modelling show that a medium size 
outburst (1200 m3 of gas in the first minute) can 
cause reversal of air in a panel particularly when 
regulator is in the return. It is much better to place 
regulator in the intake. The critical values for such a 
network are 6 - 7 times higher. The critical values are 
also influenced by the panel length and decrease with 
increase in panel length when the regulator is in the 
intake, and these increase with panel length but only 
slightly when the regulator is in the return. The 

critical values and the distance to which reversal can 
take place are the properties of the panel ventilation 
network and these can be modified by appropriate use 
of regulators or design of resistances of intake and 
return roadways. If a regulator is used in the intake, 
the pressure across the stoppings increases as the size 
of an outburst increases. In such a case, it is required 
to build stronger stoppings. 
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Outburst remote control mining at Tahmoor Colliery 

P. Wynne and R. Case 
Manager Planning and Chief Electrical Engineer 
Tahmoor Colliery, Tahmoor, NSW, Australia 

ABSTRACT: The paper describes the status of development on remote mining of the Bulli seam in areas liable 
to outbursts. The system, using radio transmission and video cameras mounted on an ABM20 continuous 
miner, was successfully tried and an outburst monitored. A new proposed system with a better information and 
data transmission system is proposed. This system is undergoing tests and will be operational in the very near 
future. 

1 INTRODUCTION 

Over ninety outbursts have occurred underground at 
Tahmoor Colliery since production commenced in 
1978. These outbursts have invariably been 
associated with geological anomalies, particularly 
dykes and faults. In the early 1980's techniques of 
prediction and protection gradually evolved with 
experience. However, existing systems were proven 
to be sadly inadequate in 1985 when a continuous 
miner driver was killed in a development heading. 
Consequently the concept of the encapsulated 
outburst continuous miner was developed by 
Tahmoor personnel. To go with this equipment, 
Outburst Mining Procedures were developed and 
crews given appropriate training. This system 
remained in operation for some six years and was 
successful in enabling safe mining of many outburst 
zones. The Tahmoor encapsulated miner concept 
remains the "front line" defence against outbursts in 
the Bulli seam and forms the basis of the recent 
Department Of Mineral Resources requirements for 
outburst miners. 

Whilst reasonably successful in achieving its 
original aim of eliminating the risk of fatalities to 
miner drivers, the system proved to have several 
shortcomings, in particular:- 

1. Roof bolting was hand-held, and as only two 
operators were allowed under the Outburst Mining 
Procedure, was arduous for those involved. 

2. The procedures restrained advance rates, 
typically to about 2m/shift, and as the mine 
encountered increasingly adverse geological 
conditions, lack of development was putting the 
mine's viability at risk. 

Efforts continued, with varying success, to 
improve prediction techniques. The ABM20 miner 
was introduced in 1991 in order to improve (normal 
mining) advance rates by the introduction of 
simultaneous cutting and bolting. Prior to the 

introduction of the ABM20, concerns were raised 
regarding the outburst risk to operators on its bolting 
platforms. Mine management, after considerable 
investigation, determined that the risk due to an 
unpredicted outburst was too high and implemented a 
policy of scout drilling and pre-drainage of suspect 
areas. Within a year, this policy had evolved to pre- 
drainage in advance of all development roadways, 
(12cm panels as well as ABM panels). This policy 
has proven to be highly successful because Tahmoor 
has now gone over 30 months without an outburst, 
whilst developing in areas on average the most 
outburst-likely mined to date. Obviously this success 
has been costly, as some thirty men are now 
employed full time on gas drainage. However, no 
other known technique could have enabled the 
elimination of outbursts to this extent. Tahmoor now 
believes effective gas drainage will, in time, be 
proven to be a totally adequate counter to the outburst 
risk. However, several years experiencddata will be 
necessary to prove that the outburst risk has been 
controlled. In the meantime, Outburst Mining 
Procedures must remain. During the early months of 
operation of the ABM20, the crews involved started 
thinking about the machine's potential to improve 
Outburst Mining Procedures and gradually a concept 
of remote mining using the ABM20 was evolved. 

2 EXPERIENCES TO DATE WITH REMOTE 
MINING 

The crews recognised that the ABM20 had several 
features which lent themselves to a superior outburst 
miner. Firstly, the drill rigs took most of the hard 
work out of bolting, thereby eliminating the problem 
of only having two operators allowed to bolt. 
Secondly, the machine had a sophisticated radio 
control giving some feedback (in the form of a LCD 
display) at the radio control unit. Thirdly, being a 
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full-width machine, there was no need to change 
sides, which would be additional difficulty for a 
conventional machine in remote mining. Initially 
thoughts were given to driving the ABM from a 
"phone booth" type shelter somewhat back from the 
face. However, i t  was soon concluded that it was 
best to remove the risk totally by having no one near 
the face whilst cutting (N.B. all Tahmoor outbursts 
had occurred during the cutting phase of the mining 
cycle). To enable remote mining all that was required 
was sufficient visual information to enable the miner 
driver to accurately cut coal whilst seated 150m from 
the face at the fresh air base. Essentially all that was 
required was a flameproof video camera, a 
flameproof video monitor, a communications system 
to link the two and a system to link the radio control 
to the miner, as the original radio control system was 
essentially "line-of-sight". A camera and monitor 
(black and white) were sourced and trialed 
underground. After some adjustments were made, 
reasonable quality pictures were consistently being 
received at the fresh air base. Linking of the radio 
control was achieved by the use of a simple aerial 
extension using coax cable strung along the roof 
bolts. A system was already in operation enabling 
remote control of the shuttle car flights. Appropriate 
risk reviews were done and a remote system was 
developed by the crews, management and 
inspectorate working together. The remote aspects of 
the system were focussed on the cutting phase of the 
cycle. The tramming of the shuttle car and the bolting 
were essentially as per the previous system except 
that the bolting was potentially easier and more 
efficient because of the hydraulic rigs. 

At this time the panel where the ABM was located 
was approaching a known outburst zone (a 3 - 3.5 m 
fault). Preparations were completed in time and the 
crews were keen to give remote mining a try. The 
fault was first mined in the left hand heading using 
the encapsulated 12CM. As suspected, a significant 
outburst occurred on the fault. The miner driver was 
adequately protected by the system but clearly of the 
opinion that it was not an experience he would 
knowingly go through again. 

The ABM was then advanced in the right hand 
heading towards the fault. Various teething problems 
were encountered, particularly with effectiveness of 
radio controls due to aerial shortcomings. However, 
normal outburst rates of about 2m/shift were 
achieved. When the fault was reached and the 
machine started to cut up through it, a major (80 
tonne+) outburst occurred. This was witnessed on 
the monitor by the crew at the fresh air base. We 
believe this was the world's first televised outburst. 
The crew was most disappointed that it was not 
possible to have a video recorder to share this unique 
experience. Unfortunately the outburst did some 
damage to the ABM canopy, which meant it had to be 
withdrawn for repairs. The mining of the zone was 
then completed with an encapsulated Joy machine. 
However, the remote mining of outburst zones had 

been proven to be feasible and worthy of further 
development. The main problems encountered were:- 

1. Lack of reliability of the radio control system, 
due to problems with aerials. 

2. Lack of picture quality - whilst adequate views 
were possible, there was much scope for 
improvement. 

3 FURTHER DEVELOPMENT OF REMOTE 
MINING 

In June 1993 ACARP Project No. C3035 
commenced. The objective of this project is to reduce 
the existing barriers associated with remote control 
outburst mining at Tahmoor and to set up a system 
which is expandable and safer with improved control 
and improved monitoring. The improvements in real 
time monitoring will enable historical data to be 
evaluated which eventually may assist in future 
outburst prediction. 

The development of the separately ventilated control 
room for use in the hazardous zone means that the 
face miner machine condition plus CH4 and CO;! real 
time information is immediately available to the 
outburst team. The environment inside the control 
room is continually monitored for methane and 
flushed with filtered air from outbye the hazardous 
zone. The electrical equipment used inside the 
separately ventilated control room does not have to be 
intrinsically safe or flameproof. 

Spread spectrum power line carrier, used for 
control as well as monitoring, will provide more 
flexibility. No additional signal cables will have to be 
installed for monitoring and control. The monitoring 
and control can be carried out from any point along 
the panel power supply system and the driver will be 
able to adjust the miner cutter head and conveyor 
control hysteresis from inside the control room. 

The computer Screen inside the separately ventilated 
control room will display real time information for 
cutter head position, cutter motor current, pump 
current and conveyor current. Real time trend 
information on face 9% methane and 9% carbon dioxide 
will also be available on the same screen. 

The miner driver will sit in front of two video 
monitors which will receive signals from cameras at 
the face. The method of video signal transmission 
will be by low power microwave. There will be one 
intrinsically safe (I.S.) battery powered camera 
mounted to the mine roof near the rib and adjacent to 
the ABM20 mine conveyor. This camera will be 
focussed on the cutter head and will also cover the 
area where the operators stand whilst they are 
bolting. The I.S. battery used to power the camera 
will also power the microwave video transmitter. 
This battery will have more than enough capacity to 
run the camera and transmitter for one shift. Video 
transmission will be assisted by passive repeaters 
which will be mounted to the mine roof at the 
intersections. These repeaters will enable the video 
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signal to negotiate the comers between the camera 
and the control room. 

The second camera, to be positioned near the face, 
is not intrinsically safe. We were impressed with the 
performance of this camera during selection trials so 
decided to mount this camera in a flameproof 
enclosure which will be mounted near the hungry 
board of the shuttle car. The miner driver will know 
when to start the shuttle car conveyor flights and 
when to stop the miner conveyor by viewing the 
monitor screen for this camera. 

During the cutting cycle the miner driver will 
control the ABM20 miner from his seat which is 
inside the separately ventilated control room. He will 
use the same radio control transmitter to control the 
miner from this position as he would use when at the 
face during the bolting cycle. This transmitter has an 
outburst mode which will be selected during outburst 
mining. When the transmitter is in outburst mode the 
driver can remote control: 

I .  The lowering and raising of the miner canopy 
whilst at the face during the bolting cycle; and 

2. When operated from inside the control room 
will have two additional select functions which 
control the shuttle car flights and provide a means of 
disconnecting power to the shuttle car and miner by 
opening the shuttle car and miner pilot circuits. 

When the driver is using the radio control 
transmitter inside the control room there is a receiver 
directly in front of him which connects to a modem 
and power line carrier interface unit. All control 
commands from the control room are via power line 
carrier to the miner and to the shuttle car. 

Audio from the face will be transmitted to the 
control room via the video link. 

A video recorder will be part of the separately 
ventilated control room furniture and will record the 
signal from the face 1.S camera. The recorder is a 

good quahty surveillance recorder with time, date and 
24 hour playback mode. 

The separately ventilated control room has an 
enclosed area for the miner driver and monitoring 
control equipment. At the inbye end there is an open 
area with seating and rescue equipment. The open 
area is where the rescue operators can sit whilst other 
operators are at the face during the bolting cycle. The 
rescue operators can view the camera monitors 
through the room inbye windows whilst bolting is in 
progress at the face. 

The separately ventilated control room is on wheels 
and has a draw bar. When the room is towed into 
position the wheels can be raised which lowers the 
floor and the roof of the room can be raised to a 
maximum height of 2.3m. This provides the miner 
driver with maximum available height. 

The ventilation ducting from the outbye blower to 
the room made up from 1OOmm I.D., 20 metre 
lengths of spiral wire supported FRAS hose. Each 
20 metre length has camlock fittings and attached dust 
covers for use when stored as individual lengths. 

The outbye blower is a small 2.2KW unit 
manufactured to meet the Mines Department MDG3 
guidelines. It is fitted with a fine filter on the inlet 
and will be positioned in service with its filter facing 
the centre of the roadway. The fan will be supported 
by its frame which will be supported from the roof. 

Figure 1 shows the present set up for remote 
control outburst mining without the improvements 
mentioned above. Note the cables from the cameras 
to the video FLP small screen monitor and the coax 
cables used to extend the aerials from the outbye 
control transmitters on the open outburst trailer to the 
face area. There is also one other coax cable and 
inbye aerial which is used to feedback machine and 
methane level information. This information is 
displayed on a small LCD which is part of h e  miner 
control transmitter. 

ABM TRANSMITTER 
& RECIEVER AERIALS SHUTTLE CAR 

REMOTE FLIGHT 

N E  ALL AERIALS h CAMERAS MUST 
BE MOVED FORWARD AS 

(le 5 CABLES) POWER BOAR0 
ABM-20 ADVANCES 

R 

I . 
POWER TRANSFORMER 

DlSTRlBUTlON 
BOX 

Fig. 1 Present system 
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Fig. 3 Separately Ventilated purged control room 

Figure 2 shows the new system using the 
separately ventilated control room, microwave video 
transmission and power line carrier for monitoring 
and control. A much tidier and easier system to set 
up with the additional advantages of the refinements 
in control and monitoring. The outbye blower is 
positioned outbye the hazardous zone. 
Figure 3 shows a layout of thc separately ventilated 
room. 

OUTBYE 

4 CURRENT STATUS OF PROJECT 

As of August, 1994, the design and manufacture of 
the room, communications and control systems is 
completed. All the relevant approvals have been 
received. It is intended to mine through a simulated 
outburst zone in September, 1994, as "unfortunately" 
there are no known outburst zones to be mined at 
Tahmoor in the near future. 
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5 CONCLUSIONS 

Remote monitoring of coal under conditions of an 
outburst danger is a distinct possibility. The system 
with an ABM20 machine has been successfully tried. 
The new proposed system would provide a much 
better quality of picture and feedback on C02 and 
CH4 gas information on real time basis and may help 
in predicting an outburst. The control and monitoring 
using power line carrier gives increased range. As 
soon as the approval for the microwave transmission 
system is obtained, the system will go underground 
€or trial. 
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Prevention of sudden outbursts hazards in coal faces by means of control of state of stress 
and strain of coal and rock mass 

Yu. L. Khoudin 
Skochinsky Insritule of Mining, Lyubertsy, Russia 

ABSTRACT: A method of analysis of state of stress and strain of coal and rock mass liable to outbursts is 
described. This method allows to select rational parameters for coal mining assuring a higher safety when 
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mining seams liable to outbursts. 

Underground coal mining is associated with rocks 
displacement and deformation resulting in disturbance 
of rock mass and natural condition. When carrying 
out mining operations, different stressed zones are 
formed in the rock mass, thus imposing restraint in 
mining, especially in seams liable to outbursts. 

Mining operations produce redistribution of rock 
pressure and the nature of rock pressure 
manifestation determines to a great extent the 
efficiency and safety of various methods of mining 
and development operations. Potential changes in 
rock pressure manifestations in mining and 
development operations must be determined in 
advance with a sufficient degree of trustworthiness 
and taken into account both at the stage of design 
work and at the stage of operation. To achieve this, 
special analytical studies and calculations are needed. 

From 1986 to 1990 a method of analysis of state of 
stress and strain of coal and rock mass was 
developed by Skochinsky Institute of Mining in co- 
operation with the State Academy of Mining of 
Ukraine within the "Programme for Development of a 
Safe Technology of Mining of Coal Seams liable to 
Outbursts in Donetsk basin" (Savostyanov, 1992). 

The reliability and the efficiency of this method has 
been confirmed by the results of its testing at Donetsk 
basin mines (Ukraine) for the solution of different 
geomechanical problems. 

Unlike other known methods, this method allows 
to take into account non-homogeneous structure of 
rock mass and its mechanical properties, rock 
foliation and technological parameters. Rock mass is 
considered as a complex multicomponent system, 
consisting of layers of different lithological series. 
Every layer is considered as a spring beam, i.e. a 
strip restrained non-rigidly along the contour of the 
face, for which the mechanical properties such as 
modulus of elasticity, Poisson's ratio, tensile and 
compressive strengths as well as the rigidity of the 
system "layered-bed" are determined. 

When driving a working, the displacement of beds 
overlying the coal seam occurs with successful 
bending of the layers. The rock strains propagate 
into the rock mass away from the working. In the 
beds overlying the coal seam that consists of rock 
layers of different strength with weak contact bonds, 
rock displacement involves foliation and horizontal 
shifts of layers relative to each other. 

The curves of subsidence of layers have inflection 
points at which the curvature changes its sign. These 
points mark the boundary of the support zone, and 
overlying rocks pressure at these points is minimal. 
Because of bending of layers interaction is 
characterised by a non-uniform loading. The 
parameters of the curves of loading of layers are 
established according to their rigidity taking into 
account the yielding of bed rock, seam depth and 
thickness, workings geometry, methods of roof 
control and other factors. The influence of rate of 
face advance and time on displacement parameters are 
taken into account depending upon variation of 
mechanical properties determined in-situ. 
Particularities of a three-dimensional problem are 
taken into consideration, based on Prof. V. D. 
Slesarevk hypothesis of means of measuring the 
loading of layers at equivalent length intervals. This 
method allows to perform a computer assisted 
analysis of state of stress and strain of coal and rock 
mass for specific mining and geological conditions of 
the seam to be mined. 

It has been found that the drivage of a working 
causes an anomaly in strain distribution in the support 
zone in front of the working over the rock mass. 
Strain distribution in the support zone and its 
parameters are irregular along the perimeter of the 
workings. 

Over the central part of the face the peak of support 
pressure is away from the face, and at face ends it 
approaches rock exposure plane. When coal mining, 
strain in this zone is redistributed due to extension of 
area of rock exposure and decrease of width of zone 



of support. The value of stresses in the face 
immediately at the moment of coal extraction Rpr 
depends on mining rate (rate of shearer advance), Vk; 
web width extracted, rk; support resistance, Ry ; 
thickness of the first layer of the immediate roof hH1, 
method of roof control (stowing or caving), presence 
or absence of higher rock pressure zones, mining 
depth H, face length 1, average face advance per day, 
V; thickness of hard enclosing rocks (if present) near 
the face, hocp. 

The main parameters of coal mining technology are 
width of the layer being extracted, mining rate (rate of 
mining machine advance), and coal face advance rate. 
In order to avoid coal fracturing occurring in an 
avalanche at the face, it is necessary to carry out coal 
extraction at a rate lower than the critical rate. At 
such a rate of coal mining the strains generated in the 
face will be lower than the temporary coal strength 
that prevents it from forming vertical fractures at the 
face and thus creates conditions that avoid coal and 
gas outbursts occurring a t  the moment of coal 
extraction. Based on it, the essential condition can be 
established at which the parameters of coal mining 
method used under specific rock pressure conditions 
of the seam liable to coal and gas outbursts should 
correspond. The strains in the face at the moment of 
coal extraction should be lower than the temporary 
strength of coal at the seam contour zone, e.g. the 
inequality R p r d y  should be fulfilled. 
As an example, the results of analytical studies on 

state of stress and strain of rock mass liable to 
outbursts are presented below. These studies have 
been performed on highly outburst hazard seam h6' 
"Smolyaninovsky" in the experimental district of 
Skochinsky mine (Donbass, Ukraine) where at a 
depth of 1,250 m a protection pillar was cut under the 
shafts of Abakoumov mine. 

In the zone of the pillar cutting, the seam thickness 
is 1.2-1.5 m, its angle of dip is 10-12 degrees. It is 
liable to self-ignition and is rather risky to coal and 
gas outbursts. During mine construction and 
operation 4,520 coal, rock and gas outbursts were 
registered, including 3,505 outbursts of gas and 
sandstone. The volume of outbursts ranges from 50- 
80 t to 800-2,OOO t of coal and from 20 to 1,600 m3 
of rock. The outbursts are associated with a high 
methane emission (100,OOO m3 and more). 

The immediate roof of the coal seam consists of 
clay shale with a strength of 50-60 MPa under 
uniaxial compression. The seam floor consists of 
0.6-1.0 m thick sandy shale of medium stability, and 
under the floor occur 30-50 m thick outburst hazard 
sandstones. 

Mining of the seam in the zone of protective pillar 
location was carried out by shortwall advancing 
method (face length - 55 m) with roadways 
maintained behind the face with pack walls of broken 
rock obtained from the goaf. 

The curves of the seam loading for this mining 
district at advance rate of 1.2 and 4 m/day were 
constructed based on the results of calculations (Fig. 
1). 

u IU a7 3-3 - - v u - m  
Length of high pressure zone, m 

Fig. 1. Curves of support pressure in the coal seam 

As shown in Fig. 1, the curve of rock pressure has 
one peak and does not change its form as coal face 
advance rate increases. High pressure zone 
propagates into the rock mass for 15-18 m from the 
edge of the coal seam. Loading of the seam in the 
zone of maximum pressure is 52-55 MPa. Based on 
the parameters of the pressure zone, it is possible to 
determine the loads along the edge of the seam at the 
moment of coal extraction. Special calculations have 
been performed to find these loads. Based on the 
results of calculations, a diagram of the coal seam 
loading at its contour zone at the moment of coal 
extraction with a shearer has been constructed 
(Fig. 2). 

f2l 2 /  4 3' 

& I------ -- 

n 

Fig. 2. Variation of strains in the seam contour zone 
at the moment of coal extraction with a shearer at 
different mining and the face advance rates. 

1, 2, 3 - strains in the face at coal mining rate 
of 1.5 m/min and face advance rate of 
1 , 2  and 4 m/day respectively; 

l ' ,  2', 3' - the same parameters at coal mining 
rate of 2.5 d m i n  and face advance 
rate of 1, 2 and 4 d d a y  respectively; 

4 - temporary coal strength. 
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Fig. 3. Nomographs for selection of parameters 
of coal mining with a shearer. 

Vk - mining rate (shearer advance rate), d m i n ;  
V - average rate of coal face advance, dday ;  
rk - web width, m; 
lg - facelength, m; 
H - miningdepth,m; 
Rpr - stresses in the face, MPa; 
hH(1) - thickness of the first layer of the 

Rkp - resistance of the face support, kN/m; 
a - distance between the seam and the 

hocp - thickness of the main roof, m. 

immediate roof, m; 

immediate roof, m; 

The temporary coal strength in the contour zone of 
the experimental district is determined based on the 
data of direct measurements carried out in the field in 
seam h'6 "Smolyaninovsky". The diagram shows 
that mining rate (shearer advance rate) significantly 
affects the stressed state of the seam. At coal face 
advance of 1.2 and 4 m/day and coal extraction rate 
of 1.5 m/day vertical fracture formation in the face is 
excluded, and so the probability of outburst hazard 
arising at the face is eliminated. On the contrary, at 
coal mining rate of 2.5 m/min and coal face advance 
rate of 2 and 4 m/day vertical fractures are formed, 
i.e. conditions arise for coal mass fracturing in 
avalanche in the near-contour zone. 

Analytical studies of state of stress and strain of 
outburst hazard have been conducted using the 
method suggested for different technological schemes 
and parameters of mining of gently dipping liable to 
outbursts seams of Donbass (Ukraine). The results 
of these studies have been summarised and 
nornographs have been developed for coal mining 
methods and selection of parameters (Fig. 3). 

CONCLUSIONS 

Rational parameters of coal mining under concrete 
mining and geological conditions of the seams liable 
to outbursts should be determined at stages of mine 
district design and operation. If properly chosen, 
these parameters will contribute to mining safety 
increase in specific mine districts (Kozlovchounas, 
Razoumnyak, Poudak and Savostyanov, 1991). 

REFERENCES 

I .  Savostyanov, A.V. 1992. Control of rock massif 
condition. UMK BO:274. 

2. Kozlovchounas, E.F., Razoumnyak, N.L., 
Poudak, V.V. & Savostyanov, A.V. 1991. 
Mining of gently dipping outburst hazard coal 
seam in Donetsk basin, p. 1-48, Moscow. 

51 1 



12 

Drilling Technology 



Int. Symp. cum Workshop on Managemeni & Conirol of High Gar Emission & Outbursts 
Wollongong, 20-24 March, 1995 

Drilling highly deviated and horizontal wells through tectonically stressed and fractured 
coal reservoirs 

D. Nguyen, M. Agawani and S. S. Rahman 
Cenlre f o r  Petroleum Engineering, Universiry of New Souih Wales, Sydney, Australia 

ABSTRACT: Deviated and horizontal drilling has a great potential in controlling methane gas outbursts in coal 
mines and commercial exploitation of methane gas from coal reservoirs. Application of this drilling technology 
has been very limited due to lack of tools and methods for confining methane gas and maintaining 
predetermined drilling direction. This paper describes the conventional horizontal well drilling equipment and 
practices, and their application to the drainage of methane from coal reservoirs. It also describes new tools and 
methods for drilling horizontal wells from shaft bottoms while containing methane gas and maintaining the 
drilling direction. Novel and field practices to overcome drilling problems, such as excessive torque and drag, 
hole stability, cuttings removal and fluid loss are discussed. 

1 INTRODUCTION 

Coal seams in certain areas of the world contain large 
volumes of methane gas, To the mining industry, 
this gas is basically a safety hazard (early coal mining 
was plagued with gas outbursts and explosions) 
which must be drained before mining operations can 
begin. But recently, with the advent of horizontal 
drilling technology in the petroleum industry, this gas 
has become an exploitable resource that holds 
significant economic potential because of shallow 
drilling and the promise of long well life. 

Two of the most commonly used techniques of 
methane drainage from coal seams are: (1) methane 
drainage with long horizontal holes drilled from the 
surface (see Fig. 1) and (2) with horizontal boreholes 
from shaft bottoms. Of these two methods, the use 
of wells drilled from the surface is more common. 
Most commonly encountered problems in drilling 
these horizontal wells are: 

1. High torque and drag because of the tendency of 
the drill pipe to lie on the low side of the hole. 

2. Removal of cuttings: in horizontal wellbores, 
drill cuttings tend to settle on the low side of the 
holes. Continued build-up of cuttings will increase 
the risk of pipe sticking. 

3. Borehole instability because of  (a) overburden 
pressure of overlaying formations which acts directly 
on the wall of the drilled hole and, in addition, 
drilling fluid does not provide any supporting 
hydrostatic pressure; (b) shale swelling; and 
(c) naturally fractured formations. 

4. Fluid loss due to the presence of fractures in 
coal reservoirs. 

This paper describes the equipment and methods 
employed in the two above-mentioned drilling 

practices. Methods used to overcome the drilling 
problems are also discussed. 

Fig. 1. Drilling from the surface. 

2 DRILLING EQUIPMENT & PROCEDURE 

2.1 Drilling &om the surface 

Horizontal drilling is a comparatively new technique. 
Since coal seams may only be a few feet thick, a 
small diameter horizontal well can be drilled and 
oriented to coincide with the direction of maximum 
permeability through the coal seam in order to drain 
the methane. 

A horizontal well may be defined as a well which'is 
drilled to an inclination of 90 degrees and this 
inclination is maintained for a significant distance. 
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There are three main types of horizontal wells 
which are defined by the rate at which the radius of 
curvature is built: long-radius, medium-radius and 
short-radius wells. Long-radius wells are drilled at 
an inclination of 2 to 6 degreedl00 f t  with a 
horizontal section of, on average, 3500 ft; medium- 
radius wells build at an angle of 8 to 50 degrees/100 
ft with an average horizontal section of up to 2500 ft; 
and short-radius wells build at an angle of 1.5 to 3 
degrees/ft with a relatively short horizontal section of 
700 ft (see Fig. 2). Generally, long-radius and 
medium-radius wells are drilled with conventional or 
slightly modified equipment using standard 
directional drilling practices to build at moderate 
rates. Short-radius wells use specially designed 
equipment and drilling techniques to make it possible 
to drill, complete and produce through rapid changes 
in hole angle. 

PDM, which is located immediately above the bit in a 
BHA, to drive the bit without rotating the drill string 
(this is known as sliding mode). The PDM is 
powered by mud displacing a helical shaft that rotates 
inside a rubber housing and turns the bit up to several 
hundred revolutions per minute. 

The deflection is provided by: (a) a bent sub placed 
above the motor, or (b) a bent housing built in the 
bottom section of the motor (steerable motor). By 
introducing the bent closer to the bit the effect of 
deflection on the side force at the bit increases and the 
offset of the bit can be reduced significantly. 
Therefore, for this reason, the steerable motor 
assembly can be used in sliding mode as well as 
rotary mode (Le., when rotary table or top drive is 
engaged to rotate the drill string), and the initial bit 
si& loading created 
with the drill string, 
effect (see Fig. 6). 

by the small bit offset rotates 
thereby, negates its deviating 

.:. : . .  
D 
I 

Pay Zone 

Fig. 2. Long-radius, medium-radius and short-radius wells (after Agawani and Rahman, 1990). 

The following paragraphs describe briefly some of 
the principal tools used for drilling horizontal wells: 
(a) Top drive system: turns the drillpipe directly, 
rather than using a rotary table. 
(b) Stabilisers: are used in bottom hole assemblies 
(BHA) to control borehole trajectory and prevent the 
BHA above the bit from touching the borehole wall, 
reducing the risk of getting stuck. 
(c) Downhole adjustable stabiliser (Fig. 3):  is 
usually used in straight sections of the well. It 
enables the directional driller to change the build/drop 
tendency of a BHA, without pulling out of the hole. 
The stabiliser gauge is changed downhole by varying 
the weight on bit, and is locked in place by 
controlling the flow rate. 
(d) Positive displacement motors (PDM) and bent 
sub (Fig. 4) or bent housing (Fig. 5): The most 
common deflection technique involves running a 

(e) Surveying and logging tools, i.e., measurement- 
while-drilling (MWD) and logging-while-drilling 
(LWD).  The objectives of surveying tools are as 
follows: 

To monitor the actual well path as drilling 
progresses, thus not to miss the target. 
To orient deflection tools in the required direction, 
when needed. 
To ensure that the well being drilled will not 
intersect with an existing well nearby. 
To determine the exact bottom hole location of the 
well. This will help monitor the reservoir 
performance, and also drill a relief well if 
necessary. 
To evaluate dog-leg severity along the course of 
the wellbore. 
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drill 

Fig. 3. Downhole adjustable stabiliser 
(after Schlumberger Oilfield Review, 1990). 

collars 

motor 

Fig. 4. Downhole motor with a bcnt sub 
(after Inglis, 1987). 

Fig. 5. Downhole motor with a bent housing 
(after AnadrilYSchlumberger Catalogue, 1994). 

The MWD tools, normally include three 
magnetometers and three inclinometers, indicate the 
exact hole trajectory. The LWD equipment collect 
data which are used mainly for real-time correlation, 
pore pressure prediction and geo-steering. LWD 
tools usually include electromagnetic resistivity, 
spectral gamma ray, lithology density and neutron 
porosity instruments, housed in special drill collars. 

Drilling short-radius wells also requires the 

(f) Non-rotating shell: is cut through the pipe wall 
which extends to two thirds of the circumference of 
the pipe. These cuts give the non-rotating shell the 
flexibility necessary to traverse the vertical hole above 
the kick-off point (KOP). They also allow the curved 
drill guide to return to its curved shape as it deviates 
the borehole. 
(g) Flexible drive pipe: is 20 ft long and used to tie 
the vertical string rotation to the BHA. A flexible 
liner permits fluid circulation through the drive pipe. 

following tools: 
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outward tilt of bit 
(not to scale) 

Fig. 6. Drilling with a steerable system in rotary or 
sliding modes (after Schlumberger 

Oilfield Review, 1990) 

Drilling technique and drill string considerations 

Two methods are used to rotate the bit: surface drive 
and/or downhole motors. The surface drive can be 
performed with a rotary table or by a top-drive 
system. The downhole source of power is usually 
the positive displacement motor which is powered by 
mud flow. 

A surface rotated BHA (Fig. 7) consists of 
stabilisers, drill collars and MWD and LWD tools. 
The placement and size of stabilisers control the 
inclination. Assemblies can be designed to build 
angle, hold it steady or drop angle. With the use of a 
downhole adjustable stabiliser, a single BHA can 
serve for building and holding, or dropping and 
holding. 

A downhole steerable BHA (Fig. 8) consists of a 
motor with a bent housing, stabilisers, drill collars, 
MWD and LWD tools. The rate of change of hole 
trajectory can be controlled by the degree of bend in 
the motor, placement and size of stabilisers, and 
drilling modes. When the surface drive is engaged, 
the steerable BHA behaves like a normal holding 
rotary BHA and maintains inclination and azimuth. 
While in sliding mode, only the downhole motor 
is engaged to drive the bit, in this mode, building, 

Downhole- 
adjustable 
stabilizer 

Pony collar 

Stabilizer 

Orill collar 

Stabilizer 

MWD/LWD 

Fig. 7. A typical surface rotated BHA 
(after AnadrilY Schlumberger Catalogue, 199 1). 

dropping and turning can be served by orienting the 
deflection in the desired direction. 

Directional control of the wellbore in a horizontal 
hole is more difficult than in conventional drilling 
operations because the performance of directional 
drilling assemblies at very high angles is not well 
established. In recent years, this problem has been 
overcome by designing an optimal BHA 
configuration for a given well trajectory with the use 
of a mechanical model and post-drilling data analysis 
(Agawani et al., 1994 a&b). MWD tools are also 
used in conjunction with computer models for 
continuous survey and orientation. 

A typical horizontal well profile can be divided into 
four sections (see Fig. 9) as follows: 
1. Section I: the well is drilled vertically to the KOP; 
2 .  Section ZZ: where the well is kicked from vertical 

and built up to an inclination of about 60 degrees; 
3.  Section ZZI: the last portion of the build curve, i.e., 

from 60 to 90 degrees; and 
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Fig. 8. A typical downhole steerable BHA 
(after LWD Manual by Schlumberger, 1993). 

4. Section IV: the horizontal part of the build curve to 

Drilling technique and drill string considerations 
(see Fig. 10) for a horizontal well are as follows: 
1. Section I: is typically drilled with a conventional 

the top of the BHA. 

rotary assembly. 

1 
1 
1 

Section I 

v 

i 
Sacion I I  

Fig. 9. A typical horizontal well profile. 

2.  

3. 

4 

- 

#-Drill Pipe 

[/;el Drill Collars 

Heavy Weight Drill Pipe 

uminum Drill Pipe 

Bent Housing 
Non-magnetic 
Drill Collars 

Fig. 10. A typical BHA configuration for 
different sections in horizontal drilling. 

Section ZZ: a down hole motor with a bent housing 
or a bent sub are used for the initial kick-off. 
Rotary building assemblies can also be employed 
in the build-up section. The drill string has the 
same requirements as those of section III, except 
that in this section the hole does not contribute 
significantly to the available bit load. 
Section IIZ: same drilling technique as that used in 
section 11. The drill string has the same 
requirements as those of section IV, except that 
the pipe in this interval must also be able to 
handle the bending stresses imposed by the build 
radius. 
Section ZV: is drilled with a steerable motor 
system or rotary assembly using variable gauge 
stabiliser. The drill string used in this section 
must be capable of transmitting the axial and 
torsional loads required during drilling and 
tripping. Minimum frictional toque and drag are 
also required, hence, the use of light weight pipes 
should be considered. 

~ . 2  Drilling from shaft bottoms 

Horizontal holes are often drilled and cored from 
shaft bottoms for the exploration and development of 
coal seams as well as for the drainage of methane 
from the seams. Some of the factors to be considered 
when designing equipment for drilling from shaft 
bottoms are: 

The drilling system must be robust and compact in 
design. This is important because the drilling and 
coring activities are conducted from restricted 
shaft bottoms. 
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The equipment also should permit the use of drill 
pipes commonly used for slim hole drilling in the 
mining industry. 

To overcome the problem of bore hole instability, 
which is commonly encountered while drilling 
horizontal wells through fractured and tectonically 
stressed formations, a horizontal drilling technique 
with a hydraulically supported wellbore pressure 
system was developed (Rahman and Mam, 1991). 
Major drilling components of this drilling equipment 
(see Fig. 11) include the following: a rotating and 
feeding device, a pressure hose, a circulating system, 
a coring device, and a hydraulic system for the 
operation and control of the drilling equipment. 
(a) Rotating and feeding device: is an hydraulically 
operated rail-mounted drilling head which is used for 
the rotation and feeding of drill pipes. The axial 
movement (forward and backward) of the rotary 
device is controlled by means of a chain drive 
mechanism. The  rotating head, which also 
incorporates a collect chuck and a cylindrical spindle, 
is custom built and integrated to a hydraulic motor of 

variable speed ranging from 10 to 750 revolutions per 
minute. 
b) The pressure hose: is an assemblage of a series 
of pressure control equipment such as a rotating 
preventer, a bucket preventer, two tongs, two ball 
valves, an hydraulic flange coupling, and a cross- 
piece (see Fig. 11). The pressure hose is an 
extension of the wellhead and allows a constant 
pressure level to be maintained during all phases of 
drilling and coring operations. 
(c) Circulating system: consists of a triplex piston 
pump, rotating swivel, mud compensating tanks, 
pressure control valve, cleaning tanks, and a mud pit. 
An auxiliary piston pump with a pressure regulator is 
also connected to the circulating system. This will 
make up for any pressure losses that might occur in 
the system. 
(d) Coring device: A wireline coring tool presently 
being used by the coring industry was modified and 
adopted to the system so that the inner core barrel can 
be pumped down and retrieved while maintaining a 
constant pressure head. 

I K TONG I !  

HYDRAUUC MOTOR 

STUFFING BOX 

Fig. 11. Schematic presentation of horizontal drilling equipment (alter Rahman and M a x ,  1991). 
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(e) Hydraulic system: All the equipment including 
drilling and pumping units are operated and 
controlled by means of a hydraulic unit whose pump 
is driven by an electric motor of 100 kW capacity. 

The developed system has been tested in the 
laboratory as well as in the field and the results have 
been encouraging despite the encounter of a few 
operational problems. Figs. 12 and 13 describe the 
operations involved in drilling and coring from shaft 
bottoms. 

3 DRILLING PROBLEMS 

3.1 Excessive torque Qnd drag 

A combination of mud programming and design of 
BHA should be considered to minimise the friction 
recorded when the pipes are lying along the low side 
of the hole. 

Oil mud can alleviate problems associated with 
shale hydration and increase wellbore lubricity. Mud 
additives can also help relieve torque problems, such 
as Torque Trim acting as a lubricant, and glass beads 
which act as ball bearings when embedded in the mud 
cake. Thus, they will help minimise torque, drag, 
and wall sticking tendencies. 

Generally, the use of light and more buoyant 
aluminium drill pipes should be considered for most 
of the string in the horizontal section: this reduces the 
torsional and axial drag caused by friction. 

The use of non-rotating drill pipe and non-rotating 
stabiliser also helps reduce torque. 

3.2 Hole cleaning 

Any precautions taken to avoid stuck pipes in 
conventional wells apply also to horizontal wells. In 
addition to these, some other techniques may be 
employed, they are: 
(a) Eccentric tool joints: as the drill string rotates, 
the eccentric tool joints will stir up any cuttings that 
have been built up and return them to the main flow 
stream. 
(b) Reverse circulating subs: these can be made up 
as part of the BHA to direct flow from the drill string 
into the annulus to move cuttings off the side of the 
borehole. 
(c) Top drive system: pipes often become stuck 
when tripping out of the hole in an unstable 
formation. This may also due to cuttings settling out 
after circulation has stopped. When stuck pipes are 
detected, circulation and rotation of the string should 
begin as quickly as possible. The top drive system 
can be quickly stabbed into the top joint of the drill 
pipe during tripping to allow rotation and circulation 
as the pipes being pulled out of the hole. In this 
process, which is known as “back reaming”, the 
cuttings are reground to reduce a proportion of the 
solids to a very fine powder. This can help improve 
the cuttings return, however it places a great strain on 

the solids control equipment to maintain the desired 
property of the drilling fluid. 
(d) Mud properties: must be carefully tailored to 
achieve good hole cleaning. The most important 
parameter is the yield point of mud, which may have 
to be increased considerably in horizontal wells. 

It should also be noted that the annular velocity 
must remain high enough to remove these cuttings 
effectively. Experiences show that it is sometimes 
necessary to exceed the maximum recommended 
pressure drop over the motor to achieve sufficient 
velocity. Although this will shorten the motor 
stator’s and bearing’s lives, it is considered to be a 
worthwhile sacrifice. 

3.3 Wellbore instability 

Boreholes can fail by fracturing or sloughing. This is 
because of the stresses imposed by drilling fluids are 
different from intrinsic stresses in the rock, and 
chemical changes that occur from mud/formation 
interactions, deformation or failure of the borehole 
during drilling. 

Mechanical borehole stability can be estimated with 
rock failure models, which predict the maximum and 
minimum mud weights between which drilling can 
safely proceed without inducing tensile failure of the 
well from excess mud weight, or sloughing from 
insufficient mud weight (Tan and Rahman, 1994). 

3.4 Fluid loss 

Due to the presence of natural fractures, most coal 
reservoirs are susceptible to fluid loss while drilling 
overbalance. Most effective method of overcoming 
this problem is to use fluid loss control additives. 
Commonly used fluid loss additives are of two types: 
(1) water soluble polymeric materials and (2) 
bridging materials. 
(a) Polymeric materials: these are cellulose 
derivatives, organic acid blends and synthetic co- 
polymers. These polymers control the fluid loss by 
dispersing the solids in drilling mud or by making the 
liquid phase of mud more viscous, which offers 
increased resistance to flow, or combination of the 
above two. 
(b) Bridging materials: on the other hand are 
granular materials with particle size ranging from a 
couple of micrometres to a few millimetres. They 
control fluid loss by forrning bridges across pore 
openings and fractures. Typical materials used are 
fine to microfine calcium carbonates, gilsonite, perlite 
and kolite; celluphane flakes, walnut granules, and 
fibrous materials such as lignin, tenin, nylon, etc. 
Selection of materials and their particles size must be 
made based on fracture openings. For detailed 
information readers should refer to the short-course 
materials on drilling and cementing (Rahman, 1993- 
94). 
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Fig. 12. Drilling operation being canied out from a shaft bottom (after Rahman and Mm, 1991). 
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Fig. 13a. Schematic presentation of coring operation. Fig. 13b. Schematic presentation of coring operation. 
(alter Rahman and Man, 1991). 
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CONCLUSIONS 

Use of horizontal wells for methane drainage has 
great potential not only in preventing gas 
outbursts in coal mines but also in its commercial 
exploitation of methane gas from coal reservoirs. 
Drilling horizontal wells from the surface can 
usually be used for both exploration of coal and 
commercial exploitation of methane gas. 
Whereas, drilling horizontal wells from shaft 
bottoms can prevent gas outbursts, loss of mines 
and consequent human tragedies. 
Drilling horizontal wells from shaft bottoms 
requires development of specially designed tools 
and techniques to contain methane gas and 
maintain hole stability. 
Problems associated with horizontal drilling such 
as high torque and drag, removal of cuttings, 
fluid loss and wellbore instability need to be 
addressed appropriately so that the cost of drilling 
these wells can be substantially reduced. 
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Innovative in-mine gas recovery techniques implemented by Resource Enterprises 

Stephen J. Kravits 
Jianliang Li 
REI Drilling, Inc., Salt Lake City, UT, USA 

ABSTRACT: Adverse geologic conditions including less than desirable reservoir conditions, have required the 
development of innovative techniques to improve gas recovery. Such techniques include in-mine horizontal gob 
boreholes, in-mine hydraulic fracture stimulation and in-mine reservoir testing. These techniques have been 
formulated, implemented and evaluated by Resource Enterprises and demonstrate considerate potential for 
increasing gas recovery. 

1 INTRODUCT'ION 

REI Drilling, Inc., (REID) a wholly owned 
subsidiary of Resource Energy, Inc., dba, Resource 
Enterprises, based in Salt Lake City, Utah, USA, 
began directionally drilling long (>800 m) in-seam 
boreholes on its pilot gas recovery project at Soldier 
Canyon Mine, near Price, Utah in 1982 (Schwoebel, 
1987). In the spring of 1990, REID began an 
expansion of its underground contract directional 
drilling services ultimately to a four drill capacity. 
Since that time, REID has drilled approximately 50 
kilometers of in-mine borehole primarily for methane 
drainage, for fourteen mines in seven North 
American coal basins. During this period, REID 
developed and implemented several innovative gas 
drainage techniques tailored to satisfy specific and 
sometimes, adverse geologic, reservoir and mining 
conditions. The purpose of this paper is to briefly 
describe three of these techniques and their results. 
The techniques discussed include: (1) in-mine, 
directionally drilled horizontal gob (goaf) boreholes, 
(2) hydraulic fracture stimulation of in-mine, 
directionally drilled boreholes to enhance gas 
recovery, and (3) reservoir testing of in-mine 
boreholes to estimate cleat permeability and reservoir 
pressure. 

2 INNOVATIVE TECHNIQUES 

2.1 In-Mine Horizontal Gab Boreholes 

Of the three gob degasification techniques available, 
surface drilled gob wells are the most commonly 
practiced technique in the United States (Figure 1). 
Three to six gob wells are typically installed per 
longwall panel to capture gas before it migrates into 
the mine ventilation. Gob gas can flow to the surface 
by natural convection via the well, however, 
blower/exhausters are typically used to significantly 
increase gas flow. Gob gas quality can range from 
greater than 90 percent to 25 percent methane 
(whereupon federal mandatory statutes require well 
shut-in). Gob gas flows can also vary greatly. 
Generally speaking, peak gob gas production, and 
highest quality gas occur when the gob well is 
intercepted by mining, and then decrease as the 
longwall face advances beyond the well. Surface 
access to drill vertical gob wells is not always 
available. Severe topography, urban areas or lack of 
rights-of-way can prevent gob well installation. 
Furthermore, the effectiveness of gob wells can be 
reduced significantly when water-bearing zones are 
intercepted and when tight compaction of the 
fractured gob occurs. 
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fl Vertical Gob Wells --- 

Figure 1. Gob degasification techniques. 

Cross-measure, rotary drilled boreholes into the 
roof and/or floor strata, are the most common gob 
degasification technique employed in coal mines 
worldwide (except the United States). Mines 
utilizing cross-measure boreholes usually drill a high 
density of boreholes. This is labor intensive both 
during drilling, and during the installation and 
maintenance of the pipeline transporting gas from the 
boreholes. 

REID developed an alternative gob gas drainage 
technique to supplement or replace surface-drilled 
gob wells and cross-measure boreholes. This 
technique incorporates the use of directionally drilled, 
in-mine horizontal gob ventilation boreholes installed 
over and/or under the longwall panel. Targeting 
specific vertical horizons and lateral placement 
relative to the longwall panel, the technique was 
designed to: (1) provide continuous communication 
for gas migration from newly-created fractures 
developed from longwall mining, (2) effectively 
shield gob gas emissions from the mine ventilation, 
(3) eliminate the need for surface access, and (4) 
reduce the overall cost, labor and material required 
for cross-measure borehole installation. 

2.2 In-Mine Hydraulic Fracture Stimulation 

Coal seams often exhibit fairly high gas contents, but 
less than desirable reservoir characteristics including 
low cleat permeability and low reservoir pressure. 

These conditions contribute to poor gas production 
rates from degasification techniques, requiring longer 
degasification times. These reservoir conditions exist 
in the Rock Canyon and Sunnyside coal seams mined 
at the Soldier Canyon Mine where average gas 
production of 800 m long in-seam boreholes is about 
850 m3/d (30 Mcfd). Consequently, REID 
developed permissible equipment and procedures for 
in-mine hydraulic fracture stimulation. These 
procedures included the use of proppant-laden fluid 
as the fracturing fluid to enhance gas production of 
in-seam horizontal boreholes. 

2.3 In-Mine Reservoir Testing 

Representative in-si tu values for coalbed reservoir 
parameters (including cleat permeability and reservoir 
pressure) are not readily available for mine 
degassification applications. REID developed in- 
mine water injection testing procedures using 
permissible pumping and data acquisition equipment 
to collect transient pressure data as a function of time 
and injection rate. This data is used to estimate cleat 
permeability and in-situ pressure which can be used 
as input data for coalbed reservoir simulators. These 
simulators can be used as an engineering tool to 
design an effective degasification strategy by 
estimating the rate of gas emissions into mine 
workings and production rates of degasification 
techniques. 
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3 CASE STUDY RESULTS OF INNOVATIVE 
TECHNIQUES 

3.1 In-Mine Horizontal Gob Boreholes at Cambria 
33 Mine 

Background - Longwall operations mining the 
Lower Kittanning coalbed at the BethEnergy Mines 
Inc. Cambria Slope No. 33 Mine (Cambria) were 
experiencing excessive gob gas emissions even 
though an average of twelve surface vertical gob 
wells were installed in the previous six longwall 
panels (Kravits, et al, 1993). Production delays 
persisted requiring an alternative gob gas drainage 
approach. REID conceptualized, designed and 
implemented 16,000 feet (4,900 m) of 89 mm (3.5 
inch) in-mine, directionally drilled horizontal gob 
boreholes over two longwall panels to supplement 
and compare results to surface gob wells (Figure 2). 

Borehole flow capacity was designed at about 20,000 
m3/d (700 Mcfd) considering, 760 m (2,500 feet) 
borehole length, 89 mm (3.5 inches) diameter, and 
available vacuum of 305 mm (12 inches) mercury 
using the Weymouth formula. U.S. Bureau of 
Mines research indicated that 91 percent of the gob 
gas captured originated from the overlying coalbeds 
(Diamond, et al, 1991). Consequently, it was 
initially decided to target several vertical horizons in 
the vicinity of these coalbeds. Lateral placement with 
at least one borehole positioned close to the tailgate 
entry was based on (1) the ventilation system 
providing a pressure differential from the headgate to 
the tailgate return, and (2) U.S. Bureau of Mines' 
(Diamond, et al, 1993) subsidence information 
indicating a zone of tension at the longwall perimeter, 
perhaps providing increased fracture conductivity. 

CAMBRIA MINE 33 
8 LEFT E - EAST LONGWALL 

Horizontal Distance - - 8L-EE-3 

- 8L-EE-3A 

CAMBRIA MINE 33 

CM2 VERTICAL 
9 LEFT D - EAST LONGWALL 

+ +  + _.-. ........-. .- 
i s 0 6  i8SA 'I119 ,& 

1200 800 400 Og'O 
Horlzontd Dlstsnce 

1 
0 400 BOO i200 I600 2000 2400 

Horizontd Distance 

BOREHOLES 
9L-DE-i 

9L-DE-2 

9L-DE4 

-- 
............... 

BOREHOLES 
9L-CE-i - - - 
9L-CE-2 - - 
9L-CE-3 - 
9L-CE-4 - - - 

Figure 2. In-mine ,Lorizont& gob "oreholes. 
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8 Left E-East Panel Results - The three 
horizontal gob boreholes drilled from the completion 
end of panel 8 Left E-East targeted three vertical 
horizons above the Lower Kittanning coalbed. Gas 
production from the boreholes was connected to the 
CM1 vertical access well and partial vacuum applied. 
About 90 percent of the gob gas produced from the 
three horizontal gob boreholes was from borehole 
8L-EE-1A (76 mm diameter), 18 m above the Lower 
Kittanning coalbed, averaging about 8,500 m3/d (300 
Mcfd). Gas production from 8L-EE-2 borehole, 9 m 
above the Lower Kittanning coalbed did not exceed 
25 percent methane concentration (obviously 
communicating with the ventilation air). Water 
production of 755 liters per minute (200 gallons per 
minute), at times rendered 8L-EE-3A ineffective (this 
borehole intercepted the C’ coalbed). 8L-EE-3A 
stopped producing water 61 m (200 feet) from panel 
completion and averaged 11,400 m3/d (400 Mcfd). 
Evaluation of the gob gas flows indicated that swags 
or dips in the boreholes had to be eliminated to 
facilitate dewatering of the boreholes and prevent gas 
flow stoppage. The horizontal gob boreholes and 
four surface gob wells maintained methane levels at 
mandatory limits. 

9 Left D-East Panel Results - Horizontal gob 
boreholes were drilled from the C-East and D-East 

Approximate Distance Panel Mine, Ft 

ends of panel 9 Left. The C-East horizontal gob 
boreholes (connected to vertical access well CM2) 
were drilled much shorter than 750 m due to concern 
that the boreholes would shear with the first major 
roof cave. Cambria also installed four vertical gob 
wells and seven cross-measure boreholes into the 
roof strata because the highest gob gas emissions 
were experienced at the beginning of the longwall 
panel. Shearing did not occur as gob gas continued 
to flow from boreholes 9L-CE-3 and 4 as the 
longwall face had advanced 300 m (lo00 feet) past 
their ends (Figure 3). 9L-CE- 1 and 2 did not produce 
gob gas as well as 9L-CE-3 and 4, perhaps because 
they did not extend far enough into the fractured gob. 
Gas production from 9L-CE-3 and 4 peaked at about 
43,000 m3/d (1.5 Mmcfd) and for the most part was 
close to estimated flow capacity. However, 
communication in the gob between the horizontal 
boreholes and the vertical gob wells was very 
noticeable. For example, gas production from 9L- 
CE-3 and 4 decreased immediately as gob well 188 
was put on production. As the longwall face 
advanced past the terminus of 9L-CE-3 and 4, CM2 
was throttled back and shut-in when the methane 
concentration decreased to 25 percent. However, 
several times CM2 was produced to reduce methane 
concentration buildup in the tailgate return. 

End of Panel 
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Figure 3. Longwall panel horizontal borehole flow versus face position and borehole length. 
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Figure 4. Low pressure zone created by horizontal gob boreholes. 

Three horizontal gob boreholes were drilled from 
the D-East completion end of the panel, all targeting 
6 m (20 feet) below the C’ coalbed, and were 
connected to the CM3 vertical access well. 
Unfortunately, during the drilling of 9L-DE-3, the 
directional drill was lost in the borehole, severely 
restricting gas flow. Gas production from surface 
gob wells resulted in decreased gas flow from 9L- 
DE-1 and 2. Several vertical gob well shul-in tests 
suggested that the horizontal gob boreholes under 
partial vacuum created a low pressure zone in the 
gob, thereby shielding gas migration from mine 
ventilation (Figure 4). 

In- Min e Horizontal Gob Bore h ole Summary 
- In-mine horizontal gob boreholes used in 
conjunction with vertical gob wells proved effective 
in controlling gob gas at Cambria. With proper 
vertical and lateral placement, and an adequate 
number of boreholes (four were estimated to be 
required at Cambria), it is believed horizontal gob 
boreholes effectively shield the mine ventilation from 
gob gas emissions. The use of horizontal gob 
boreholes may have widespread application in 
foreign coal mines, REID will directionally drill 
(-1000 m) in-mine horizontal gob boreholes in a 
Chinese coal mine (under United Nations’ 
sponsorship), potentially eliminating gas drainage 
galleries installed abovehelow the mined seams from 
which cross-measure boreholes are drilled. 

3.2 In-Mine Hydraulic Fracture Stimulation 

Background - The Sunnyside and Rock Canyon 
coalbeds being mined at Soldier Canyon Mine exhibit 
low cleat permeability and are underpressured. In 
addition, in-seam boreholes are drilled 8 degrees 
downdip with mining direction. Poor production 
rates averaging 860 m3/d (30 Mcfd) from 700 m 
(2,300 feet) in-seam boreholes require significant 
degasification time. Consequently, in 1984, REID 
experimented with in-mine hydraulic fracture 
stimulation of in-seam boreholes using plain water as 
the fracturing fluid. Although signricant increases in 
gas flow were realized, increased flow rates were 
short lived. Through a funding from the State of 
Utah, Office of Energy Services, REID engaged in a 
contract to develop, implement and evaluate in-mine 
hydraulic fracture stimulation techniques using 
proppant laden fluid as an enhanced in-seam borehole 
completion technique. 

Drilling and Pumping Results - Two in-seam 
horizontal methane drainage boreholes were 
directionally drilled into the Sunnyside coal seam at 
Soldier Canyon Mine, namely, SS-1F-1E to 610 m 
(2,000 feet) and, SS-2F-1E to 764 m (2,505 feet) 
(Figure 5) .  An average dry, ash-free, gas content of 
coal core samples collected from SS-2F-1E using a 
spot coring technique (adapting a short core barrel to 
the downhole motor), was determined to be 7.43 
m3/ton (262.2 scf/ton). Pressure transient analysis of 
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the water injectiodfall-off borehole test conducted in 
SS-1F-1E indicated an absolute cleat permeability of 
.21 millidarcies, average seam pressure of 1 mPa 
absolute (142 pounds per square inch) and no near 
wellbore damage (skin). Two in-mine permissible 
electrohydraulically-driven, triple piston frac pumps 
(designed and manufactured under the contract), 
another pump and a straddle packer to isolate selected 
zones, were used to conduct six hydraulic fracture 
stimulation treatments in the boreholes (Figures 6 and 
7). The hydraulic fracture stimulation treatments 
were designed to use water, 6 percent potassium 
chloride and concentrations of up to .12 kg/liter (1 
pound per gallon) of a light weight plastic proppant 
(1.06 specific gravity - divinyl benzene copolymer 
spherical plastic bead), 20-40 mesh, as the fracturing 
slurry. The light weight plastic proppant was chosen 
to simplify mixing procedures underground (e.g., 
not requiring a gel or other viscous fluid). Attempts 
to pump the slurry at .12 kg/liter during the first 
hydraulic fracture treatment in SS-1F-1E were 
unsuccessful. Modifications were made on the frac 
pump valves to increase tolerances, and on the slurry 

mixing system by recirculating unpumped slurry at a 
slight back pressure to keep the proppant in 
suspension. Subsequently, five hydraulic fracture 
stimulation treatments were completed in SS-2F- 1E 
by decreasing the proppant concentration to .03 
kg/liter (1/4 pound per gallon) on subsequent frac 
zones in an attempt to decrease treatment pump 
pressure and maximize installation of slurry volume 
(proppant) in the fracs created. This was performed 
because of poor pump efficiency as low as fifty- 
percent (50) when pumping the proppant slurry at 
pressures greater than 10 mPa (1,500 psi). A 
complete summary of the hydraulic fracture 
treatments, including slurry treatment volumes, 
treatment pressures, and total weight of the proppant 
installed in the fracture intervals is provided in 
Table 1. Compared to the designed installation of 
about 1,136 kg (2,500 pounds) per fracture 
stimulation treatment using proppant concentrations 
of up to .45 kglliter ( 1 pound per gallon), the 
maximum proppant treatment installed was 400 kg 
(882 pounds). 

North 
106,000 106,200 106.400 106.600 106,800 107.000 107.200 107,400 107.600 307.800 108,000 

56,400 

56,600 

56.800 

57,000 

e 4 57.200 

57,400 

57,600 

57,800 

58,000 r 
Depth of Cover: -9,700 Ft. 

Figure 5. Plan view of SS-1F-1E and SS-2F-1E 
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Figure 7. Set-up for in-mine hydraulic fracturing at SCCC mine 

Gas Production and Fracture Analysis - T h e  
most important measure of how effective the 
hydraulic fracture treatments were is the resulting 
increase in gas production. Figure 8 indicates the gas 
production from the two boreholes before and after 
the hydraulic fracture treatments. Gas flow did not 
increase from the unsuccessful fracture treatment 

conducted in SS-1F-IE borehole, although the coal 
formation was broken down. SS-2F-1E borehole gas 
production increased from 992 m3/d (35 Mcfd) to an 
average of 1,445 m3/d (5  1 Mcfd) after five hydraulic 
fractures were completed. This increase in gas flow 
only lasted about four weeks. 
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Table 1 .  Summary of SS-2F-1E borehole hydraulic fracture treatments. 
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Figure 8.  Gas production of boreholes SS-1F-1E and SS-2F-2E. 

Analysis of the hydraulic fracture treatments using 
a state-of-the-art hydraulic fracture computer 
simulation model was completed. Minimum in-situ 
stresses in the roof strata were estimated at slightly 
higher than the Sunnyside coal and slightly lower in 
the floor strata based on actual minimum in-situ 
stress measurements made in similar lithologies in 
other areas. With greater in-situ stress in the 
surrounding strata compared to the coal, the further 
the fracture growth into the coal. Estimation of the 
in-situ stresses indicated a possible fracture height 
growth of 100 to 180 feet into the overlying and 
underlying strata. Fracture wing length was estimated 
to be 100 to 150 feet laterally into the coal. The 
fracture simulator indicated that the fractures were not 
effectively fdled with proppant. Therefore, fracture 
conductivity was not maintained causing relatively 

small and unsustained increases in gas production. 
Interestingly, the estimated fracture lengths were not 
significantly different between the SS-2F- 1E's five 
fracs, indicating smaller volume treatments of higher 
proppant concentration would have been much more 
effective. Furthermore, higher concentration, smaller 
total slurry volume treatments pumped at about 158 
literdminute (42 gallons per minute), of numerous 
intervals, were projected to significantly increase gas 
production an estimated 100 to 150 percent. Because 
the shorter length fractures would be effectively filled 
with a higher concentration of proppant, gas 
production increases would be sustained much 
longer. REID is currently evaluating: (1) redesigning 
the pump valve assemblies to increase slurry pump 
efficiency at proppant concentrations of .45 to .91 
kg/liter (1-2 pound per gallon), and (2) redesigning 
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the fracture treatment design using 40 mesh sand at 
concentrations of .45 to .91 kg/liter (1-2 pound per 
gallon) with gel water. 

3.3 In-Mine Reservoir Testing 

Background - Representative in-situ values for 
coalbed reservoir parameters including cleat 
permeability and reservoir pressure in the vicinity of 
mining are not readily available. REID has 
developed and implemented in-mine water injection 
testing procedures using permissible pumping and 
data acquisition equipment to collect transient 
pressure data as a function of time and injection rate. 
This data is used to estimate cleat permeability and in- 
situ pressure which can be used as input data for 
coalbed methane simulators such as COMETPC 3D 
and COALGAS to design an effective degasification 
strategy by estimating the rate of gas emissions into 
mine workings and production rates of degasification 
techniques (Mavor, et al, 1991). A water injection 
test conducted in the Sunnyside coalbed prior to the 
first hydraulic fracturing stimulation attempt will be 
discussed. REID has conducted water injectiodfall- 
off tests in four separate mines. 

Sunnyside Coalbed Permeabili ty and 
Reservoir Pressure - A water injection test was 
performed in SS-1F-1E borehole interval 470 - 473 
m (1,540 to 1,550 feet) prior to the first in-mine 
hydraulic fracturing stimulation to collect transient 
pressure behavior as a function of time and injection 
rate. This data was evaluated to obtain estimates of 
absolute permeability and in-situ pressure. The water 
injection test was performed by injecting water in a 
zone isolated between two inflatable packer elements 
constituting a balanced piston straddle packer 
(Figure 6). Water was injected at a constant rate of 
3.8 liters/minute (1 gallodminute) for four hours 
using a hydraulically powered positive displacement 
triple piston pump. The pump was then shut off and 
pressure falloff was measured for forty-two (42) 
hours as a function of time with a pressure 
transducer. The fall-off period data was analyzed to 
obtain an estimate of reservoir permeability and 
average reservoir pressure. The results of the test 
analysis included an absolute permeability of .210 
rnillidarcies, average seam pressure of 1 mPa (142 
psia) and no near borehole skin damage. 

Multi-rate analysis was required for the tests 
performed during this study as the test consisted of 
an injection period during which the borehole 
pressure increased followed by a period of no 
injection (fall-off period), during which time the 
pressure decreased. Analysis of the single phase 
injection pressure data required evaluation of the total 
compressibility of the reservoir (Bump, et al, 1988). 
An estimate of pore volume compressibility was not 
available for the Sunnyside coalbed, therefore, data 
obtained from the San Juan Basin Fruitland coalbed 
was used in the analysis. Cleat porosity estimates 
were also not available. San Juan Basin estimates 
have ranged from 0.25 to 2.8 percent from history 
matching field performance and interference test 
analysis, therefore a value of 0.5 percent was chosen 
(Young, et al, 1991 and Mavor, et al, 1991). Gas 
and water property estimates were based upon 
published correlations and were estimated at the 
initial reservoir pressure as determined from the 
testing (Numbere, et al, 1977 and Puri, et ai, 1991). 
Analysis of the data was based upon diagnostic graph 
analysis, specific period analysis, and history 
matching. A diagnostic graph is a presentation of the 
logarithm of the pressure changes measured during a 
test period versus the logarithm of the elapsed time 
during the period. In addition to the pressure 
change, the derivative of the pressure change with 
respect to a multi-rate superposition function is 
calculated and graphed. The derivative graph is an 
effective diagnostic tool to determine the validity of 
the data and is used to determine which portion of the 
pressure data to analyze. 

4 SUMMARY 

Routinely practiced in-mine gas recovery techniques 
are not always effective in controlling methane 
emissions, resulting in costly coal production delays. 
As geologic, reservoir and mining conditions become 
more difficult, developing innovative drainage 
techniques to improve gas recovery become more 
critical. However, developing innovative and cost 
effective, gas recovery techniques take time and 
money, often requiring refinements during 
implementation. REID is committed to continuing its 
effort in developing, implementing, and refining 
innovative in-mine gas recovery techniques. 
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Wollongong, 20-24 March, I995 

In-seam drilling: An update of Australian coal industry's research projects 

John Hanes, 
Geological Consultant, Figtree, NSW. 

ABSTRACT: There are many technical problems which obstruct the proper application of in-seam drilling to 
outburst detection and prevention. The paper summarises the main problems faced by in-seam drilling 
operators and the research supported by ACARP, AMIRA and CMTE to address the problems. 

1 INTRODUCTION 

Outbursts can be controlled with proper application of 
in-seam drilling and successful gas drainage. It has 
only recently been accepted that for outburst prone 
coal, in-seam drilling must be controlled to the extent 
that the trajectory of each hole must be accurately 
located within a narrow envelope and that the gas 
pressure or content of coal ahead of the face must be 
proven to be within acceptable limits before the coal 
can be mined. These requirements demand greater 
control of the drill bit and development of technical 
advances in in-seam drilling than ever before. 

The ACA Workshop "Underground Coal Mining 
Exploration Techniques", 1991 determined that in- 
seam drilling was ACARP's top priority for 
underground coal exploration research. The 
preferred approach for research was to develop a 
comprehensive scope for an integrated research 
initiative, driven by industry needs and priorities. A 
scoping study was conducted in 1993. It defined 
short and longer term research needs (Hanes, 1993a). 

The Exploration Task Force (of ACARP, 
Underground Subcommittee) designed a collaborative 
research program to complement the considerable 
problem solving conducted on short term bases by 
the mines and their suppliers, The ACARP program 
includes several complementary and concurrent 
research initiatives (Hanes, 1993b). The program 
will be conducted over a three year period from 
January, 1994. Total funds of $1,500,000 to 
$2,000,000 are envisaged during the period. Other 
research agencies such as the Cooperative Research 
Centre for Mining Technology and Equipment 
(CMTE) and ACIRL are collaborating in the overall 
program. 

2 DRILL SUPERVISOR SURVEY 

Drilling operators and supervisors assigned the 
highest priority to economically and efficiently 
locating the drill bit with respect to roof and floor and 
in the XY plane. Other problems were assigned 
lower priorities. Problems facing longhole and rotary 
drilling are shown on Figures 1 and 2. Table 1 lists 
the needs for research and development. 

2.1 Drill bit location in XYplane 

The single shot survey camera and the measure- 
while-drilling (MWD) survey tool are used to locate 
the bit in the XY plane and to assess bit inclination. 
Surveying with the single shot tool is very time 
consuming. Two survey tools which reside behind 
the bit are currently approved for use in Australian 
coal mines. One is the Dupont tool and its derivatives 
by AMT (Advanced Mining Technologies) and the 
second is the Drill Scout MWD tool, supplied by 
Surtron Technologies (WA). The former has 
previously relied on acoustic transmission of its data 
to the collar, but because of limitations with this 
system in gassy holes and in response to the 
requirements of industry, AMT now provide their 
MECCA system of cable-in-rod for data 
transmission. The Drill Scout communicates with the 
collar via a cable cassette system. 

For long exploration holes and gas drainage holes 
drilled parallel to proposed development panels, there 
is a need for a reliable real time, behind-the-bit 
monitor which can provide survey data at least at each 
rod change and which can transmit data from the 
planned depth of hole. The above tools should 
satisfy this need. Therefore, no allowance was made 
for research for long hole survey tools in the 1994 or 
1995 ACARP rounds. A comparison of the tools is 
the subject of an AMIRA co-operativc research 
project. 
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Table 1. In-seam Drilling R&D Needs 

Shorter term 
a) 
b) RooUfloor proximity sensor, 
c) Recognition of geological hazards 
d) Maintenance of hole stability 
e) Drilling fluid recycling 

Inexpensive, reliable and fast survey, 

Longer Term 
a) Reduced friction for 2ooOm+, 
b) Behind the bit monitoring, 
c) 
d) Computer interpretatiodcontrol. 

Automated control and monitoring, ani 

Prior to recent times, gas drainage holes and short 
(50m to 200m) face structure holes were seldom 
surveyed and their trajectories were estimated based 
on experience. This practice can fail to danger and is 
no longer acceptable. These drills with their current 
down-hole configuration are notorious for producing 
curved holes. 

There is a need for surveying of rotary-drilled 
-across-panel gas drainage holes and face probe 

holes. The main and minimum need is to know 
where the holes end. Two push-in tools approved 
for use are now available. These can be used on the 
rods for multishot surveying after drilling is 
completed. The Peewee distributed by Warajay is a 
multishot photographic survey tool and Surtron 
Technologies distribute the CHAMP electronic 
multishot (magnetic) system. Comparisons of the 
efficiency of these tools are being conducted by the 
mining operators on a co-operative basis. 

ACARP funded a trial of in-seam seismic 
technology for bit location in 1994 and further 
development of the method in 1995 (Table 2). 
Demonstration programs to trial various survey tools 
for improvement of hole straightness in long holes, 
and to improve straightness of shorter rotary holes 
are covered under syndicated research by AMIRA. 

2.2 Proximity of bit to roof /floor 

Currently, long exploration holes intentionally 
intersect roof and/or floor at set intervals (often 5Om) 
to ascertain spot levels. The procedure is time- 
consuming. 

A real-time stone proximity sensor is required at the 
bit to allow the operator knowledge of where in the 
seam the bit is located. 

AMT is currently developing a roof/floor profiler 
based on multi-frequency sonic pulsing. The CMTE 
is developing the application of natural gamma and/or 
radar to track the bit relative to roof and floor and 
microdensity for tracking coal seam ash or roof 
profile relative to the bit. 

2.3 Drilling in unstable ground 

Unstable ground, typically associated with geological 
structures, causes hazards to in-seam drilling 
including failure to penetrate the zone, erosion behind 
the bit placing the expensive downhole motor and 
survey tool at great risk, lack of representivity of any 
cuttings, and prevention of drainage beyond the cave. 

One ACARP project being supervised by Dr Ripu 
Lama of KCC, "Assessment of Techniques for 
Maintaining Integrity of Drill Holes For Gas 
Drainage" will provide an update of suitable methods 
for achieving this goal (Table 2). A second ACARP 
project by Dr Ian Gray of AGA (Table 2) is the 
development of a system for pressurising holes 
during drilling to maintain hole stability and to 
provide a suitable environment for use of in-hole 
logging during drilling. 

Advances have been made by KCC and ACIRL 
into casing of potentially caving zones of boreholes. 

2.4 Detection of Structures 

Detection of structures currently relies on the 
diligence and attentive observation of the drill 
operator. 
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A system of detection of structures in drill holes is 
required. The caliper tool being developed by 
ACIRL, (Table 2) offers promise of a short term 
solution. Geophysical logging is being researched by 
CMTE and others who are considering applications 
of natural gamma, radar, seismic or radiometric 
methods. The AMT Profiler system designed to 
detect proximity to roof should also have potential to 
locate strictures. 

A device which monitors changes in drilling 
parameters associated with structural changes in the 
seam is required. Trials of BHP's automatically 
monitored Proram drill to record basic drilling data 
were funded by ACARP in 1994 (Table 2). 
Development by AGA of sensors for bit torque, load 
and RPM as part of longer term research into 
monitoring behind the bit or motor was funded by 
ACARP in 1994 and 1995 (Table 2). 

To complement in-hole detection of structures, 
especially outburst-prone structures, a research 
project funded by ACARP in 1994 (Table 2) to define 
equipment and technology to log return drill fluid for 
its contained gases, was conducted by Lunagas 
(Lunarzewski, this Volume). 

2.5 Recirculation of drilling fluids 

High capacity downhole motors can use in excess of 
300 to 400 litres per minute of water. The major 
problem facing recirculation is adequate removal of 
abrasive drill cuttings (fines) from the fluid. 
Research for recirculation has not yet been funded. 

2.6 Drilling longer holes 

In 1993, ACARP funded a one year project titled 
"Optimisation of Long Hole Drilling Equipment" 
conducted by Dr Ian Gray of SIMTARS. It involved 
an examination and analysis of existing in-seam 
drilling records to determine the current physical 
limitations on drilling. The report's findings are 
detailed by Gray, 1994. The drill rods currently in 
use are limited to around 1200 to 1600m depth before 
yield occurs. Research into drillrod joint testing is 
funded by ACARP for 1995. Thorough monitoring 
and recording of drilling parameters are required to 
enable design of more efficient bottom hole 
assemblies. 

3 CURRENTRESEARCH 

Table 2 lists research approved in the 1993 and 1994 
and shortlisted for the 1995 ACARP funding rounds 
as well as research and development and trials 
covered by other funding or co-operative research. 
The listed projects represent the start of an integrated 
research program commenced to address the 
problems of the industry. 

able 2. Current Research Projects 

ACARP 1993 
. 1 Maintaining Integrity of Gas Drainage Holes 

12 mths KCCBHP 
.2 Optimisation of Long Hole Drilling Equipment 

12 mths SIMTARS (Completed) 

ACARP 1994 
, 1  In-seam drill monitoring and bit location 

(Stg 1) 12 mths BHP Research 
.2 Equipment and technology research for an 

underground drilling fluid logging system 
6 mths Lunagas 

-3 Caliper probe for in-seam boreholes 
12 mths ACIRL 

.4 Borehole pressurisation system 
14 mths AGA 

.5 Bit torque, load and RPM sensors 
9 mths AGA 

. 7  Co-ordination of in-seam drilling research 
12 mths J. Hanes 

. 8  Specification preparation for common 
electrical and mechanical elements for 
implementation of in-hole data acquisition 
equipment 3 mths AGA 

ACARP 1995 
-1 Drill Rod Joint Testing 

12 mths AGA 
.2 Electronics for Torque etc 

12 mths AGA 
. 3  In Seam Sensing 

12 mths CMTE 
.4 Bit Location & IS Computer 

12 mths BHPE 
.5 Co-ordination of In-seam Drilling research 

12 mths J. Hanes 

OTHER 
. 1 Drill Position Sensing 3 yrs CMTE 
.2 Water Jet Drilling 3 yrs CMTE 
. 3  Survey TechniqueTrial 12 mths AMlRA 
.4 Rotary techniques 12mths AMlRA 

4 DRILLING TECHNOLOGY TRANSFER 

Drill operators are forced by production constraints to 
optimise the equipment and techniques they are 
familiar with and find it difficult to include 
experimentation in production drilling. There is an 
agreed need for testing new drill bits, downhole 
motors, drilling methods, etc, as well as trials of 
various techniques for overcoming general drilling 
problems and communication of results and 
recommendations to the industry as a whole. There 
is also some need for replacement of current folklore 
in drilling with manuals and response curves etc to 
standardise methods and to improve training 
response. AMIRA cooperative research programs to 
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support trials of drilling techniques for improvement 
of drill trajectory are current 

The author has instigated regular workshops to 
bring together the drill supervisors/operators, 
researchers and suppliers to the industry on a 
quarterly basis to further improve technology 
transfer. 

5 CONCLUSIONS 

The Coal Industry currently needs research to help 
solve shorter term and longer term problems of in- 
seam drilling. To address these needs, the projects 
listed in Table 2 are current or planned through 
integrated research, practical testing and 
demonstrations funded and/or supported by ACARP, 
other research agencies, operators and some 
suppliers. The synergistic interaction between 
operators, suppliers and researchers is the key to 
success in solving in-seam drilling problems. 
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Design and field testing a water jet longhole drill 

P. Kennerley 
Newlands Coal Pty.  Ltd., Glenden, Australia 

G.D. Just 
CMTE, The University of Queensland, Brisbane, Australia 

ABSTRACX Four years of laboratory design and field testing have resulted in the development of a coalseam 
high pressure water jet longhole drilling system. The development was based on a model flowchart which 
identified the main design variables and the field experiments to determine the critical operating parameters for 
system design. The system consisted of a high pressure pump attached to BQ diameter high pressure drilling 
rods and austenetic stainless steel high pressure survey rods connected to a self rotating water jet nozzle which 
directed high pressure water at 700 bar to penetrate the coal. 

Surface highwall trials at the German Creek Mine included holes drilled to nearly 4OOm in length in the 
German Creek Seam at speeds of up to 1.5dmin. These highlighted the potential of the drill for seam gas 
drainage and exploration with productivity rates of 90m per day achieved with a single shot pump down 
survey tool. The major advantages of the drill were the easy directional control and substantially less bit wear. 
Underground trials are planned to demonstrate the feasibility of the drill. These have involved the purchase of 
a high pressure pump to assemble an intrinsically safe high pressure pumping unit. 

1 INTRODUCTION 

Conventional positive displacement directional 
longhole drilling for seam gas drainage and 
exploration in underground coal mines becomes 
increasingly less efficient as the hole length 
increases. The inefficiencies result from operating 
delays due to equipment failure down the hole as 
well as targeting problems and the requirement for 
routine hole survey monitoring. Hole productivity is 
also affected by the build up of borehole friction 
inside the hole which slows the rate of penetration. 

The development of a coalseam water jet 
longhole drill was identified as a means of 
improving conventional longhole drilling due to the 
non contact nature of the drilling process. Water jet 
drilling holes to 500m or longer in length however 
represented a quantum leap in available drilling 
technology and system design. Two areas in 
particular required development, these were the 
directional control and cutting removal processes. 
Solutions to these problems were sought by 
constructing a model flowchart to define the 
boundaries of the problem and to identify the main 
design variables. These were used to establish the 
experiments to determine the critical system 
operating parameters. 

1.1 System design parameters 

Figure 1 illustrates the model flowchart constructed 
to define the boundaries of the problem and to 

identify the main design parameters and their 
relationship with one another. The flowchart 
illustrated the inter active nature of the design 
variables and emphasized the importance of each 
variable with respect to the two main areas of 
concern identified from previous research, these 
were the removal of the cuttings and directional 
control. 

Measurements to determine these values were 
undertaken in the laboratory and the field. In terms 
of improving the directional control and cutting 
removal processes these measurements were 
relatively straightforward. For a particular set of 
seam conditions and nozzle design, measurements 
were made to determine the effect of changes in the 
jet operating pressure, flowrate and penetration rate 
on the size of the hole and cuttings. System design 
evolved from changes brought about by these 
measurements. Measurement of hole trajectory was 
also carried out to consider the effect of changes in 
the design of the down hole assembly. 

The laboratory trials were carried out at The 
University of Queensland Experimental Mine using 
blocks of artificial coal and sandstone. These were 
made in conjunction with the development of an 
experimental drill capable of drilling short holes 
through coalseams. The laboratory trials were 
followed by initial surface highwall trials to 
determine the design parameters for the longhole 
drill (Kennerley, 1990). 
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1 .2 Drill design 

A water jet longhole drill was designed based on the 
results of the laboratory and short hole surface 
highwall trials. The drillstring consisted of BQ 
diameter high pressure drill rods and austenetic 
stainless steel high pressure survey rods. The 
operating system was based on conventional 
directional drilling techniques using a non rotating 
drill string and bent sub member for directional 
control. A self rotating water jet nozzle replaced the 
down hole motor and drill bit. A retro sub or 
backward facing jets provided additional flushing 
water to enable drilling to progress deeper into the 
coalseam. Conventional single shot pump down 
survey was used to monitor the direction of the hole 
as drilling progressed with the pump down survey 
operation aided by the design of a down the hole 
pressure relief dump valve. The longhole drillstring 
assembly is illustrated in Figure 2. 

2 LONGHOLE DRILLING TRIALS 

2.1 Dn'U site 

The longhole drilling trials were carried out in the 
German Creek Seam at the German Creek Mine in 
the Bowen Basin. The German Creek Seam was one 
of two seams mined by Capricorn Coal Management 
at the site. The average seam thickness was 2.3m of 
low ash coking coal. The lower half of the seam 
contained a number of stonebands typically no larger 
than lOOmm in thickness, the upper half of the seam 
contained almost no stonebands. 

The site selected for the trials was beneath the 
highwall in Pit C. All of the holes were drilled 
parallel to the seam dip, which averaged around -40 
toward the east. The strike of the seam ran north 
south along the highwall. The major structural 
planes of weakness in the coalseam were aligned in 
a north easterly direction, on a bearing of 
approximately 400, Figure 5. The seam roof 
conditions at the site consisted of laminations of 
shale and mudstone whilst the seam floor was 
composed of massive fine grained dark sandstone. 
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(Finure 2 Water Jet Longhole Drillstring3 

2.2 Sulface equipment 

The major items of equipment for the highwall 
mals consisted of the high pressure pump, 
underground longhole drilling rig, water storage 
tank, survey equipment and services, Figure 3. 
The selection of the high pressure pump was based 
on the results of previous short hole trials 
(Kennerley, 1994). These indicated that the most 
appropriate pump was the Hammelmann 280kW 
(375hp) triplex positive displacement piston pump. 
This pump was designed to operate within a 
pressure range of 600 to lo00 bar. The flowrate 
typically varied between 100 to 200 Umin 
depending on the diameter of the plungers and the 
size of the motor. 

The high pressure drill string was designed to 
integrate conventional rod handling and survey 
equipment. A Kempe U4-450 underground 
drilling rig, typically designed to run BQ drill 
strings up to 600m in length (3.6 tonne) was 
supplied to the project by Capricorn Coal 
Management for the highwall trials. The survey 
equipment included the industry standard Eastman 
Christensen magnetic single shot survey probe 

which recorded the trajectory of the hole in terms 
of the magnetic bearing and inclination on a 
miniature film disk. The probe consisted of the 
camera, angle unit, timing device and protective 
barrel. This was pumped inside the drill string to 
the end of the hole at regular intervals and retrieved 
with a wireline cable attachment. The probe also 
provided information on the orientation of the tool 
face (bent sub) to allow the operator to make 
steering corrections when required. 

2.3 Performance details 

The longest hole drilled during the trials reached a 
length of 3861x1 and took 7 days to complete which 
represented an average daily productivity rate of 
55dday or approximately 7mhour (based on an 8 
hour working day). These figures however include 
all of the longhole drilling functions from the 
scheduled delays (lunch breaks and survey 
downtime) and unscheduled 

Figure 3 Surface Equipment ) 
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delays due to breakdowns with the Kempe drilling 
rig (oil leaks resulted in one full days delay) in 
addition to the set up time required to collar the 
hole and the complete withdrawal of the drill string 
at the end of the hole. The average daily 
production rate without the unscheduled delays 
was typically between 80 to W d a y  for an 8 hour 
working day. These production rates were 
achieved using a system pressure of 650 bar to 
maintain a constant penetration rate of l.Om/min 
(subsequent nozzle design modifications improved 
the rate of penetration to 1.5mJmin). The hole was 
eventually abandoned due to a sudden drop in 
system pressure which was the result of damage 
sustained to the water jet nozzle. This problem was 
overcome in subsequent trials with the addition of 
a shroud to protect the nozzle inside the hole. 
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2.4 Trajecmy control 

The hole profile is illustrated in Figure 4. The hole 
was maintained within the upper half of the coal 
seam for its entire length, this included a section of 
drilling through tertiary weathered dyke material 
which ran across the drill site some 90m from the 
collar. The bearing of the hole is highlighted in 

Figure 5. The hole was allowed to drift somewhat 
from its initial bearing during the trials in order to 
test the reaction of the drill to various operating 
conditions. These included tests to determine if the 
non contact nature of the cutting process would 
allow drilling to take place without the requirement 
to make steering adjustments with the bent sub 
member. These involved drilling with a 0.50 bent 
sub member fixed in the 12 o'clock position and 
the Kempe drilling rig positioned at 900 to the 
direction of the primary seam fracture (Figure 5). 

With the drilling rig set in this position it was 
considered that the water jets would penetrate the 
fracture plane in equal amounts in either direction 
to the left or right along the plane and that crack 
extension would thus occur without bias and cause 
the hole to develop in a straight line. With the bent 
sub member fixed in the 12 o'clock position 
however the drill had a natural tendency to climb 
toward the seam roof. Therefore it was necessary 
to compensate for this using various down hole 
assembly design options (bent sub angles etc) and 
operating procedures (penetration rate). As 
evidence in Figure 4 this was not successful and 
the drill intercepted the seam roof after just 40m of 
drilling. This theory was taken to the proof of 
concept stage however during subsequent longhole 
drilling trials. 
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seam height 2.3m 
ke seam dip 4.5 degrees 
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3 COMPARISON WITH CONVENTIONAL, 
DIRECTIONALDRILLING 

Table 1 compares data from conventional positive 
displacement down hole motor longhole drilling 
(carried out since 1988) with the performance of 
the high pressure water jet drill. The list is a 
representative sample only and by no means 
complete. Data shown are for a single hole, each 
hole however was one of a number drilled for 
methane drainage or trial purposes and is typical of 
conventional positive displacement down hole 
motor longhole drilling performance data. 

Whilst the data is presented in table format it 
must be remembered that drilling conditions 
usually differ from site to site and that these 
differences can have a significant effect on hole 
productivity. They include environmental factors 
such as seam geometry and geology, as well as 
human factors such as operator proficiency and 
work practices which affect equipment utilisation. 
For these reasons the productivity figures quoted 
in Table 1 should only be used as a guide. 

hole 1 = 123m 

The conventional longhole drilling program 
carried out at Appin Colliery, 80km south of 
Sydney in the Southern Coalfield of NSW 
(Hungerford et al, 1989) highlight the problems 
that exist with current underground longhole 
drilling techniques. In general underground 
longhole drilling is relatively inefficient as a 
si@icant percentage of the available drilling time 
is subject to delays, both scheduled and 
unscheduled. These were evidenced throughout 
the water jet longhole drilling trials and reflected in 
the low average productivity rates in Table 1. 

For example the drilling program at Appin 
Colliery drilled a total of 8428m. The program was 
plagued with operational delays which limited the 
maximum hole length to 628m. Average hole 
productivity was typically around a d s h i f t .  The 
major delays were due to problems with the 
measure while drilling survey equipment, down 
hole motor (stalling and clogged bearings) as well 
as directional problems due to inappropriate bend 
angles on the down the hole motors (Hungerford 
et al, 1989). These are all areas where the water jet 
$rill has the potential to improve drill performance. 
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In Comparison the longest hole drilled with 
the water jet drill was 386m. The average production 
rate during the drilling of this hole without any 
unscheduled delays was 9 0 d d a y  (8 hours). This 
figure has been adjusted in Table 1 to take into 
consideration the lower equipment utilisation 
practices underground and enable a comparison with 
the conventional underground longhole drilling 
productivity rates. The adjusted water jet longhole 
productivity figures are based on a maximum of six 
hours available drilling time per shift. On this basis 
when the scheduled delays such as meal breaks as 
well as drilling downtime using the pump down 
survey camera are included, the average production 
rate for the third water jet longhole was 67dshift. 

These figures indicate that the average 
productivity of the water jet drill compares 
favourably with conventional drilling methods and 
although it must be remembered that, in general, 
drilling conditions are less favourable underground, 
the data highlight the potential of the water jet 
longhole drill. It is perhaps worthwhile noting that 
the productivity figures of the water jet drill match 
those obtained at Appin Colliery (Hungerford et al, 

Table I Comparison of hole productivity 

Location 

St%lll 

Drilling 

Drill Rig 

DHM 

Bent Sub 

Survey 

Hole Length 

Penetration 

Av Prod fii) 

Av Prod (iii) 

Moura No 2 Mine 

5 South Panel 

'D '  

Conventional 

Diamec 260 

2-718 

Slimdrill 

10 

Dupont MWD 

402m 

1.0-0.2m/rnin 

59dshift 

37dshift 

1989) and Moura No 2 Mine (Truong et al, 1990) 
where measure while drilling survey instruments 
were used. 

3.1 Operational benefits 

Although a total of lOOOm of hole were drilled 
during the surface highwall trials at the German 
Creek Mine there were little signs of wear on the 
nozzles (two water jet nozzles were used). As such 
the longevity of the water jet nozzle in coal has yet to 
be established. The potential is highlighted however 
when one considers that users of similar technology 
in the high pressure water jet cleaning industry 
routinely average 100 operating hours. This is 
equivalent to between 6,000 to 9ooOm of drilling at a 
penetration rate of 1.0 to 1.5dmin. By comparison, 
a conventional tungsten drag bit would need 
sharpening after drilling 3Wm, this would require 
the withdrawal of the drill string from the hole and 
result in drilling downtime if holes longer than 300m 
were required. Likewise a poly crystalline diamond 
bit typically needs refurbishing after 1500m of 
drilling (Phillips, Kennerley and Just, 1991). 

Central 
Colliery 
305 Longwall(i1 

German Creek 

Conventional 

Kempe U4-450 

Navidrill 

Mach 2 

1.25 O 

Single Shot 

281m 

l.O-OSm/min 

25dshift  

German Creek 
Mine 

Pit C 

German Creek 

Water Jet 

Kempe U4-450 

0.5 0 

Single Shot 

386m 

1 .Om/min 

67m/shift 

4 1 m/shift 

Appin Colliery 
Brennan Panel 

Bulli 

Conventional 

Kempe K200 

2-7/8 

Slimdrill 

1.0 0 

Dupont MWD 

628m 

1.5-0.5m/min 

66m/shift 

47m/shift 

(i) Unpublished data fii) Includes scheduled delays (iii) Includes unscheduled delays 
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Another encouraging feature of the water jet 
drill was its ability to branch from the mother hole 
with precise control using a relatively small 0.50 
bent sub angle (see Table 1). This enabled 
branching manoeuvres to be completed near the 
seam roof and floor with equal confidence using 
conventional longhole branching techniques. 

The consistency of the penetration rate was 
another notable feature. Conventional longhole 
directional drilling techniques typically lose 
penetration as the length of the hole increases due 
to a build up of borehole friction (see Table 1). 
The water jet drill however maintained a constant 
rate of penetration. This was the result of a 
combination of factors including a reduction in the 
thrust required to drill the holes due to the non 
contact nature of the drilling process and the ability 
to target the hole using relatively small bent sub 
angles. The constant rate of penetration is also 
evidence of a reduced level of borehole friction. 

3.2 Future potential 

It is expected that the real benefits of the water jet 
drill will not be realised until holes are drilled to a 
length of 500m or more. As holes increase in 
length beyond 500m there are significant 
productivity gains to be made by reducing drilling 
downtime and the amount of borehole friction. 
Reductions in borehole friction are achieved by 
reducing the curvature of the hole which is a 
function of initial azimuth offset and the directional 
control. The angle of the bent sub member 
determines the degree of directional control, larger 
bent sub member angles (>1.00) usually provide 
better control. Unfortunately these also lead to 
increased borehole fiction. The ability of the water 
jet drill to target a hole using a relatively small 0.50 
bent sub member angle is encouraging because it 
suggests that borehole curvature will be reduced. 

The improved response of the water jet drill is 
also expected to increme the advance ratio (ratio of 
borehole advance to total drilled meaes). This will 
improve hole productivity as less time will be 
spent re-drilling sections of holes that have drifted 
off target. 

Operational benefits should also arise due to a 
reduction in the drilling downtime. The water jet 
drill will be less susceptible to uncontrolled surges 
with the reduction in the build up of borehole 
friction. Borehole friction or changing ground 
conditions can cause a conventional down hole 
motor to stall if the bit develops spikes in the 
torque loading (Hungerford, 1991) which can lead 
to problems in directional control and hole 
productivity, 

The application of the technology is not 
restricted to inseam longhole drilling. The current 
move toward the extraction of gas ahead of mining 
using surface to seam vertical boreholes for the 
dual purpose of mine safety and commercial sale is 
one example of an alternate use of the water jet 

technology. The technique typically involves 
drilling a series of radial holes into the seam from 
the base of the vertical borehole which requires the 
application of thrust to the drillstring through a 
tight radius right angle bend. This is somewhat 
difficult to achieve using conventional techniques 
from the drilling masthead or the base of the 
borehole when the amount of room available is 
limited by the diameter of the borehole. This 
should be possible using the water jet technology 
developed during this project as the retro sub is 
capable of advancing the hole some distance into 
the coalseam without the aid of mechanical 
assistance. 

3.3  Unresolved issues 

Two issues remain unresolved which may effect 
the application of the water jet drill for longwall 
gas drainage and exploratory longhole drilling. 
These are the effect on gas flow rate due to hole 
shape and the ability of the drill to penetrate hard 
ground. 

The shape of a hole and the roughness of 
the hole wall effects the flow of gas through a 
hole. For effective gas drainage a smooth, circular 
wall profile is preferred to minimise the friction 
loss along the hole and optimise the flow of gas 
through the hole. The shape of the hole drilled by 
the water jet drill is generally less circular and 
somewhat rougher than holes drilled using 
conventional longhole drills. It is expected 
therefore that the flow of gas through a hole drilled 
with the water jet drill will be less efficient. The 
extent to which the flow will be affected by this 
factor has yet to be determined. 

The effect of hole shape can be estimated 
using analytical modelling techniques, however 
given the potential benefits of the drill the results 
of modelling should not be considered in isolation. 
The overall performance of the drill will ultimately 
determine the true value of the drill as a production 
tool. This can only be determined from 
underground trials, where a thorough evaluation of 
the drill can be wried out. 

Although the field trials clearly 
demonstrated a capability to drill through the 
German Creek Seam boundary material which 
included both sandstone as well as mudstone and 
shale in addition to the weathered dyke material, 
the water jet drill is affected by harder ground 
conditions such as igneous dykes, seam 
intrusions, faulting etc. This may restrict the 
application of the drill as an exploration tool if 
information such as the thickness of the 
discontinuity or intrusion are required for mine 
planning. This problem may be overcome by the 
addition of abrasives into the system to improve 
the range of ground conditions that the water jets 
can penetrate. More research is required however 
before abrasives can be incorporated into the drill 
as it would require major design changes to the 
current system. 
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4 UNDERGROUND TESTING high gas environment and performance achievements 
in an underground situation. 

A complete evaluation of the potential of the 
coalseam high pressure water jet longhole drilling 
system requires trials to be carried out in an 
underground operating environment. Surface testing 
utilised a diesel driven high pressure pumping 
system which could not easily be used underground. 
Operations in such a hazardous atmosphere requires 
the use of a flameproof electric motor and specially 
designed control systems. Research projects which 
require the assembly of such a system are currently 
in progress at the Centre for Mining Technology and 
Equipment. 

These projects include the use of the high 
pressure pumping system to assist conventional 
rotary drilling by incorporating a series of water jet 
nozzles in the drilling bit. The water jet assisted 
cutting will allow thrust levels to be reduced. This 
should permit greater drilling precision since it is 
recognised that high thrust increases the tendency for 
drill hole deviation to occur. The pumping unit will 
have a capacity to deliver 200 litres per minute at 800 
bar pressure and to allow testing over a wide range 
of flow rates and pressures. 

Research into the application of tight radius 
drilling for seam gas drainage from vertical 
boreholes is also being carried out using this 
pumping system. Where these vertical holes are 
drilled from the surface the pumping unit can be 
safely powered by a diesel unit. However if this 
technology is to be applied from an underground 
access the specially designed flameproof electric 
motor system must be used. Such an application has 
been identified with respect to the drainage of gas 
from underlying seams in advance of longwall 
extraction. Drilling a single access hole into the 
lower seam permits a series of tight radius bend 
"radial" holes to be rapidly drilled to drain gas from 
a large area of the seam. This is potentially a much 
more efficient drainage system than the use of 
current drilling technology where the difficulties of 
multiple branching from a single hole usually require 
a number of access holes. 

Completion of these underground drilling 
projects will provide operating performance data 
which will extend the current range of comparative 
drilling information between conventional drilling 
and the new coalseam high pressure water jet 
longhole drilling system. This particularly applies to 
the issues of operating functionality in a high stress, 

5 CONCLUSION 

Four years of laboratory design and field testing 
have resulted in the development of a coalseam high 
pressure water jet longhole drilling system. The 
development process was based on a mode,l 
flowchart which highlighted the main design 
variables and was used to develop the field 
experiments to determine the critical operating 
parameters for system design. 

The drill was field tested in surface highwall 
trials at the German Creek Mine to hole lengths of 
400m. Although further testing and development 
work are required before the drill can be operated in 
a production sense underground, the results of the 
study indicate that the water jet drill has the potential 
to improve conventional longhole drilling for seam 
gas drainage and exploration in underground coal 
mines. 
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Monitoring and bit location in rotary in-seam drilling 

Richard Danell, Guy Duncan, Lawrence Leung & Thomas Lewandowslu 
BHP Research, Shodand,  NSW, Aicsrralia 

ABSTRACT: A system to monitor the performance and drill bit location during rotary drilling of in-seam holes 
is being developed. The system is to be used to differentiate various geological structures related to outburst 
prone zones and to improve the processes of mapping rotary in-seam holes. The system is undergoing trials 
and verification in collieries operating in the Bulli seam in the NSW southern coalfields. 

1 INTRODUCTION 

In most Australian underground coal mining 
operations, in-seam drilling is an integral part of 
exploration, production and safety practices. Long 
holes, generally of lengths greater than 500111, are 
drilled to explore proposed mining areas to detect 
geological hazards. Shorter holes, typically up to 
250m length, are drilled for cross panel gas pre- 
drainage and probing ahead of development faces to 
detect geological structures. 

A recent ACARP task force investigated in-seam 
drilling requirements. Their findings for shorter 
holes (Hanes 1995) highlighted the need for an 
economic and reliable system for locating the drill bit 
in the X-Y plane and a system of systematically 
detecting structures as they are drilled. 

Current systems for detecting the bit in the X-Y 
plane include single or multiple shot tools and 
measurement while drilling (MWD) devices. The 
single and multiple shot tools are time-consuming and 
expensive to employ on a routine basis. MWD 
systems provide progressive information during drill, 
but are expensive and subject to risk of loss in the 
hole. 

Systems to correlate drill performance with 
structures have been produced in both surface coal 
and metalliferous applications (Danell 1989, Peck, 
Pollitt and Scoble 1991) and underground 
metalliferous applications (Schunnesson 1990). In- 
seam drilling applications have been limited to manual 
methods. 

ACARP, BHP and Kembla Coal and Coke have 
supported a project to produce an integrated, 
intrinsically safe drill monitoring and drill bit location 
system for rotary drilling of short in-seam holes. The 
drill monitor will enhance the ability to detect, ahead 
of mining, hazardous geological structures such as 
outburst prone zones or difficult mining conditions. 
The location of the drill hole in the X-Y plane will 

enable the accurate location of the structures identified 
and ensure effective gas-drainage hole placement. 

These developments offer three main benefits to 
coal producers. The foremost is improved safety and 
protection to the workforce. The second is the 
reduction of mining in outburst conditions, through 
adequate gas drainage following improved 
knowledge of structures and correct placement of 
drainage holes to drain the areas. The third benefit is 
the improvement of the efficiency of the gas testing 
and drainage operation itself. 

This paper will discuss the components of the 
system including a description of the intrinsically safe 
hardware for operating the system, results of drill 
monitoring, results of trials to determine the 
feasibility of locating the drill bit by acoustic 
techniques and the direction of continuing work. 

2 SYSTEM DESCLUPTION 

The system consists of three main components, the 
drill monitoring system, the drill bit location system, 
and the intrinsically safe electronics to perform the 
monitoring and analysis. The system is designed to 
operate on rotary drills for holes up to 400m long. 
All monitoring equipment is located outside of the 
hole, to reduce the cost of the system and the risk of 
loss or damage. The final form of the system is 
intended to operate with minimal interference to 
production activities. Each of the system components 
will be discussed in turn. 

2.1 Drill monitoring 

A prototype drill monitoring system has been 
constructed by BHP to operate with Pro-Ram air 
driven rotary drills, manufactured by CRAM of 
Australia. The system has been approved as 
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intrinsically safe in NSW (Ex.ia. 1 1 106). The system 
measures the following parameters: 

1. Bitdepth 
2. Feed pressure 
3. Drill bit rpm 
4. Rotary motor pressure 
5 .  Water flow rate into hole 
6. Mine water pressure 
7. Mine air pressure 
Bit penetration rate is calculated from the depth and 

the incremental time from the system's internal clock. 
The system can be adapted to other rotary in-seam 

drills. 

2.2 Drill bit Location in the X-Yplane 

This system is based on locating the source through 
acoustic methods. Two techniques have been 
evaluated. The first technique utilised the acoustic 
signal generated by the drill bit itself, cross- 
correlating the signal transmitted along the drill string 
with the signal transmitted through the seam. The 
technique has been previously employed in the 
petroleum industry (Rector & Marion 1991). The 
second technique used geophones placed along the 
coal rib to triangulate to the bit or an acoustic signal 
generator located directly behind the bit. 

If the acoustic techniques do not prove feasible, 
there is the option to employ alternative techniques 
such as radio or other electromagnetic sources. The 
main challenges of this development are the 
requirement to avoid placing expensive 
instrumentation packages down the hole, filtering of 
environmental noise and accurate estimation of the 
propagation velocity of the signals. 

2.3 Intn'nsically safe computing hardware 

To implement an integrated system to monitor the 
drill and locate the bit on a continuing basis a 
computer is required at the drill rig. BHP has been 
involved with the development of specialised 
intrinsically safe seismic systems for use in 
underground coal mines. The prototype drill monitor 
system is the first application of this technology to in- 
seam drilling and has proven successful. The 
specifications for an integrated intrinsically safe 
system have been developed and the system is in the 
design phase. Highlights of the specifications 
include a 486 66Mhz IBM DOS compatible 
processor, 16Mb of internal memory, at least 500Mb 
of disc storage, A/D conversion and interfaces for all 
necessary inputs for the system and a VGA display. 
The system is contained in compact structural resin 
cases that can be carried by a single person. The 
system has the potential to be used in other 
monitoring applications in underground coal mining. 

3 DRILL MONITORING RESULTS 

The drill monitor has been tested to date at two BHP 
collieries, Cordeaux and Appin. All tests have been 
in the Bulli seam. The Cordeaux data has indicated 
that an area with little or no structure can produce 
uneventful drill performance, as expected. A greater 
number of holes have been monitored by the system 
at Appin and more structures have been intersected 
there. As a consequence, discussion will concentrate 
on these results. 

A series of six holes were monitored in the Brennan 
panel of Appin. The layout of the holes and the 
interpretation from the penetration rate information is 
shown in Fig. 1. There was a known structure 
containing a mylonite zone running through the 
drilled area. A change in drill performance coincided 
with the projected position of this zone. The 
projected zone is also shown in Fig. 1. Other 
features that were detected by the monitor include 
striking the roof or floor, plus a number of bands 
where drilling with significantly high penetration 
rates was observed. There is, as yet, no geologic 
interpretation of the latter observation. 

4 DRILL BIT LOCATION 

The feasibility of using acoustic sources to locate the 
drill bit position has been evaluated through trials of 
two techniques. These are triangulation methods and 
cross-correlation methods. These are discussed in 
turn. 

4.1 Triangulation methodr 

A trial has been conducted in Cordeaux Colliery to 
assess the potential of locating a seismic energy 
source within a coal seam. The survey used a series 
of sledgehammer blows along a coal rib of a pillar, 
emulating a number of down hole source positions. 
A six position array of geophones was located on one 
side of the pillar to record the acoustic signals. 

The trial demonstrated that seismic sources can be 
detected over at least an lOOm range and their 
position estimated. Velocities for each of the P, S 
and channel waves were estimated from the first 
arrival times of each and the known positions of 
source and detectors. The velocity information was 
then used to estimate the position of each source 
location. P and S waves were capable of locating the 
source position to a spread of 10m and an offset of 
5m from the actual position. Triangulation using 
channel waves produced the best results, with a 
tightly bunched spread located at a 5m offset from the 
actual source. Given that these results are on the 
basis of a single hammer blow and that the actual 
system has the capability to stack data, the results are 
considered promising. 
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Hole No. 4 98m 
bearing 205 degrees 

Hole No. 3 98m 
bearing 200 degrees 

Hole No. 2 lOlm bearing 211 degrees 

104m Hole No. 1 
bearing 223 degrees 

Hole No. 6 
bearing 228 degrees 39.5m 

boggy ground - slow drilling (mylonite zone) 
decrease in the rate of penetration 

* decrease in the motor & feed pressure (to prevent bogging) 
fluctuation in the mine water pressure (some blockage of drill bit) 

‘decrease in the motor speed 
* increase in the rod clamp pressure 
‘ increase in the mine air pressure 

hard band - extremely slow drilling (roof or floor) 
* substantial decrease in the rate of penetration 
* mine water pressure fluctuation (down step or steps) 

substantial decrease in the motor speed while drilling (step like 
decrease) 

N 

, Hole No. 3 Headings 
Hole No. 4 
Hole No. 2 

Hole No. 1 
le No. 6 Projected 

’ lFu=u=u u 

Brennan Panel - Appin Colliery 

Fig. 1. Interpretation of drill monitor data, Brennan headings, Appin Colliery. The projected direction of a 
known mylonite band is shown, which matches with the position of boggy ground encountered during drilling. 

All hole positions are from bearings at the commencement of the hole. 



4.2 Cross-correlation techniques REFERENCES 

This technique has been trialed on rotary drills both 
underground and on the surface. In all cases vertical 
holes have been monitored to remove any ambiguities 
in the results from hole deviation. 

The technique uses a seismic detector coupled to the 
drill string and an array of detectors positioned on the 
coal rib. Drill bit position is estimated using the 
seismic velocity of both the drill string and the coal 
and the time lags for the rib detectors to receive the 
drill bit noise relative to the drill string detector, as 
determined by cross-correlation. Triangulation is 
then used to position the drill bit. 

The trial results have indicated that the drill bit 
signal cannot be adequately resolved from 
environmental noise. This is due to the relatively 
small drilling energy for the small diameter holes 
used for in-seam drilling, when compared with the 
larger holes used in previous applications of the 
technique. The problem was exacerbated by the 
relatively quick penetration rate of the bit, decreasing 
the signal to noise capability of the technique. 

5 CONCLUSIONS & CONTINUING WORK 

The monitoring of rotary in-seam holes has 
demonstrated the capability of the system to detect 
geologic structures. Much work needs to be done, 
however, to determine and verify rigorous 
identification techniques and to determine their 
applicability in a wide range of geologic and drilling 
conditions. This work is to continue at Appin and 
other BHP and Kembla Coal and Coke collieries. 

Trials of bit locations techniques have demonstrated 
that acoustic techniques are feasible to locate the drill 
bit using triangulation. Cross-correlation techniques 
are not regarded as feasible for in-seam drilling. 
Work to develop a low cost, reliable acoustic in-hole 
source is underway. In addition other techniques 
such as radio source location are being evaluated. 

Electronic hardware to support the implementation 
of these developments is feasible using available 
technology and the development of a system is being 
undertaken in parallel with the evaluation of the 
techniques. 
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Methane concentration monitoring in the air of mines liable to coal and gas outbursts 

E. F. Karpov, B. I. Basovsky, S. S. Popovkin 
Skochinshy Instilure of Mining, Russia 

ABSTRACT: The system developed for methane content monitoring in mines liable to coal and gas outbursts 
provides a 0.8 sec.-gas protection, methane concentration determination in the range of 0-10 v% C€& and coal 
outburst prediction by gas emissions monitoring in faces, as well as the data output according to the prediction 
algorithm. 

The fundamental investigations on the nature of 
outburst, including estimating the methane and gas 
concentration increment rate in workings (Khodot, 
1961; Bobrov et al, 1964) have been carried out in 
the former USSR. These studies have shown, that 
the electric power use in mines liable to coal and gas 
outbursts is safe in the case the gas safety means 
(stationary methanometers of continuous operation 
combined with de-energization devices) produce an 
appropriate signal and switch off electric power in the 
period, that doesn’t exceed 1 second from the 
beginning of substantial emissions from gas 
outbursting. The operational period of usual electric 
de-energization devices doesn’t exceed 0.2 sec.; so, 
the standard for the response speed of stationary 
methanometers in mines liable to coal and gas 
outbursts is taken as 0.8 sec, This value is  
standardised as a state norm and is valid now (GOST 

In order to provide speed of response given above, 
the specialists tried to develop an optic-acoustic 
methanometer for mines based on infra-red radiation 
absorption by methane. A physical principle was 
chosen taking into account its own low response 
time. The experimental models were manufactured 
and tested. The tests showed positive response speed 
results, however there was a substantial disadvantage 
associated with the necessity of feed pressure. The 
safety filters had often to be replaced under 
conditions of high dust content and humidity of gas 
mixture tested. It was unacceptable for operational 
conditions, so the specialists had to decline this idea. 
(Karpov et al, 1984). 

From the experience of methanometers use in 
mines, it was found that the simplest gas analysis 
principle, meeting all underground mining 
requirements was the thennocatalyst principle based 
on the application of diffusion detectors with pelistor 
sensors. The operation of the most stationary and 
portable methanometers being used in all countries 
with advanced coal sector is based on this principle. 

24032-80). 

However, the response time for all typical models is 
10-15 sec. It is unacceptable for mines, where the 
seams liable to coal and gas outbursts are being 
mined. 

Taking into account high performance of 
thermocatalyst methane detectors of diffusion type, 
the organisations of the former Ministry of Coal of 
USSR have carried out investigations and developed 
a number of technical approaches, that make it 
possible to reduce the response time of typical 
thermocatalyst detectors from 10-25 sec. to 0.8-2 
sec. at a gas emission rate of 0 3 %  CH4/sec. 
without changing their design. 

The fast-response gas protection systems 
developed, on the basis of studies carried out, are 
being manufactured at the “Krasny Metallist” plant 
now (town Konotop, Ukraine) (Booklet of the 
Krasny Metallist plant). 

It must be noted that the stationary methane 
detectors together with the means for controlling air 
current velocity are used for prediction of coal and 
gas outbursts based on gas emission dynamics when 
mining. 

An extensive experience in the field of the outburst 
hazard prediction on the basis of gas emissions in the 
faces was accumulated and prediction criteria as well 
as algorithms and programs for computer processing 
of the data obtained were developed (Ivanov et al, 
1986). 

The aim of developing the fast-response gas 
protection equipment of new generation system, 
given below, is an extension of measuring limits, 
increased response speed and providing special 
metrological means. 

A new, fast-response, gas protection equipment 
provides continuous methane content monitoring in 
normal and emergency situations, being characteristic 
of the air in mines liable to coal and gas outbursts. 
Under normal conditions, the methane content is 
measured in the range of 0-4% CH4 at the rate of 10 
sec. per measurement. When outbursting, the 
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detector records the methane concentration increment 
rate and produces a command to switch off power 
after a 0.8 sec.-period, the methane content increment 
being continued to 100% of CHq at the rate of 10 sec. 

In this case, thermocatalyst sensors of the detector 
are subjected to gas overloads. It results in the 
readings uncertainty and calibration characteristics 
variation after gas overload removing, if no special 
measures are undertaken. 

For this reason the equipment includes a special 
device, providing the gas overload protection of the 
thermocatalyst detector and excluding the 
measurement uncertainty at higher methane 
concentrations. The detector signal converter has the 
following three separate measuring channels with 
automatic mode switching depending on methane 
content in the gassy areas being monitored; 

- the main channel for methane concentration 
measurement and performing instructions, providing 
electric equipment switching-off (operation control) 
with the use of an absolute value at the slower 
methane concentration increment rate when 
outbursting; 

- auxiliary channel for measurement (up to 4v% 
CI&) and indication (4-9v% CHq); 

- channel for measurement of higher methane 
concentrations up to 100v% CH4. 

The first channel includes a thermocatalyst detector, 
composed of two sensors, connected in series, one of 
them is covered with a catalyst. This thermocouple 
provides a flameless oxidation of methane on the 
catalyst surface, as well as the transformation of heat 
released into electric signals. The reaction chamber 
with thermocouple is made using lower time constant 
value of diffusion transfer. The sensor of the second 
channel is composed of similar thermocouples located 
in the reaction chamber with the higher time constant 
value of diffusion transfer and limited access of 
mixture being analysed. It provides the larger 
measuring range up to 9v% of methane. An 
operation of the third measuring channel is based on 
conductivity principle. It includes a sensor and a 
thermocompensation resistor. The power supply 
system provides a constant temperature of the sensor. 
The reference element of the first channel's detector is 
used as a sensor for the thermoconductivity detector, 
electric power supply for the sensor with the catalyst 
cover being switched-off when going to the heat 
conductivity conditions and the reference element 
temperature being reduced from 400OC to 200°C. 

From the point of view of their design, all sensors 
and the thermocompensation resistor are located in a 
single case. The detector case is placed in a 
protective spray-tight housing, connected via 
multicore cable to an electronic signal processing unit 
and may be located at and up to 30m-distance from it. 

The detector operation modes are switched 
automatically by means of the signal processing unit. 
Also, this unit provides switching-on of the 
appropriate electronic units, providing power supply 
to the detector sensors, their signal conversion and 
producing the output data signals. 

The logic diagram of the electronic unit for signal 
processing is given in Fig. 1. 

I 
Fig. 1. Functional diagram of the signal processing 
unit 

1,2,3 - 
4 
5 

6,7,8 - 
9 

10 - 
11 - 
12 - 
13 - 

sensor power supply device 
sensor unit 
device for measuring the methane 
content increment rate 
scaling amplifiers 
device for automatic control of 
sensor power supply 
data representation device 
data signal producing device 
telemetric output device 
power supply system to all diagram 
component cable line 

The units 1, 2, 3 for sensors power supply provide 
detector operation according to appropriate measuring 
ranges. The detector sensors are located in the unit 4. 
The detector signals are transmitted to the inputs of 
scaling amplifiers 6, 7, 8 and to the unit for 
measuring the methane concentration increment rate 
in the gassy areas being monitored when measuring 
the lower methane concentrations. The signals from 
outputs of the units 5, 6, 7, 8 are transmitted to the 
data signals producing device 2 and then to the data 
representation unit located directly on the signal 
processing unit. The methane concentration value is 
displayed on the digital scale of the LC-detector. The 
power switching-off mode and faults of different 
types (breakage of the detector sensors and 
connection cables) are displayed by the LED- 
indicators. 

The LED-indicators make it possible to find the 
cause of power switching-off (methane outburst or 
reaching a threshold value for methane concentration 
in the area being monitored for technical reasons). 
The data signal producing device 11, as well as in 
operation mode of the devices 1, 2, 3, used for 
sensors power supply are controlled by means of the 
device 9 for automatic selection of operation modes 
in the measuring range required in an appropriate time 
period. 

The telemetric output device 12 produces a 
continuous unified methane content signal as well as 
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discrete signals, signals for electric power switching- 
off in the working being monitored and signals 
providing appropriate operation modes of the signal 
processing unit. These signals, via cables, are 
transmitted to an execution unit of the gas protection 
system and to the supervisor's terminal. 

The power supply of the signal processing unit is 
carried out by means of the device 13, converting 
alternative current, flowing from the power unit of 
the execution unit via cable line, into direct current of 
required voltage. 

The block diagram (interaction diagram) for single 
units of the fast-response gas protection equipment is 
given in Fig. 2. 

Methane content measuring range 
CH4, V% 
Main absolute measuring error in the 
subrange of 0...1.25V% CH4 
Relative measuring error in the 

% of value measured 
Main absolute measuring error in the 

Main absolute measuring error in the 

subrange of 1.25 ... 4V% of CH4, 

subrange of 4-9V% CH4 

subrange of 9...lOOV% CHA 

Fig. 2. Block diagram of equipment for methane 
content monitoring in mines 

1 - methane detector unit 
2 - signal processing unit 
3 - execution unit and power supply unit 
4 - display unit for mine supervisor's data 
5 - final-controlrelay 
6 - data representation device of execution unit 
7 - audible signal alarm device 

0 -  100 

+/-0.1 

+I- 8 

+I-2 

+/-4.0 

In addition to the given units of the detector 1 and 
the signal processing unit 2, the measuring equipment 
includes the following: 

- unit 3 with power supply unit; 
- device 4 for data representation to the mine 

supervisor; 
- relay 5 for power switching-off in the mine 

workings being monitored; 
- data representation device 6, located in the 

housing of the device 3; 
- audible signal alarm device 7. 
The telemetric signal from the unit 2 is transmitted 

to the methane content detector, located in the 
execution device housing and then via cables to the 
device 4. Discrete signals from the output signal of 
the unit 2 are also transmitted to the data 
representation device 6 from the device 3 and to the 
device 4, providing representation of data on 
operation modes of the gas monitoring system as a 
whole. The discrete signal for switching-off power 
in the area being monitored actuates the relay 5 ,  
connected to control circuit of the power supply 
starter. Simultaneously, the audible alarm signal is 

Speed of r e s p o Z F i i  the abrupt 
increment of methane content, sec. 
Calibration methane gas needed for 

provided by means of the device 7. The power 
supply unit, located in the device 3, provides the 
functioning of all electronic signal converters in the 
device 3 and power supply of the unit 2. An 
intrinsically safe operation of the cables between the 
units 2, 3, and 7 is also provided. Voltage applied to 
the power supply unit may be IOOV, 127V or 220V. 

Table 1. Specifications of fast-response gas 
protection equipment. 

max. 0.8 
0.5; 1.0; 

execution device oper&on, V% CHq I 
Max. admissible mean absolute error I 

1.3; 2.0 

for execution device operation, V%, 

a.c., voltage, V (50Hz +/-I> 

+/-0.2 

127,220 

The main characteristic of the channel in the fast- 
response methane concentration detectors is the time 
period between abrupt methane-air mixture effecting 
the detector and producing signals, providing electric 
power switching-off in the area being monitored. A 
special unit is used to determine this time period. The 
functional diagram of this unit is given in Fig. 3. 

Fig. 3. Functional diagram of device for 
determination of gas protection equipment seed of 
response 

- - -  - gassupply 
----- - electric power supply 
1 - &-methane mixture source 
2 - fast-response gas gate 
3 - methane content detector 
4 - signal processing unit 
5 - device for timer starting and stopping 
6 - timer 
7 - indication unit 
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The detector 3 is located close to shutters of the 
fast-response gas gate 2. The shutter opening period 
doesn't exceed 0,001 sec. From the span gas 
container, a gas source, methane-air mixture of 
predetemined concentration is fed below the shutters 
of the gate 2. A special electric pump is used for 
transporting this mixture to the gas gate. The 
methane content of the mixture is pre-determined by 
means of highly-precise laboratory methanometers. 
The methane content is determined depending on the 
setting of the execution unit of the detector being 
tested. According to the State Norms, the methane 
content in the mixture should exceed by 1.6 time the 
content of the execution unit operation. Under these 
conditions, a delay period of the execution unit 
operation shouldn't exceed 0.8 sec. The gas gate is 
provided with a synchronising contact, generating (at 
a moment of full gate opening) an electric pulse, 
actuating the device 5 ,  used for timer starting and 
stopping. 

At the moment of the gate opening, the device 5 
gives an instruction to time counter 6. The time count 
is stopped by the signal from the processing unit of 
the detector 3 causing power switching-off. The time 
interval between the timer starting and stopping is 
recorded by the detector 7. The scale factor of the 
detector's lower stage doesn't exceed 0.05 sec. 
Experimental models of this equipment are already 
available now. It is planned to carry out commercial 
tests. 

6 .  Khodot, V.V. 1961. Coal and gas outbursts. 
"Gosgortechizdat", Moscow, 363p. 

CONCLUSION 

Russian standards provide that electric power be 
switched off within one second after it I/O exceeds 
1.6%. A system for gas monitoring and switching 
off of power to the equipment in the panels has been 
developed. This system has a response time for 
switching off equipment within 1 second and yet 
continues to measure gas emissions in the range up to 
100% V CH4. 
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ABSTRACT: Safety from the danger of outbursts requires a high level of certainty that low gas conditions are 
established at the time of minh  . 
outburst occumng. This paper describes a systematic approach to charting the course of gas reduction by hole 
flow measurements and validating gassiness during mining using real time return gas emission monitoring. 

’ 

A basic requirement is that lp ow gas conditions are validated to the extent of there being no chance of an 

1 INTRODUCTION 

Safety from the danger of outbursts requires a high 
level of certainty that low gas conditions are 
established at the time of mining. 

The basic requirement is that low gas conditions 
(either inherent or created) are validated to the extent 
of there being no chance of an outburst occurring. 
The following situations must be recognisable: 

Where inherently low gas conditions change to 
higher gas conditions in areadmines not normally 
gas drained. 
Where gas drainage has been effected to reduce 
high gas conditions, but the drainage response is 
irregular. 
Where gas compositions change. 

This paper describes a systematic approach to 
charting the course of gas reduction by hole flow 
measurements and validating gassiness during 
mining using real time return gas emission 
monitoring. 

2 BOREHOLE GAS FLOW MONITORING 

2.1 WhyDoIt? 

It is arguably of fundamental importance that the gas 
drainage engineer knows the performance of his gas 
drainage holes. One way to gauge performance is to 
measure the gas content prior to mining, but this does 
not allow any margin for surprises. In most cases, 
target levels of gas drainage are met, but where this 
has not occurred, costly disruptions to mining ensue, 
while supplementary gas drainage is applied. 

From an outburst point of view, the easy-to-drain 
coal is the coal that probably would not have outburst 
in any case. The hard to drain, low permeability or 
structure affected coal is the coal most prone to 
outbursting. 

Gas d r w  needs t ime. It makes sense to chart 
the course of gas drainage so that problem areas can 
be identified while there is still time to act. 

Every in-seam borehole needs to be routinely 
measured. Such a process results in: 

Maintenance of the system, by ensuring holes are 
not blocked (at least in the collar, fittings and hose 
area) and the system is free from water 
accumulation. 
Measurement of the gas flow. 

System maintenance is of equivalent importance to 
hole flow measurement. It is assumed that boreholes 
are drilled and completed with a high certainty of 
being open along their full length, and free of water 
accumulation. Such certainty requires that every 
borehole is lined to its full depth, accurately located, 
and if down dip, configured for dewatering 
(Williams, 1994). 

2 .2  Measurement Method 

The rather arduous, manual measurement on each 
borehole, is the most commonly used technique, and 
currently, the only proven method available to enable 
individual coveraee of all boreholes. It involves: 

Safely discoGecting the hose at the borehole 
collar. 
Checking for and safely clearing blockages if 
needed. 
Attaching an orifice plate flow meter to the hole 
collar. 
Reconnecting the hose and establishing normal 
flow conditions. 
Measuring pressure drop, 0 2 ,  C 0 2  and C H 4  
concentration and applied vacuum. 
Adjusting the level of applied vacuum - if the 
purity warrants it. 
Removing the orifice plate and re-establishing the 
configuration. 
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By following this process, around 40 boreholes 
can be measured in a shift. 

GeoGAS is working on an improvement that 
should double and possibly triple the speed of 
manual measuring, by attaching an additional fitting 
that accepts an orifice plate without disconnection of 
the hose. 

Manual measurements are potentially deficient in 
being discontinuous. Continuous recording on a 
single hole or group of holes is being carried out 
using a mechanical chart recorder for specific 
applications (Sol Battino, Gastrade Pty. Ltd.). It is 
impractical to use this form of measurement on every 
hole. 

Ideally, real time monitoring of each borehole 
would enable the greatest control over the drainage 
process. The gas drainage engineer could interrogate 
any hole or set of holes from pit top. Transducers 
are available to do this task, but there are significant 
cost and practical problems in attaching the required 
transducers to each borehole on the scale required. 
None-the-less, it is worthwhile to undertake research 
and development in this area. 

2.3 Data Evaluation 

Having obtained the measurements, the data need to 
be collated and meaningful reports presented in a 
timely manner. Software has been developed and is 
currently being used by a number of mines to 
facilitate data entry, calculation and reporting (Hole 
Flow Manager V1.0 and V2.0). The manual 
accompanying Hole Flow Manager describes how to 
operate and apply the software to evaluating outburst 
prone conditions. 

Each time a set of measurements are entered, a 
report can be generated, showing for each borehole, 
the total quantity of gas drained, the peak gas flow 
rate, the average flow rate in l/rn/min, and the time on 
line for the area in question. 

The reports are also presented in graph form 
showing a profile of total gas drained, peak gas flow 
rates and average gas flow rates. These profiles are a 
useful aid to identifying areas where drainage is less 
efficient. These can then be used as targets for 
follow up drilling or if closer to the time of mining, 
as targets for validation by gas content coring. 

Data on total gas drained show the current state of 
drainage, while data on average flow rates are more 
indicative of the "health" of borehole flows. 

A reporting option enables an estimate of the gas 
content and composition remaining in the seam, by 
prompting for inputs of initial gas content and 
composition, and borehole spacing. Such 
assessments by "material balance" can be highly 
erroneous where the area of drainage influence is 
different to that assumed from the borehole pattern. 
The following is an edited extract from the Hole 
Flow Manager procedures manual: 

"The gas remaining information should be of 
considerable assistance in assessing the success 
of gas drainage for outburst control, but it must 

be evaluated with care. You should additionally 
do the following: 

1. View the graph of total gas drained for 
the selection of boreholes. This will identify 
the degree of uniformity of drainage 
across/along the panel. The figures previously 
produced on percentage of gas drained, are 
average values for the panel as a whole. 

2. Determine that the assumed area of 
influence is reasonable, by viewing several or 
all of the flow decline curves for each borehole. 
The rate of draw down on the f low decline 
curves should indicate i f  the borehole zones of 
influence are interacting. For example, i f a  high 
level of drainage is indicated, the borehole 
flows rates should be very low. 

Ifthe boreholes are flowing at too high a level 
to make sense (eg. more gas is drained than is 
present), it could mean: * The zone of influence of the boreholes is 
wider than the geometry indicates. * Actual versus design borehole spacing is 
very different. You could employ a wider 
spacing, in line with the error in drilling 
azimuth. * You have geological anomalies that are 
contributing gas from sources beyond the 
assumed drainage area. 
You should additionally determine if hole 

blockages are occurring by looking fo r  sudden 
drops in the flow profiles of each curve. 
Blockages arise from a variety of sources and 
should be recognised and remdied early. 

Check gas content tests are the surest way of 
testing the validity of the calculated result." 
Application of hole flow monitoring requires 

definition of a system of measurement, evaluation 
and reporting that ties in with procedures related to 
drilling and hole completion. While its prime 
purpose is as an operations tool, the data are of clear 
benefit to future designs for gas drainage and gas 
handling. 

3 REAL TIME RETURN GAS MONITORING 

Real time, return gas monitoring is currently being 
researched by GeoGAS under an ACARP grant 
(project 3076), with additional direct industry 
funding from West Cliff Colliery, Tahmoor Colliery, 
South Bulli Colliery and Central Colliery. It builds 
upon work previous carried out under a NERDDP 
grant at Collinsville from 1981 to 1985 (Project No. 
81/1006 Beamish et al., 1985) and under private 
contract to ACIRL at Moura No.2 Underground 
Mine in 1987 and at Tahmoor Colliery in 1991/92. 

The technique involves continuous measurement of 
return gas concentrations, air quantities and coal 
produced - during mining. Its prime role is to 
quantify the extent of gassiness at the time of mining. 
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3.1 Why Do It? 3.2 Application of Real Time, Return Gas 
Monitoring 

The technique is seen as potentially overcoming a 
number of deficiencies in the current system. 

The degree of outburst risk is generally assessed by 
a combination of in-seam exploration drilling and 
gas content testing from bore-cores. While the 
combination of these methods has worked well, there 
are a number of draw backs: 

Unexpected, potentially dangerous outbursts have 
occurred in spite of in-seam exploration drilling 
and gas content testing. 
Gas content coring is difficult and often not 
possible in the poor ground conditions. Such 
conditions may be indicative of proneness to 
outburst, but if the gas content is low, there may 
be no outburst potential at all. Without a 
confirmatory gas content result, the colliery has 
little option other than to mine on outburst 
procedures or remotely. 
Gas content cores give spot samples. In 
undrained or well drained environments, these 
samples are normally representative of the 
environment. In poorly draining environments, 
wide ranges in gas content can occur, depending 
upon how close the test sample is to a gas 
drainage borehole.  Low permeabili ty 
environments facilitate this sampling problem, and 
these are typically the environments that are 
outburst prone. 
In-seam drilling relies on subjective judgements - 
too much caution unnecessarily slows mining, 
while not enough puts personnel at risk. 
Rotary, in-seam boreholes are prone to deviate. 
Unless boreholes are routinely surveyed, 
uncertainty exists as to their location. 
In-seam drilling for exploration and coring is 
frequently disruptive to face development. 

A huge amount of in-seam gas drainage drilling is 
carried out without adequate verification of 
effectiveness. Most hole spacings are determined 
from historical precedent, and take little account of 
the prevailing gas content, the available drainage time 
and the target gas content. There is consequently a 
large amount of wasted effort in over kill, and lost 
production where the system has been under 
designed. 

Drilling a hole is no guarantee that gas will drain, 
and this is especially so in outbursting environments. 
Gas content tests provide a sporadic means of 
checking. Hole flow measurements are particularly 
useful, but there is no easy way of knowing that the 
gas has drained from the region of the hole that is 
most important - the inbye end where the gate roads 
will cross. 

Real time monitoring provides a means of verifying 
drainage effectiveness. Through back analysis, this 
can result in substantial gains in drainage 
optimisation, both from a drilling and drainage view 
point. 

The prime application of real time return gas 
monitoring is to quantify the state of gassiness during 
mining. The measured is a combination of gas 
generated in the face area, and gas derived from rib 
emission. The data are processed to enable 
differentiation between these two gas sources. There 
are a number of ways of using the data: 

Both on a shift and subshift level, trending the 
changes in face gassiness by plotting m3 and/or 
m3/t of COz and CH4 against tonnage. 
In mixed gas environments, trending the ratio of 
COz/CO*+CH4. COz desorbs at a much faster 
rate than CH4 for equivalent gas contents. 
Changes in gas composition are likely to be 
caused by changes in desorption rate, indicating a 
probable change in gas content or the structural 
state of the coal. 
Monitoring for abnormal rates of gas emission. 
Mining in outburst prone conditions frequently 
produces rapid gas emission events that in 
themselves are not an outburst, but are indicative 
of near outbursting conditions. 
The last line of defence, and a frequently used 
one, is the eyes and ears of the mining crew. 
From real time gas percentage traces displayed in 
the working panel, mining crews can get to know 
their normal pattern of gas emission and recognise 
anything unusual. 

A major part of the ACARP research project is to 
quantify the face gas make and correlate it to gas 
content values. Ideally, limits will be set on 
gassiness values defined from real time monitoring to 
augment or partially replace the existing values using 
gas content tests. 

4 GeoGAS/ACARP REAL TIME MONITORING 
SYSTEM 

4.1 Overview 

The research project commenced in January 1994 and 
is scheduled for completion in December 1996. At 
the time of writing, the system had been built, ready 
for trial underground. This equipment is different to 
previous monitoring campaigns by: 

Requiring high accuracy, low drift gas analysers 
(accuracy to better than 0.01% absolute on C02 
and CH4). with automatic calibration. 
Being configured as a turnkey, prototype system 
for mine operations, rather than as a means of 
recording data for research evaluation only. 

The system is to be located in the return roadway 
near the start of the panel. The intention is not to 
move the equipment as the face advances - one 
reasons for needing high accuracy as progressive air 
dilution occurs. A strength of leaving the equipment 
in the one location, is that it will be transparent to 
mining - a significant difference to the face disrupting 
methods currently employed. 

555 



The system revolves around collecting and 
processing data from a C02 and a CH4 gas analyser, 
an air velocity meter and a conveyor belt 
weightometer. The prototype is the result of a joint 
effort between Quality Data Pty. Ltd. of Newcastle 
and GeoGAS Pty. Ltd. 

4.2 Main Equipment Items 

A. Underground - Non hazardous zone 
Maihak Unor 6 10 CH4 Gas Analyser 
Maihak Unor 610 CO, Gas Analyser 
M e n  Bradley SLC-500 PLC 
Control Systems Technology IPM-10 Belt 

Mikan MT801AX Async. Short Haul modem 
B . Underground - Hazardous zone 

Trolex TX1322 Vortex-shedding airflow sensor 
C.S.T Belt Weigher Cells 

C. Surface 
Mikan MT8Ol AX Async. Short Haul modem 
IBM Compatible PC running CITECT for 

Weigher Monitor 

Windows SCADA package 

4.3 Operating Principles 

The PLC maintains autonomous control of the whole 
underground system but is normally in continuous 
interactive communication with the surface CITECT 
monitoring PC. If communication with the surface 
PC is lost the PLC will continue 'logging' the data 
for a period (20 minutes to 20 hours) dependent on a 
selectable sampling frequency (1 0 - 300 seconds). If 
communications are re-established the data are 
immediately dumped to the PC. 

The PLC is programmed to calibrate the analysers 
at an automated interval (weekly), or under command 
from the surface PC. The gas analysers have built-in 
gas sampling pumps and the PLC controls 3 
solenoids to affect sampling of the Zero, Span and 
Return Air gases in turn. Pressure sensors in the 
Zero and Span gas lines allow the PLC to indicate 
fault alarms when the calibration gases are spent. 

The gas analysers auto-range in four set bands 
between 0% and 5%. The PLC monitoring these 
analyser states, scales the outputs to 0-596. Both 
analysers are accurate to 0.01% gas concentration, 
but will resolve changes to 0.001%. Other analogue 
inputs to the PLC include the return air velocity in the 
range 0.5 - 5.0 m / s  and the belt flow weight in the 
range 0 - 1000 t/hr. The PLC totalises the coal 
produced and maintains cumulative totals of this 
shift, today and year, and reference totals for last 
shift and previous day. 

Moving window averaging is applied to the real 
time data with selectable sampling interval and 
sampling weight. The default window for the gas 
concentrations is 20 seconds (or 10 samples) and 200 
seconds (100 samples) for the air velocity. 

Data are sent to the surface PC every 10 seconds 
and this updates the PC's trend logging files and a 

DBASE summary data fde. The DBASE file logs the 
CH4, COz, Air Velocity & Belt Flow Weight and 
time & date stamps each set. Additional software 
have to be written to process the data. 

Windows based CITECT software on the surface 
PC allows access, through levels of password 
control, to the PLC controlling parameters (for the 
system supervisor) and trending display pages, 
software & hardware alarm pages (for the colliery- 
staff operators). 

When sufficient data have been assessed and the 
processing characteristics determined, it is intended 
that the analysis be done real-time within the PLC, 
with direct output to the mining crew. 

5 CONCLUSIONS 

The major thrust toward outburst alleviation is to 
reduce the gas content of the coal to non outbursting 
levels. While gas predrainage is the prime means of 
achieving this, the vagaries of drilling and gas 
movement through coal result in ample scope for 
uncertainty, in a situation that demands the highest 
level of certainty. 

Time is the single most important requirement for 
gas drainage. By monitoring borehole gas flows, the 
course of gas drainage can be charted and corrections 
made - while there is still time. 

A fmal means of validation is provided by real time 
return gas monitoring. It is both a check on the state 
of gassiness and gas phenomena during mining, and 
an excellent means for back analysis and refinement 
of gas drainage techniques. 

The authors are confident that use of both these 
techniques will result in significantly improved gas 
drainage effectiveness, safety and productivity. 
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ABSTRACT: The paper describes the sources of errors in the determination of gas content of coal seams using 
the standard coring method (AS 3980/91). It is concluded that most of the errors introduced are positive and 
that the effect of temperature introduces the most error if the results are reported at zero degree. The error in 
volumetric measurements could be up to 8% and that overall error in the gas content measurements is 10% or 
<+lm3/t. These errors can be greatly reduced if appropriate care is taken in the selection of equipment and the 
conduct of tests. The error due to variability of the coal plies can be quite considerable. Even in seams 
considered as homogenous such as the Bulli Seam, errors of up to +2 m3/t can occur if only a part of the seam 
is sampled. 

INTRODUCTION 

The importance of gas content measurements of coal 
seams cannot be over-emphasised. Gas content and 
gas composition is an important parameter in the 
predictive models for gas emission calculations, 
ventilation requirements, design of pre- and post- 
drainage systems and any stimulative techniques for 
gas from coal. This is of primary importance when a 
seam is liable to outbursts and gas content threshold 
values are used as a criteria for safe mining of coal. 
Section 63 of the Department of Mineral Resources of 
NSW stipulates the following conditions for the safe 
mining of the Bulli Seam. 

Normal mining shall only be conducted where 
1. no structure has been identified and 
2. total gas content is less than 9.0 m3/tonne for 

CH4 or 6 mVtonne for COz. 
3. development drivage may be conducted where 

the total gas content is higher than above but only 
under outburst procedures. Development drivage 
shall not be conducted except by fully remote 
operation methods where the total gas content is 
greater than 12 m3/tonne for CH4 or 8 m3/tonne for 
CO2,  and for a mixture of the two gases the 
proportional total values define the limits. 

An accurate measurement of gas content of coal 
seams is by no means easy. A number of different 
methods have been suggested and used in various 
countries that have traditionally mined deep coal such 
as Belgium, France, Poland, UK and more recently 
in countries where underground coal mining has 
developed at a fairly fast rate such as USA and 
Australia. 

The methods used can be grouped into two main 
groups: 

(i) Direct methods 
(ii) Indirect methods. 

Table 1 gives a general description of the methods 
used around the world. Direct methods are based 
upon extracting a coal sample, enclosing it in a sealed 
chamber and measuring the gas evolved from it. 
Indirect methods are based upon either empirical data 
obtained from ventilation records of existing mines, 
sampling coal fractions from a hole ahead of mining 
and determining the desorption characteristics, face 
sampling, pressure measurements and their 
relationship with high pressure sorption isotherms 
determined in the laboratory, etc. 

The complexity of the methods and uncertainty of 
the results has meant that no other country, except 
Australia, has accepted any of these methods as a 
standard (AS 3980/91). The methods adopted in 
most countries are regarded as suggested methods 
and are being continuously updated. AS 3980/91 is 
very inadequate and has a number of deficiencies and 
is not clearly defined. 

DIRECT METHOD OF GAS DETERMINATION 
USING CORES FROM EXPLORATION 
BOREHOLE 

This is the most common method for the 
measurement of gas content and forms the basis of 
the Australian Standard AS 3980/91. The method 
was first used by Berhard Bruyet and Gunther (1970) 
and later by USBM researchers (Kissel, McCulloch 
and Elder, 1973). The core sample, as soon as 
recovered, is transferred into a sealed container and 
gas emitted is measured using a graduated cylinder. 
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Table 1. Methods of estimation of gas content of coal seams 
~ ~~ 

Method Requirements Methods of Accuracy Country Method of Applicability 
interpretation measurement 

I2ll-a Cores Requires Depending upon Volumetric gas Good from 
knowledge of time lost, core UK emission at surface 
gas emission quality and USA atmospheric boreholes and 
laws applicability of Australia pressure doubtful from 

gas emission followed by underground 
laws. crushing boreholes, 
*lo% + +20% fractured cores, 

etc. Degreeof 
fracturing 
influences 
results 

Sampling of Empirical +20% Poland Volumetric gas Existing mines 
fractions Germany emission 

Direct 

Indirect 
statistical 

Lumps of coal Statistical *20%, UK Sample (30-40 For seams 
analysis of statistically mm size), under mining, 
gas content of measured values collection at face sampling, 
lumps from face the face and applicability to 

samples are estimation of highly variable 
consistently gas contents and high rank 
higher coals not 

proved 

Indirect Pressure Direct reading Depending upon Poland Volumetric For seams 
Adsorption measurement for adsorption pressure USSR techniques and under mining 
isotherms and sampling isotherms measurements Australia gravimetric and seams lying 

and sampling. Germany techniques above or below 
+10++20% 

Lndirect Proximate Empirical f30++100% USSR Chemical New and 
Chemical analysis of USA analysis existing mines 
analysis coal Poland 

Indirect Exhaust Subtraction +20% Australia CH4 or C02 Existing mines 
ventilation techniques gas analysis 
sampling (%) 

Lndirect Sampling of Empirical k 50% Germany Volumetric gas Existing mines 
exhaust mine USA emission general make of 
air gas 
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Fig. 1 Layout for measurement of gas desorbed from cores, volumetric method 

The gas emitted is either led into the water filled 
cylinder at the bottom or at the top (Fig. 1). Lost gas 
during the period elapsed between drilling and the 
first reading is calculated by plotting the gas released 
(y-axis) and square root of time (x-axis) and 
interpolating to zero time. Let us examine this system 
in some detail. 

Volumetric Technique 

Introduction of gas at the bottom of the cylinder 
means that gas pressure conditions in the cylinder are 
the same as the atmospheric conditions, but the gas 
volume measurement conditions are below 
atmospheric. The error in the calculated volume 
depends upon the height of the cylinder which may 
vary from 1,OOO mm to 100 mm. The accuracy of 
the measuring cylinder is between 20 cc, 10 cc and 
5 cc depending upon the size of the cylinder. The 
errors thus introduced a e  given in Table 2. The error 
in the amount of gas measured may vary from +1% 
to +8.6% depending upon the position of the water 
column. To this must be added the error due to 
accuracy of readings which in a 1,OOO cc cylinder is 
>10 cc and in a 200 cc cylinder < 5 cc. Practical 
error when using 1,OOO cc and 500 cc cylinders at the 
top will be 8%; and in the bottom part almost <2% 
depending upon the rate of flow and the size of the 
measuring cylinder. The higher the flow rate, the 
lower will be the error, and larger the cylinder, the 
higher the error. In general, the size of the measuring 
cylinder should be so related that it can measure total 
gas emission for at least 10 minutes or at least equal 
to the time elapsed between drilling and sealing of the 
sample. Error therefore is likely to increase in 
samples with lower gas content. 

The relationship of the error in the measurement of 
Q1 when compared with the total gas content is not 
large if the elapsed time is within reasonable limits. 
Studies conducted at 6 sites with varied gas 
compositions and a wide spectrum of gas contents 
gave the Q1 value varying between 0.5 - 3.50 m3/t. 

An error of 8% in the value will therefore affect the 
final results by 0.05 cc/g to 0.24 cc/g. In terms of 
percentage of the total gas, this error could vary 
between 1.7% to 1.26% in the case of total gas 
present. 

When gas is introduced at the top of the measuring 
cylinder (case a, Fig. l ) ,  the gas liberated is not only 
subjected to pressures below the atmospheric 
pressure introducing the error as in case (a), but the 
whole of the container is subjected to a certain 
vacuum. This results in quick expansion of the gas 
which flows through the valves and cylinders. The 
normal procedure is to allow at least 15 s to elapse for 
the pressure in the canister to stabilise. This time 
must be determined for each system used by the test 
engineer. Fig. 2 shows the relationship between free 
volume and time for stabilisation for a system with 
different free volumes (1.5 m long 8 mm plastic tube 
and 3 mm odoff valve. 

5 2 5  30 0 10 15 20 

FREE VOLUME x 10, CC 

Fig. 2 Effect of free volume on stabilisation time 
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Cylinder 2,000 cc 
size 

Graduahons 50 cc 

Accuracy of f 2 5  cc 
Reading 

Tbeorehcal Top Middle Bottom 
errors in 
volume 8.0 5.0 2.5 

Actualerror% 7-8 5-6 0-4 
(Positive) 

_ _ _ _ _ _ ~  

10 cc I 5 cc 

1,000 cc 

25 cc 

f 1 2 5  cc 

Top Middle Bottom 

8 0 5 0 2 5 

6-7 6-7 0-2 

i5 cc 

:o; Mr: B;,t;m 1 :o; Mid; B;t;ml 

5-6 4-5 0-2 5-6 2-3 10.1 

f 2.5 cc 

I 1 

Mean desorption rate 
for the first 25% of gas 

Table 3. Effect of suction on desorption rate of coal cores (dry cores) 

Corrected value for 
400 mm of H20 suction head 

S z l e  
diameter, 

Ed 
With 

vacuum, 
cc/g/min 

0.128 

0.149 

0.192 

0.085 

300.7 

365.8 

253.2 

263.2 

Without With Possible error 
vacuum vacuum, in QI 
cc/g/min cdglmin determination, 

cc/p;/min 

3.33 10-5 1.600 10-4 0.63 10-5 

1.73 x 1.99 x 0.91 x 

1.72 x 2.56 x 1.2 x 

2.27 x le-- 1.08 x 

4.28 x 4.00 0.21 3 

3.54 x 4.87 0.177 

6.75 x 3.37 0.168 

7.02 x 3.51 0.175 

14.47 

13.59 

13.31 

13.39 -_ 
30.79 

25.52 

24.3 1 

m3/t vacuum, 
cc/g/min 

CH4 

CH4 

CH4 

CH4 ,, 

c o 2  

c 0 2  

c o 2  

2w1 

IW1 

6w2 

13W2 

IW1 

6W1 

2w2 

15W2 

0.025 

0.013 

0.129 

0.017 

0.321 

0.265 

0.507 

0.527 

60.5 

64.1 

64.2 

64.2 

54.2 

54.0 

53.8 

54.2 

As long as the free volume of the canister is not 
larger, this period of 15 s is quite enough. What is 
difficult to assess in this case is the effect of slight 
suction developed on the gas emission rate from the 
sample. Application of suction on core samples 
subjected to saturation with methane and carbon 
dioxide on gas emission rates was determined in the 
laboratory. Some results are shown in Table 3. The 
samples of curves were subjected to 300 kPa suction 
and gas desorbed was measured gravimetrically. The 
moisture content of the cores was ~0.1% and as such 
these samples were virtually dry. The surprising 
results however are that the initial rate of desorption 
with vacuum is almost three orders of magnitude 
higher for carbon dioxide when compared with 
samples subjected to no vacuum. For methane, the 
increase in desorption rate is 2-5 times. These ratios 
will reduce by a factor of at least 2 when the sample 
contains high moisture. The saturation of external 
surface of cores reduces permeability as well as 

diffusivity considerably. Studies on desorption rate 
of wet and dry particles of coal cuttings show that the 
ratio between the two varies between 10-20. 

Australian Standard AS 3980191 provides no 
guidelines about this phenomenon and does not 
recommend which is the best way to do the test. 

The error introduced in the measurements of lost 
gas will thus be significantly higher when carbon 
dioxide gas is present compared to methane if the 
whole canister is subjected to vacuum by introducing 
gas at the top of the measuring cylinder. 

Possible error in the estimation of lost gas for an 
elapsed time of 10 min and assuming a ratio of 20 is 
given in Table 3. Clearly an error of 1-2 cc is 
possible in this case leading to an overestimation of 
carbon dioxide, but in the case of methane, the error 
is negligible. This error could be 4-7% depending 
upon the total gas contenl. The error is higher, the 
higher the total gas content. 
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EFFECT OF MEASURING FLUID 

20 - 

M 2 1 5 -  

!z 
e 

..2 

0, 

u” 1 0 -  

G 
v) 

5 -  

0 

It is recommended that while pure water can be used 
when gas is methane, but when carbon dioxide is 
present 1 % solution of hydrochloric acid and sodium 
chloride or acetic acid be used. Solubility of carbon 
dioxide in pure water is about 150 cc/l. Tests 
conducted in the laboratory when gas was pushed 
through a column of water, water + HC1+ NaCl and 
when gas was introduced from the top are given in 
Fig. 3. The calculated value is based upon 
gravimetric method. The data is  not corrected for 
temperature (24O) and barometric pressure (1002.4 
bars). If an appropriate solution is not available in 
the field, then gas should be introduced into the 
measuring cylinder from the top. The introduction of 
gas in water from the bottom can result in an error of 
0-50 cc/l of gas desorbed depending upon rate of 
desorption and movement of fluid in the cylinder. 
Unless otherwise required, and if the readings are 
taken within a reasonable time, there is no further 
error introduced in the measurement of gas emission. 
However, if the gas is allowed to stay in the 
measuring cylinder, it can escape through the 
measuring fluid even under still atmospheric 
conditions at a rate of up to 40 cc/hour in a 600 mm 
of H2O column in the cylinder dropping to 50 cc/day 
at 50 mm of water column in the cylinder - 

+ Holes 3&4, Conventional core desorption 

Hole 5, Convcntionai 

I I I I 

PROBLEMS OF VARIABILITY OF COAL IN 
UNDERGROUND SAMPLING 

While surface exploration boreholes takes virtually 
the full thickness of the coal seam, underground 
sampling using coring from long boreholes presents 
problems in gas estimation due to variability of the 
coal seam itself. This variability may be due to 
differing plies of coal, varying ash content of the 

1600 -__ ,I 

U V -- 1200 

2 a 1000 
0 

800 
h 
4.4 
Y 
.- 
9 600 
3 
U 

400 5 
200 

0 
0 200 400 600 800 1000 1200 1400 1600 

Gas quantity calculated, cc 

Fig. 3 Effect of introduction of C02  gas from top or 
bottom of the cylinder in acidified fluid 

plies and the moisture content of the core purely as a 
result of the water pressure used during drilling and 
the depth of the borehole. AS 3980/91 makes no 
recommendation as to the reporting of results - “as 
received“ or “ash free dry basis”. Irrespective of the 
method of reporting, considerable errors can result 
because of variation of coal quality in the coal seam. 
Fig. 4 shows the results of sampling from a long 
borehole in a freshly driven heading in the Bulli 
Seam. The variation in the initial 20 m is due to gas 
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Table 4. Variation in gas content in different parts of the same core (horizontal hole, underground test) 

Site 

I Hole-1 

Depth 
II Hole-7 

Depth 

Gas content m3/t Average Method 
' SampleA SampleB SampleC SampleD m3/t used 

12.64 11.84 7.76 9.19 10.35 Core crushing 
68.1 69.3 71.3 72.8 

Conventional 
'.05 desorption 8.9 10.06 8.40 8.83 

80 88 99 99 

Table 5. Sorption tests on samples from the Bulli Seam DAJ? basis (40 samples from 6 sites) 

Parameter 

Meall 
Maximum 
Minimum 
St. Dev. 

Sorbed gas content at different pressures, m3/t 

10 20 30 40 10 20 30 40 

7.3 11.0 13.4 15.0 13.4 18.3 20.9 22.5 
10 14.3 16.7 18.2 18.4 24.1 26.9 28.6 
5.0 8.4 10.8 12.4 8.0 12.5 15.0 16.7 
1.5 1.7 1.7 1.6 2.7 2.9 2.8 2.7 

Methane, bars Carbon dioxide, bars 

Table 6. Sorption tests on samples from the Bulli Seam as received basis (40 samples from 6 sites) 

Parameter 

Mean 
Maximum 
Minimum 
St. Dev. 

Sorbed gas content at different pressures, m3/t 

10 20 30 40 10 20 30 40 
6.6 10.0 12.2 13.6 12.2 16.7 19.1 20.6 
9.1 13.1 15.4 16.8 17.0 22.3 24.9 26.4 
4.5 7.5 9.5 11.0 7.2 11.1 13.3 14.8 
1.3 1.6 1.6 1.6 2.5 2.7 2.7 2.6 

Methane, bars Carbon dioxide, bars 

desorption, but at depths beyond that, it is virtually 
due to the sorption capacity of coal. An error of 
+z mYtonne is quite normal in these cases. 

Table 4 gives results of gas content measurements 
when a 1.5 m core was split into a number of 
samples and tested under exactly the same conditions. 
These results show that variation from sample to 
sample can be large and up to 2.5 m3/t. 
A number of samples were taken from different sites 
from the Bulli Seam and subjected to sorption tests in 
the laboratory. The mean gas content values along 
with the standard deviation and the minimum and 
maximum values are given in Tables 5 and 6. 
Obviously, gas content estimated from underground 
coring reported with or without converting to ash free 
dry basis will be subjected to high error. The gas 
content could vary from ply to ply by more than 
2 m3/tonne in seams which are fairly homogeneous. 
The result could vary much more if the seams are not 
homogeneous. 

EFFECT OF SAMPLE VOLUME TO VOLUME 
OF CANISTER 

Some of the other recommendations of the method 
AS 3980/91 are as follows: 

(a) A core sample or a lump from the surface or 
underground with a minimum weight of 50 g needs 
to be collected and sealed in a container. The 
standard does not specify the relationship between the 
size of the container and the sample size. Studies 
conducted have shown that if the size of the container 
is larger compared to the size of the sample, the 
diffusion from the sample is faster and the residual 
gas of the sample is smaller. This does not affect the 
total gas, but the desorbable gas from the sample can 
alter considerably. An error of up to 0.5 cc/g is quite 
possible when the sample value is less than 10% of 
the canister volume. In the case of CO2, some 
sorption can also occur on the surface of the canister 
and errors could be high if the canister is not spotless 
clean or contains some carbonaceous particles. 
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(b) The standard recommends that the canister be 
tested for leakage up to 150 P a .  Studies show that 
this value can be exceeded if the gas content is large 
and the ratio of canister diameter to core diameter 
(with splits) is small. Fig. 5 shows the maximum 
gas content that can be measured before exceeding the 
500 kPa leakage test pressure assuming that 25% of 
the gas may be liberated during transportation. The 
system is very likely to leak at fairly low gas contents 
(<5 m3/t for a 2,000 cc canister and a 1.5 kg coal 
sample if 150 kPa is the recommended pressure). 
Studies on canisters made from polypropylene pipes 
with Camlock dust caps are rarely reliable, while steel 
cylinders with O-rings and properly maintained rarely 
leak at pressures up to 500 kPa. It is recommended 
that the AS 3980/91 should be changed with 
recommendations that the canisters be made of 
stainless steel cylinders tested to 500 kPa with 
cordtube diameter ratio of not less than 1.25 cm and 
there is no need to design canisters for pressures 
higher than 500 Wa. As a guide, coal volume should 
be less than half the canister volume. 

(c) AS 3980/91 recommends that for the 
determination of residual gas the sample be crushed 
to 212 pm size and desorption continued till no gas 
comes out. Use of recommended measuring cylinder 
of 2 litres is quite inaccurate for this test. Time 
required from a 200 pm size particle will be almost 
24 hours for 90% of the gas to be liberated if it is 
allowed to desorb at atmospheric pressure and much 
higher if the canister is closed. If CO;! is present, 
then the movement of gas is much slower. Studies 
indicated that the particle size be reduced to under 
loop and the canister will be flushed with He to 
collect all the gas for measurement and analysis. This 
greatly reduces the time and increases the accuracy of 
the measurement. If the canister is not flushed, the 
residual gas measured will depend upon the sample 
size, gas content and volume of the crushing 
container. The higher the gas content and sample 
weight, and smaller the container size, the lower will 
be the residual gas value. 

EFFECT OF VENTILATION PRESSURE 

The effect of ventilation pressure on errors in 
sampling is exactly the same as the effect of vacuum 
and the fluid column in the measurement cylinder 
except that both these factors are additive here. 
Ventilation pressure in underground mine workings 
can vary from place to place. Excavations placed 
next to the fan drift or the main ventilation shaft may 
find almost the full effect of vacuum exerted on the 
measurements. However, it is important to note that 
as the depth of workings increases, the air pressure 
increases. As such there shall be places in the mine 
where the absolute value of atmospheric pressure is 
equal to the surface pressure. Absolute air pressure 
can easily be measured using a suitable anemometer. 
The error introduced by not taking into account the 
pressure at the place of measurement is about 

1 %/100mm of H20 pressure differential. Thus 
during the process of determination of initial 
desorption rate, if the gas evolved is 0.5 cc/g, the 
error in this measurement will be about 0.05 cc per 
100 mm of pressure differential. This is the total 
error in gas estimation of coal cores. 
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Fig. 5 Relationship between volume of canister, 
gas content and sample weight for gas pressure 

not to exceed 500 kPa 

EFFECT OF BACK PRESSURE IN THE BORE 
HOLE 

In surface sampling, the lost time is calculated based 
upon the estimated gas pressure and depth of the fluid 
column and fluid density. Gas is assumed to escape 
from the core only when the surrounding fluid 
pressure is equal to the gas pressure. 

In underground sampling the back pressure in the 
hole is small and lost time is assumed to start either 
when coring is just started or from mid length of the 
coring process. The desorption is assumed to take 
place at the rate as determined by desorption in the 
canister outside the hole. This assumption is not 
valid. 

The pressure in the bore hole in an underground 
mine is positive and this depends upon the length of 
the bore hole, bore hole diameter, flushing fluid flow 
rates, etc. During the drilling process, the water 
pressure in the bore hole and surrounding the core 
may be a few 100 kPa. This retards gas emission 
rate from the cod  core. 

The initial desorption rate for core samples has been 
used to calculate the error. It is assumed that 
emission rate is proportional to the differential 
pressure. The possible errors are given in Table 7. 
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Table 7. Effect of back pressure in errors in lost gas 

40 
40 
40 
40 
40 

LOST GAS ESTIMATION 

0 
1 
2 
3 
4 

Bore hole 

in core, 

Mean 

Possib 
3 

CH4 

+0.046 
+0.045 
+0.044 
+0.043 
+0.041 

+0.044 

error, 
nin 

co2 

+0.405 
+0.395 
+0.385 
+0.374 
+0.365 

+0.385 

The error, thus, over 10 minutes could be from 0.5 
cc/g to 3.8 cc/g depending upon the gas. The lost gas 
content is thus overestimated by these amounts. 

EFFECT OF TEMPERATURE 

AS 3980/91 stipulates that gas content be reported at 
zero degree. The temperature in the coal seam could 
vary over wide limits depending upon the depth. 

The thermal gradients can also vary from almost 
2'/10Om to 3.5O/100rn. Inseam temperature measured 
in gas drainage holes under conditions of low gas 
flow gives inseam temperature which is closer to the 
in-situ temperature, but in holes with high gas flow it  
is lower than real temperature due to expansion of the 
gas. The difference may be between 2-5'C. 

In-situ temperature of the Bulli Seam has been 
measured to be about 26-28OC. When core samples 
are taken and incorporated into the canister, the 
desorption temperature can greatly influence the 
result. 

Coal fractions were subjected to gas pressures and 
allowed to come to equilibrium (Lama, 1986). The 
gas content at equilibrium was measured together 
with the gas pressure in the sorption bombs. The 
temperature of the bombs was raised and allowed to 
come to equilibrium. The changes in gas pressure 
were measured and used to calculate the sorbed gas in 
coal. Tests showed that over the temperature range 
between 20-40, the sorption of gas reduces at the 
following rates: 

CH4 = 0.07 cc/g/degree 
CO;! = 0.135 cc/g/degree. 

Clearly, if the in-situ temperature is higher (30') 
comparcd to the laboratory temperature where tests 
are conducted and if tests are reported at 2OoC, then 
gas content reported is 0.7 cc/g or 1.35 cc/g lower 
than reality. Gas content should be reported at 
inseam temperature. It does not mean that the values 
be converted to that temperature but desorption 
temperature should be maintained equal to inseam 
temperature. 

AS 3980/91 suggests the use of square root of time 
relationship between gas desorbed from a sample and 
the time elapsed. In most cases where wet drilling is 
adopted, this relationship holds fairly well. This is 
particularly so when the gas content is small, seam is 
wet, time lost is small and permeability is low. 

In many deep operations compressed air or foam is 
used as a drilling fluid and seams are dry, time lost is 
large and the core quality is not good, the square root 
of time relationship is not valid particularly for carbon 
dioxide gas. Laboratory studies showed that in 
extremely dry relaxed cores the errors can be 
extremely large (Table 8). 

Table 8. Comparison of actual and calculated lost gas 
(square root law) (laboratory investigation, dry 
sample, C02, desorption from 4100 kPa abs) 

Sample No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

Measured 
gas lost, 

cc/g 
8.84 

27.72 
14.03 
5.42 
6.90 
6.55 

13.40 
10.51 
6.75 
9.26 

10.50 
6.85 
8.48 

10.40 
13.07 
13.94 
14.14 

Calculated 
lost gas, 

ccig 
2.7 1 
0.27 
2.27 
3.26 
4.34 

10.15 
1.84 
1.26 
1.95 
1.61 
0.76 
2.28 
0.29 
1.43 
0.27 
0.30 
0.10 

In a series of studies conducted on a number of 
cores subjected to desorption in the field and 
resorption under laboratory conditions and then 
desorption again, it was found that the following 
relationship gives a much better fit (Lama and 
Bartosiewicz, 1980). 

n 
Qt = A($) (1) 
Table 9 gives the results of actually measured and 

calculated lost gas values using the above equation. 
The error is much smaller compared to the square 
root law. The important thing in this case is to know 
the values of n and T. These can be computed by 
subjecting the sample to sorption at an estimated gas 
pressure and re-desorbing it under laboratory 
conditions or assuming a certain value of n and 
adjusting it such that the scope of the plot ln(t + tJn - 
ton approaches 45" (where t = time elapsed, = lost 
time. The value of n can vary from 0.1 to 0.25). 
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ESTIMATION OF GAS COMPOSITION 

When a mixture of gases is present in coal, the 
estimation of gas composition presents a problem as 
coal behaves as a molecular sieve. Gas desorbed 
from a coal sample has composition which 
continually changes with time. Fig. 6 shows the 
changes in compositions from field samples with 
time. There is no hard and fast rule, but in general it 
can be said that the ratio of (CO2/CH4) in the 
desorbed gas would slowly drop with time due to the 
fast rate of desorption of COz in the coal samples. In 
such cases, all the gas must be collected and weighted 
average of the gas composition must be reported. 
Using this method, it was found that errors in gas 
composition even when the quality of cores is quite 
variable are less than 3%. 

The above is true when one of the gases (CH4or 
COz) is the predominant gas. In cases of low 
( C 0 2 / C H 4 )  ratios, there are a number of 
uncertainties. Laboratory studies conducted in 
fractured coal samples which were subjected to 
desorption with an input gas composition of 
(CH4/C02) = 1, showed that these samples sorbed 
gas with a ratio less than one (Fig. 7). The 
equilibrium was reached with a final ratio of 
(CH4/C02) -0.35-0.38 (Lama, 1988). When these 
samples were desorbed, the composition of the gas 
desorbed in the earlier stages was high in methane 
and the ratio quickly dropped but then slowly 
increased with longer time intervals. It is therefore 
quite possible that in field tests, we are observing the 
later part of the curve. If this be so, then all our gas 
composition estimation is wrong. The error will 

result in higher estimation of C02 percentages in the 
samples. Using threshold values for safe mining 
against outbursts that are dependent upon gas 
composition need to be reconsidered. The margin of 
safety, however, will increase as the threshold values 
for COz are lower. 
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Fig. 6 Changes in gas composition of gas desorbed 
from field samples as a function of time 

Table 9. Calculated and measured values of gas desorbed from field tests 

Sample No. 

4 
5 
6 
7 
9 

10 
11 
12 
13 
14 
15 
16 

Best fit, 
n 

(lab. tests) 

b 
min. 

Measured gas 
desorbed, 

cdg 

0.206 
0.2 13 
0.157 
0.1 14 
0.166 
0.115 
0.052 
0.184 
0.042 
0.119 
0.027 
0.039 

10 
15 
9 

15 
13 
15 
9 

10 
10 
15 
20 
11 

13.69 
10.91 
18.86 
9.44 

17.86 
10.53 
10.32 
19.87 
9.30 

13.73 
18.51 
10.23 

Estimated 
from square 

root law, 
cc/g 

6.45 
6.93 

12.52 
6.26 

10.53 
6.13 
7.7 1 

10.03 
7.62 
8.27 

16,94 
8.7 1 

Calculated 
from 
Eq. 1 

10.22 
13.32 
21.98 

8.87 
17.25 
8.68 
9.25 

18.69 
8.84 

11.96 
18.33 
9.78 
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Fig. 7 Effect of time on composition of sorbed and desorbed gas in coal fractions 

Table 10. Summary of errors in gas content 
estimation 

Factor 

Temperablre 

Volumetric 
Measurement 
Technique 

Residual gas 
estimation 

Lost gas 
estimation 

Effect of suction 
on sample 

Effect of 
measuring fluid 

Effect of 
ventilation 
pressure 

Effect of back 
pressure in hole 

Effect of 
variability of 
various plies 

Gas 
composition 
estimation 

L 

Possible error 

cm 
0.07 cc/g/Co 

0 to 8% 

UP to 0.5 - 1 
cc/p 

variable 

.OOol 
cclglmin 

0.05 
C c l l o o m m  of 

H 2 0  

0.044 
cclglmin 

f0.5 - 2.5 
cclg in 

homogeneous 
seams 

low to high 
depnding 
upon % of 

CH4 & C02 

c o 2  

0.135 cclg1C" 

0 to 8% 

UP to 1 - 2.5 

variable 

0.1 - 0.3 
cclglmin 

0 - 0.5 cc 

0.05 
C c l l o o m m  

of H 2 0  

0.385 
cclglmin 

+0.5 - 2.5 
cclg in 

homogeneous 
seams 

low to high 
depending upon 
% of CH4 & 

co2 

Sign 

-ve 

+ve 

+ve 

-ve 

+ve 

-ve 

+ve 

+ve 

rtve 

+3 % 
when all 

gas 
jesarbed 

is 
XlleCted 

CONCLUSION 

Results of investigations show that there are a 
number of factors that influence gas content 
measurements from core sampling. Table 10 
summarises the possible errors. Most factors 
introduce a positive error. The factor that introduces 
the maximum error is the in-situ temperature which is 
in general higher than the temperature at which most 
desorption of core is done. The volumetric technique 
alone can introduce errors up to 8% if the gas 
contents are small. When C02 is present, its 
solubility in water can introduce considerable errors. 
Overall, the results can be in error by up to +lo% or 
about 1 cc/g if proper care is not taken. 

ACKNOWLEDGMENT 

The results of studies reported here were conducted 
in KCC laboratories and mines. The support 
provided by Kembla Coal & Coke Pty Ltd is 
sincerely acknowledged. The interpretation of the 
results presented in this paper reflect the author's 
opinion and not necessarily the opinion of the 
Management of Kembla Coal & Coke. 

REFERENCES 

Berhard, C . ,  Bruyet, B. & Gunther, J. 1970. 
Determination of desorbable gas concentration of 
coal (direct method), Znt. J. Rock Mech. Min. 
Sci., Vol. 7, pp. 43-65. 

Kissel, F.N., McCulloch, C.M. & Elder, C.H. 
1973. The direct method of determining methane 
content of coal be& for ventilation design, USBM 
RI 7767,22 p. 

566 



Lama, R.D. & Bartosiewicz, H. 1980. Determination 
of gas content on coal seams, AusIMM Symp. on 
Inseam Gas Drainage with Particular Reference to 
the Working Seam, Wollongong, pp. 1-14. 

Lama, R.D. 1986. Improving the Eficiency of Gas 
Drainage Systems, NERDDP Project No.574, 
End of the Grant Report, Department of Primary 
Industries and Energy, Canberra, 374 pp. 

Lama, R.D. 1988. Adsorption and desorption of 
mixed gases on coal and its implications in mine 
ventilation, 4th Int. Mine Ventilation Congress, 
Brisbane, July, pp. 161-77. 

567 



Int. Symp. cum Workshop on Management & Control of High Gas Emission & Outbursts 
Wollongong, 20-24 March, 1995 

Immediate assessment of in situ gas content using underground manometric desorbometer 
readings 

Les W. Lunarzewski 

Memck R. Mahoney 

Lunagar Ply Limited Newcastle, Australia 

BHP Research Newcastle Laboratories, Newcastle, Australia 

ABSTRACT: An underground assessment of gas content (within 30 minutes) can be used as a complementary 
method for the immediate establishment of the magnitudes of in situ gas content at a distance of 5 to 6 metres 
ahead of a heading face. The indirect method of in situ gas content measurement, using a manometric 
desorbometer, can be used to establish the direct relationship between underground desorbometer readings and 
corresponding in situ gas content values for a selected coal seam. 

INTRODUCTION 

Mining of coal seams, which have high gas contents 
and/or are liable to outburst, require in situ gas 
content measurements ahead of driven headings. 
These measurements are required in order to 
establish local gassy parameters in relation to the 
threshold values applicable for particular conditions. 

In situ gas content measurements, using direct 
methods, are not applicable for all conditions due to 
the lengthy period required for laboratory crushing, 
desorption and calculations on the analysed coal 
sample. In some cases, immediate underground 
investigation of gassy conditions ahead of the driven 
heading is necessary, for example, if visual signs 
indicate a potential outburst zone. 

For those purposes, a complementary method of 
in situ gas content measurement can be carried out 
using manometric desorbometer readings and a 
previously established relationship between those 
readings and corresponding in situ gas contents 
(Mahoney, Wood 1994) 

For selected collieries with the same coal seam, 
trial measurements have been carried out and an 
empirical relationship established between 
underground desorbometer readings and 
corresponding in situ gas content values 
(Lunarzewski and Mahoney 1994). 

Underground and laboratory testing procedures 

A specific coal sample is collected by drilling at the 
face to a depth of 3 to 6 metres. A specialised set of 
scroll drill rods are used to permit collection of dry 
cuttings from selected parts of the seam. After 
appropriate sizing underground (0.5 to l.Omm), coal 

is placed in a DMC-2 manometric desorbometer and 
desorption rate measurements obtained over specific 
periods of time (30,60,90 and 120 seconds). 

The remaining coal sample is later analysed under 
laboratory conditions using special high pressure 
equipment to establish the desorption isotherm and 
calibration curve graphs for the coal seam tested. 

Both results, desorbometer underground readings 
(in situ pressure calibration curve) and laboratory in 
situ gas content measurements (sorption isotherm 
curve), are related to the sorption equilibrium 
pressure (absolute in situ pressure) and relative 
values compared, to achieve a direct relationship 
between the underground desorbometer readings and 
in situ gas content magnitudes, as shown in Figures 
1 and 2. 

Objectives of the demonstration project 

To develop appropriate laboratory equipment for 
sorption isotherm curve measurements and codgas  
saturation and desorption processes for in situ 
pressure calibration curve measurements (Mahoney 
and Lunarzewski 1988). 

To analyse the existing-historical in situ gas 
content results for samples taken in the same seam, 
when simultaneously using both indirect and direct 
methods. 

To collect additional underground coal samples 
from the heading face and/or inseam holes, as well as 
coal cuttings from holes drilled in the tested coal 
seam. 

To determine both underground and laboratory 
readings in three independent laboratories in order to 
establish the credibility and repetition of indirect 
method results and compare these to direct method 
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values (Mahoney and Wood 1994, Kandora 1986- 
1994). 

To construct and develop an empirical relationship 
and graphical curve for in situ gas content in relation 
to equilibrium pressures and desorbometer readings 
for the tested coal seam, using current and historical 
data from four Australian collieries. 
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Figure 1. Sorption isotherm curve 
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Figure 2. In situ pressure calibration curve 

To develop an underground operational method 
which allows measurement of in situ gas content 
directly by taking coal cuttings from a borehole 
drilled ahead of a heading lice and immediately 
assessing the in situ gas content and/or in situ 
pressure values associated with roadway drivages at 

a distance of approximately 5 to 6 metres ahead of 
the face (Mahoney and Wood 1994). 

Wovk progmin suinmna,y 

Analysis of historical results for more than 50 
samples and a selection of representative samples 
which were taken simultaneously using both indirect 
and direct methods of measurement 

Additional simultaneous underground sampling 
and measurements using both of the following 
methods: 

1. The indirect method of measurement - Polish 
manometric desorbometer DMC-2 and Australian 
technology for establishing sorption isotherm and 
calibration curves (Borowski 1988, Mahoney 1994). 

2, The direct method of measurement - Australian 
Standard- Direct Method using fresh coal lumps and 
coal core samples. 

Data analysis, computing and graphing of the 
relationship between desorbometer underground 
readings and in situ gas content magnitudes. 

FINDINGS AND CONCLUSIONS 

Data analysis for 52 original samples was carried out 
on a selection of representative samples and tested 
for the same coal seam, using both the indirect and 
direct methods of in situ gas content measurement for 
comparison. All sample results, both underground 
and laboratory, were recalculated for standard STP 
conditions. Average gas compositions in the 
examined seam were: methane 85 to 95 %CH4 and, 
carbon dioxide 15 to 5 %C@. 

Figure 3 shows the relationship between in situ 
gas contents (m3/t ROM) and desorbometer readings 
(mmWG) for run of mine coal (ROM) and the same 
selected coal seam extracted in four Australian mines. 

The line of the best fit can be used for the 
immediate underground determination of in situ gas 
content of the tested coal seam, within one (1) m3 per 
tonne accuracy. This accuracy can be improved up to 
0Sm3 per tonne in the case of data collecied from 
one colliery (Lunarzewski and Mahoney 1994). 

A similar relationship, for further selected coal 
seams, can be established for the technology 
described above, when using manometric 
desorbometer underground readings and the 
previously established relationship with in situ gas 
content magnitudes. 

The proposed method allows direct underground 
measurement of in situ gas content by taking dry coal 
cuttings from a borehole drilled ahead of a heading 
face and assessing, within 25 to 30 minutes, the 
immediate underground measurement of in situ gas 
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Figure 3. Desorbometer underground readings versus gas content 

content at a distance 5 to 6 metres ahead of the face 
(Lama, Mahoney and Wood 1994). 
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ABSTRACT: The paper presents laboratory and field studies in the use of Polish desorbometer for the 
estimation of gas content of coal in operating mines. It was found that though the use of the instrument is 
simple and gives a quick result, the results are not reliable particularly if the time elapsed between the drilling 
and collection of the sample is high and the length of the borehole is long. A long borehole presents problems 
in the collection of the sample and delays in sampling. The errors introduced by the procedure, besides the 
inherent error of a small sample, makes this instrument unreliable for use under Australian mining conditions 
particularly from the point of view of determining threshold values for the safe mining of seams liable to 
outbursts in fast advancing headings. 

INTRODUCTION 

The rate of advance of headings for a modern 
longwall operation needs to be as high as possible. 
An efficient longwall operation requires that for every 
one shift of longwall operation, there should not be 
more than 2 shifts of development. This means that 
for a 10,OOO tonne/day, 200 m longwall operation in 
a medium thick coal seam will need development 
rates of at least 25 m/shift. This has not been 
achieved in Australian longwall operations. The rates 
achieved in deeper underground operations have been 
much lower. In many mines facing high gas 
emission and outburst problems, it is now mandatory 
to establish gas content ahead of the development 
headings before mining can proceed. Determination 
of gas content ahead of mining as quickly as possible 
has been an area of investigation by a number of 
investigators and a number of different methods 
including coring and quick crushing, sampling of 
cuttings, gas pressure measurements and sorption 
studies are being conducted. 

Polish desorbometer presents an ideal method for 
quick estimation of gas content. Studies were 
conducted using this instrument both in the laboratory 
and in the field and the results of this study are 
reported here. 

USE OF DESORBOMETER FOR GAS CONTENT 
ESTIMATION 

The desorbometer is an instrument developed by 
Barbara Experimental Mine, MikoMw, Poland, for 
the prediction of the gas and coal outburst hazard in 
coal mines, and has been in use in mines in Upper 
Silesian coal fields, Poland, since the mid sixties. 

The instrument has also been used in several other 
countries such as Czechoslovakia, Hungary, 
Bulgaria, China and Japan for similar work. Many 
researchers have used this instrument for the 
prediction of outburst hazard (Poborski, 1962; 
Gawraczynski and Borowski, 1976; Majcherczyk, 
1990). The instrument has also been used for the 
estimation of gas content and gas pressure estimation 
ahead of advancing longwall faces (Borowski, 
1975). 

The instrument is very simple in construction 
(Fig. 1). It consists of a small chamber which can 
accommodate about 4 g of coal of -1 mm + O S  mm 
size fractions. This chamber is sealed and connected 
to a capillary U-tube with a coloured water solution. 
The procedure requires filling the chamber, and after 
exactly 90 seconds of time elapsed between drilling, 
sample collection and sample containment, the sample 
is sealed and the rise in water column is measured 
over the next 120-360 s. These values are then 
correlated with the gas content of coal from a pre- 
calibrated test. 

The advantage of the instrument is that it is 
lightweight and can be easily carried to the site. It is 
easy to operate and the results are available within 10 
minutes of sampling. However, the use of the 
instrument and methodology requires that the coal 
sample be dry and the test must commence within 90s 
of drilling. 

METHODOLOGY 

Coal samples from the Bulli Seam were collected and 
crushed. The size fractions between -1 mm and 4.5 
mm were sieved with considerable care such that the 
material was free of any finer fractions. About 100 
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grams of the fractions were transferred into a 
precleaned high pressure bomb preweighed for 
sorption of gas under high pressure. A total of 14 
samples were thus prepared and subjected to high 
pressure adsorption for a period of 10 days. Six 
samples were saturated with carbon dioxide gas and 
eight samples with methane. All samples from one 
eroup were saturated at the same pressure. Gas 
pressure for methane was 45.64 bars and for carbon 
dioxide 47.34 bars. The bath temperature was 
maintained at 30°C using a thermostatic heater and a 
closed circuit circulation pump. 

Fig. 1 Polish desorbometer 

At the end of the period of saturation, the bombs 
were individually opened and the gas desorbed. The 
rate of desorption of gas from the bombs was 
measured and gas content of the coal fraction 
remaining in the bombs was calculated using 
gravimetric technique. 

During the course of desorption, subsamples of 
each were collected and water column rise over the 
period for elapsed times of 60, 120, 180,240, 300 
and 360 second periods was measured in the Polish 
desorbometer. 

Whi le  using desorbometer studies,  the 
desorbometer was sealed exactly 90 seconds after the 
removal of the sample from the bomb. 

In the case of carbon dioxide, the bomb was placed 
on a shaking table so that the particles remaining in 
the bomb can mix and uniform distribution takes 
place. Earlier experiments indicated that most of the 
desorption took place at the surface of the sample. 
The surface particles lost more gas while those lying 
below thc surface retained considerably more gas. 

METHOD OF ANALYSING DESORBOMETER 
RESULTS 

Table 1 gives a typical record of the measurements. 
During the course of the desorption of gas from the 
high pressure bomb, the weight of the bomb and 
sample and gas was noted at different elapsed times 
(columns 1 and 2). 

The change in weight of the sample was due to gas 
desorbed. Because of the elapsed time during the 
extraction of the subsample and since during this 
time, no change in weight of the bomb could be 
recorded, the exact gas content of the subsample at 
the time of the subsample extraction was calculated 
assuming that gas desorption was linear in the short 
period over which data was not available. The gas 
desorption data was interpolated to determine a more 
accurate value of the gas content of the subsample. 

A typical gas desorption and gas content curve for 
coal samples for CH4 and COT is given in Figure 2 
and 3. A typical water column value for all- the 
subsamples over the period is given in Tables 2 and 
3. The water columns, as measured from the 
desorbometer tests for these samples over those 60- 
360 seconds are given in Figures 4 and 5. 

The data from all subsamples for each subset of 60, 
120, 180,240, 300 and 360 seconds was considered 
together and subjected to regression analysis. The 
results of regression analysis for both methane and 
carbon dioxide are given in  Tables 4 and 5. 
Regression curves are given in Figures 6 and 7. The 
gas emission has been represented by a simple 
exponential relationship. More complex relationships 
could be tried, but because of the large number of 
other errors involved in the experiments, a more 
rigorous analysis was thought to be unwarranted. It 
is seen from the tables that correlation coefficients 
drop with increase in the elapsed time interval used 
for the desorbometer studies. 

FIELD TRIALS AT DARKES FOREST MINE IN 
SHORT HOLES 

Short holes were drilled using scroll drills. The holes 
were drilled at mid height at 45' to the axis of the 
heading in the comer of the heading. The gas content 
of the coal seam in the area had been previously 
determined using cores and pressure measurements 
underground. The gas content of the area was 
estimated to be about, 11 m3/tonne with gas 
composition of >95% methane. 

The calibration curves were used for the 
measurement of the gas content of the coal at Darkes 
Forest Mine. Ten samples were taken from boreholes 
of 3 m depth. The sample was collected from the last 
0.5 m of the hole. A 4 gm sample was introduced 
into the bomb and water columns in the desorbometcr 
were measured. The results of this sampling are 
given in Table 6. 
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Table 1. Records of measurements of gas desorbed in desorbometer 

SampleNo. 2W2 Status: -1.0+0.5 mm Gas: Methane 
Gas Pressure: 47.55 bar 
Water Bath Temperature: 30 degrees Celsius 
Gas Applied at: 4/2/86 
Weights: 

1. Empty container Wl  = 1607.022 g 
2. Empty container evacuated W2 = 1606.754 g 
3. Evacuated container with a sample W3 = 1706.970 g 
4. Container with a sample after applying gas W4 = 17 16.498 g 
5 .  Coalsample W5= 100.126g 
6. Cap W6= 597.196 g 

Gas Disconnected at: 4/3/86 

'1'Ota.l 
Weight of Change in Gas Gas Correction corrected Remarks 

Time, bomb + weight for desorbed, desorbed, values, gas 
S sample & gas, each block, cc cdg cdg desorbed, 

- 0  
60 
90 

120 
150 

270 
300 
330 
420 
450 

690 
7 80 
840 
900 
960 

11 10.671 
11 10.662 
11 10.658 
11 10.654 

1106.582 
1106.580 
1106.578 
1106.567 
1106.564 

1102.502 
1102.494 
1102.489 
1102.486 
1102.477 

0.009 
0.013 
0.017 

0.002 
0.004 
0.015 
0.018 

0.008 
0.013 
0.016 
0.025 

13.265 
19.160 
25.055 

2.948 
5.895 

22.108 
26.529 

11.791 
19.160 
23.58 1 
36.846 

0.132 
0.191 
0.250 

0.03 1 
0.06 1 
0.230 
0.276 

0.128 
0.208 
0.256 
0.400 

0.274 0.274 
0.406 
0.465 
0.524 

0.597 1.121 
1.152 
1.182 
1.351 
1.397 

0.945 2.342 
2.470 
2.550 
2.598 
2.742 

Sample 
A1 
taken 

Sample 
A2 
taken 

Sample 
A3 taken 

11400 
11580 
11700 
12000 
12180 

12420 
12780 
12960 
13140 
13500 

1053.921 
1053.920 
1053.919 
1053.916 
1053.914 

1049.9 86 
1049.9 84 
1 049.9 83 
1049.98 1 
1049.976 

0.00 1 
0.002 
0.005 
0.007 

0.002 
0.003 
0.005 
0.010 

1.474 
2.948 
7.369 

10.317 

2.948 
4.422 
7.369 

14.738 

0.034 
0.068 
0.170 
0.238 

0.075 
0.112 
0.187 
0.373 

Sample 
0.315 9.917 A14 taken 

9.951 
9.985 

10.087 
10.155 Sample 

0.586 10.740 taken 
10.815 
10.852 
10.927 
11.113 

A15 
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Table 2. Desorbometer tests, Sample number 2W2. Water column values for A1 to A15 (Gas - CH4) 

Sample 
No. 

Gas Content, 
cc/g 

Water Column (delta H2O) 
Timc (=.I 

240 60 

68 
42 
34 
28 
28 
26 
26 
24 
24 
22 
20 
19 
18 
17 

. 14 

120 

120 
70 
60 
50 
46 
46 
42 
42 
42 
38 
34 
32 
30 
28 
22 

180 

160 
92 
88 
70 
62 
58 
58 
56 
50 
48 
46 
44 
40 
38 
30 

300 

* 
120 
138 
106 
96 
88 
86 
82 
76 
74 
66 
65 
56 
49 
42 

360 

* 
130 
162 
120 
112 
103 
94 
90 
84 
80 
72 
68 
60 
54 
48 

198 
108 
114 
88 
78 
74 
74 
72 
68 
64 
60 
58 
48 
44 
36 

A1 
A2 
A3 
A4 
A5 
A6 
A7 
A8 
A9 

A10 
A1 1 
A12 
A13 
A14 
A15 

1 1.496 
10.623 
9.548 
8.48 1 
7.696 
6.990 
6.553 
6.006 
5.400 
4.792 
4.121 
3.559 
2.945 
2.418 
1.865 

Table 3. Desorbometer tests, Sample number 2W1. Water column values for subsequent samples A1 to A16 
(Gas - C02) 

Sample 
No. 

Gas Content, 
cdg 

Further 
Correction 

Water Colur 
Timc 

I (delta HzO) 
SeC.) 

60 240 360 
* 
* * 
* 
* 
* 
* 

210 
156 
124 
110 
102 
94 
82 
72 
62 

120 180 

* 
* 
* 
* 
* 

206 
162 
128 
96 
76 
70 
66 
60 
52 
44 
35 

300 

* 
* 
* 
* 
* 
* 
* 

184 
138 
110 
102 
90 
85 
70 
60 
54 

A1 
A2 
A3 
A4 
A5 
A6 
A7 
A8 
A9 

A10 
A1 1 
A12 
A13 
A14 
A15 
A16 

46.384 
43.153 
42.782 
41.133 
39.438 
37.868 
35.924 
34.479 
33.160 
32.044 
3 1.023 
30.662 
29.776 
29.49 1 
29.150 
28.724 

19.829 
16.598 
16.227 
14.578 
12.883 
11.313 
9.369 
7.924 
6.605 
5.489 
4.468 
4.107 
3.22 1 
2.936 
2.595 
2.169 

* * 
* 
* 
* 
* 

200 
156 
118 
94 
88 
82 
76 
62 
52 
46 

* 
200 
158 
135 
102 
88 
68 
54 
42 
32 
30 
26 
22 
18 
16 
14 

* 
* 
* 

190 
180 
150 
118 
94 
72 
56 
52 
48 
44 
38 
32 
26 
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MEASUREMENT 

Time msec 

Quation Y =  
9.3 34e0.098x 

Correlation 0.68 
Coefficient 

Note: y = water column (mm H20) 
x = gas content (cc/g) 

120 sec 180 sec 240 sec 

Y =  Y =  Y =  
15. 398e0- 103x 2 1 .79e0. loZx 29 .232e0.09X 

0.67 0.67 0.58 

Table 5. Desorbometer tests: Gas content versus water column. 
All samples, Bulli Seam, West Cliff Colliery (Gas - C02) 

MEASUREMENT 

Time 

Equation 

Correlation 
Coefficient 

300 sec 

60 sec 120 sec 180 sec 240 sec 300 sec 360 sec 

Y =  Y =  Y =  Y =  Y =  Y =  
6.1 774e0.093x 1 3 .246e0. 66x 2 1 .853e0. 8x 3 1.193eO.I 4x 38.379e0. 46.682e0.09x 

0.86 0.78 0.66 0.57 0.54 0.48 

Y =  
32. 126e0. 105x 

Sample 

1 
2 
3 
4 
5 
6 
8 

0.62 

Mean gas 
H20 Columns Estimated gas content from data, content, 

cdg 
60 S 180 S 300 S 60 S 180 S 300 S cc/g 

20 50 80 8 9 8 8 
30 60 90 12 10 9 10 
28 58 12  11 10 8 10 
18 30 40 7 9 5 
10 20 30 1 1 
22 38 42 9 7 5 
40 80 20 14 14 15 14 - P 

360 sec 

78 7.4 10 7.6 

Actual gas content of the seam in-situ = 11 cc/g 
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The measured value of the gas content using the 
desorbometer test is quite close to the gas content. 
The face was freshly driven and in spite of this, the 
gas content at 3 m ahead of the face could not have 
been the equal to the insitu gas content of the coal 
seam. 

These results indicate that for methane gas 
estimation, the use of a desorbometer is quite 
convenient. Elapsed time influences the results over 
a wide limit. Desorbometer can be used only when 
the gas content is low. At higher gas content values, 
the results tend to merge and elapsed time has no 
influence (Fig. 6). This puts grave doubts on the use 
of this method for high gas content values. 

Site 

I 
(500 Panel) 

111 

FIELD TRIALS IN LONG HOLES 

Hole No. 

1 

2 

6 

Extraction of samples from long holes presented a 
problem. Drilling technology using long holes 
(>lo0 m) is rotary drilling using smooth rods. AQ 
and AW rods are commonly used in portable rotary 
drills. A suction system was developed using a 
compressed air venturi and a cyclone (Fig. 8). After 
a hole has been cored to a required depth using water 
flushing, the hole was blown through with 
compressed air for about 5-10 minutes till almost dry. 
Drilling was then continued dry with a suction system 
to suck the cuttings. Tests conducted on the surface 
showed that at 100 m depth the system can deliver 
about 125 Vs of air. This was found to be sufficient 
to transport the coal cutting along that distance. 

Coal cuttings accumulated in the centrifuge were 
sieved to extract -1 mm + O S  mm fractions as 
recommended in the use of the Polish desorbometer. 
Tests were conducted to collect samples from 

20.75 
33.2 
49.8 

different depths from the hole. Core samples were 
also taken from these points and analysed using 
standard desorption tests. Since collection of 
samples from larger depths took much longer time, 
the tests were standardised so that readings could 
only be started after an elapse of 600 s. Laboratory 
studies during sorption have shown that gas desorbed 
in the first ten minutes was about 2 m3/t to 8 m3/t 
depending upon the gas type and initial gas content. 

Since the field results do not strictly conform to the 
required specifications of the method suggested for 
the Polish desorbometer, the field data was processed 
in a slightly different way. The desorbometer 
readings were analysed as rate of change of water 
column/min as a function of time. A typical curve is 
given in Fig. 9. The data from these curves was 
interpolated (linearly) to determine the change in 
water column at 90 s and over the next 60 s. The 
water column values so obtained were used for the 
estimation of gas content using precalibrated curves. 
The results are given in Table 7. It is quite obvious 
from the table that the gas content values estimated 
vary very widely. Though the gas content 
determined from cores varies over the wide range 
(from 5.6 to 16.4 m3/t) the gas content estimated 
from the Polish desorbometer varies over a much 
narrower band (12 to 16 m3/t). This is possibly due 
to the effect of large elapsed time where the 
desorption rate has now stabilised (steady state flow) 
to a more or less constant rate which does not reflect 
the initial gas content of the coal sample but rather the 
diffusivity of coal. The relationship of AP2-6 (i.e. 
pressure rise over the time 2-6 mins after the start of 
the test) also shows poor relationship with gas 
content of the coal in-situ (Fig. lo). 

15.2 
15.9 
16.4 

Table 7. Results of actual gas content values and estimated from Polish desorbometer 
in longholes Tahmoor Colliery (Site I and 111, gas composition 63 - 77% of C02) 

(700 Panel) 
111 
(700 Panel) 

7 

Section 

2 
3 
4 
5 
6 
6 

1 

1 
2 
3 
4 
6 
7 
8 

Depth 
Gas content 
from cores, 

m3/t 

59.8 
71.3 
72 

8.8  

31.0 
40.0 
49.0 
58.0 
80.0 
88.0 
99 

15.1 
14.2 
9.4 

5.6 
5.6 
9.4 
8.8 
9.5 
9.3 
8.9 

10.1 
8.4 

Estimated gas 
content from 

Polish 
desorbome ter, 

16 
16.5 
13 
13 
12 
16 

12 
15 
14 
14.5 
14 
16 
14 
14 
14.5 

+5.2 
+3.7 
-13.1 
-14.9 

+15.5 
+30.2 

+114 
+168 
+48.9 
+64.8 
+47.3 
+72.0 
+57.3 
+38.6 
+72.6 
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Venturi 

Valve 

. 
7oo 

37 mm 
water swivel 

t Drill machine 

I I  
0 Site 1 y - 73.792 * iOA(3.43O2n-2x) R"2 - 0.552 

Site3 y - 74.469 . lO"(7.4339e-2x) RA2 = 0.638 
, I  

0 S((e4 y I 39.958 * iO"(8.5973e-2x) I I  R"2 = 0.615 

Drill stem 

Fig. 8 Suction system for removal of cuttings in dry drilling 

Rate or Change in Pressure, m m H  10/Minute 

Fig. 9 Rate of change in pressure (water column) 
against time as obtained from the Polish 

desorbometer test 

KCC LARGE DESORBOMETER 

The coal sample in the Polish desorbometer in only 
4 g and it surely does not represent the coal seam. It 
was thought that perhaps a larger sample would give 
a better result. A large desorbometer which can take 
500 g sample was built (Fig. 11) (Lama and Liu, 
1993). It consists of a series of containers connected 
in parallels with a total volume of 10 litres. All 
containers are evacuated to a constant volume of -40 
kPa. The sample container is connected to the 
smallest evacuated container with a volume of 100 cc 
and the rise in pressure over time is measured. A 
typical output data is given in Fig. 12. At the end of 
the test, the 100 cc container is connected sequential 

0 2 4 6 8 1 0  ( 2  14 ( 6  18 20 
Conventionnl gas content, cc/g 

Fig. 10 Relationship between gas content 
measured from cores and AP2-6 values 

from the Polish desorbometer 
to all the other containers till the pressure in the 
system is nearly equal to the atmospheric pressure. 
This allows the volume of gas released by the sample 
to be measured. 

Tests on the large desorbometer were conducted 
simultaneously with the Polish desorbometer. The 
results as a function of pressure and gas content (2-6 
minutes period from the start of the test show poor 
relationship with gas content (Fig. 13). The 
correlation coefficients are too low, lower than even 
in the case of the Polish desorbometer. One of the 
reasons is that the coal sample in this case was not 
sieved to + O S  -1.0 m and normal size fractions as 
obtained were used in this test. 
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Fig. I I Large KCC dcsorbomctcr 

I o S,I.I y . 53.693 . 10"13.2357e~2xl R"2 - 0.016 
--- I . Sile3 Y . 3.73W. 1O1(9.~21a.2x1 R"2 - 0.147 

0 5 10 I5 20 2 5  30 

Time Elapsed. Minules 

Fig. 12 Pressure changes with time in thc 
largc KCC desorbometer 

Conventional 93s ~ o n t c n ~ .  cclg 

Fig. 13 Relationship betwccn gas content measured 
from cores and AP2-6 values from 

the large KCC desorbometer 

CONCLUSIONS 

Results of this study demonstrated that the Polish 
dcsorbometer could be used to estimate gas content of 
the coal ahcad of mining in short holes. Even here 
the accuracy obtaincd using this instrument is highly 
qucstionablc and it requires a number of samplcs to 
avcragc thc results. Its use in scams with high 
moisture (wet coal) is not advisablc at all. The usc of 
this tcchnique in long holes whcrc the time elapsed 

between the extraction of the sample is too large gives 
results which cannot be relicd upon even when a 
largc number of samplcs can be obtained. A larger 
sample uscd in a large dcsorbometer also givcs 
rcsults which an: poorly related to the gas content of 
thc scam. This technique, therefore, is not reliablc 
for thc estimation of gas contcnt of the coal undcr 
mining particularly from the point of view of 
threshold values. 
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ABSTRACT: An Underground Gas Detection System can be used as a complementary method for recognition 
of gas and gas-rock outburst prone conditions ahead of the driven heading face and along a drilled inseam hole. 
It provides crucial gas information during the drilling process resulting in immediate and continuous assessment 
of gas and outburst conditions for development drivage. 

INTRODUCTION 

There is a constant need for a reliable, accurate and 
rapid method of determining gas and gas-rock 
outburst prone conditions ahead of the development 
face. The methods used to date do not cover all 
safety aspects and provide only limited information 
on the problem. 

To compliment existing underground methods for 
recognition of gas and gas-rock outburst prone 
conditions, the Gas Detection System can be 
introduced. The system is based on surface mud- 
logging technology which has been used in the oil- 
related drilling industry for the determination of gas 
conditions in vertically penetrated strata. 

Due to extreme underground conditions and 
requirements in coal mines, specific research has 
been necessary to select the appropriate equipment 
and technology to design and implement these 
techniques for the underground environment, Data 
delivered by the system also requires distinct 
analyses and processing to obtain an adequate, 
underground interpretation, divergent from surface 
analyses (Lunagas 1994). 

The new system must not only provide the 
required data but also satisfy the following 
requirements for the product to be successfully 
introduced underground: 

intrinsically safe 

portable 
robust 

non-intrusive to the current drilling practice 

approved by local regulations and authorities 

To fulfil these requirements and develop the final 
product, three milestones have been distinguished: 

1. To identify and select equipment and 
technology for the development of an Underground 
Gas Detection System for local Australian 

underground coal mine conditions - ACARP project 
C3077 (fmalised August 1994). 

2. To develop and test the prototype to obtain, 
interpret, and evaluate data delivered by the system - 
current development stage. 

3. Develop the final, commercial system - future 
development stage. 

MILESTONE 1 - ACCOMPLISHED 

Main objectives of the stage: 
Identify and select equipment for an underground 

Gas Detection system suitable for Australian 
underground coal mine conditions. 

Prepare assumptions and guidelines for the final 
design, purchase and underground implementation of 
the Gas Detection technology for local Australian 
conditions (Lunagas 1994). 
Project achievements: 

The Gas Detection System has been proposed as 
shown in Figure 1. 

All the required elements have been identified as 
of-the-shelf units with the exception of the gas trap 
(separator) which is being developed in stage two. 

System architecture 

The main components of the system are: 
Standpipe/stuffing box assembly - collects the 

returning drilling fluid from the drilled hole and 
directs it into a gas trap. 
Gas trap - separates the representative gas sample 

from the drilling fluid and cuttings. 
A pump or air ejector - provides suction to extract 

the liberated gas from the gas trap. 
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GadAir mixture flow measurement instruments 
(two units) - measures the flow of air and gaslair 
mixture into and out of the gas trap. 

Gas monitor - measures the CH4 and/or C02 
concentrations in the gaslair mixture extracted from 
the gas trap. 

Geolograph - measures the length of the drilled 
hole. 

Data logger - stores, analyses and plots the data. 

Operation principles of the system 

During drilling of an inseam hole the returned drilling 
fluid and cuttings are collected and redirected to a gas 
trap. The drilling fluid contains a certain quantity and 
quality of gas which can transfer information about 
both gas content and the permeability of the coal 
seam (strata) along the drilled hole. 

Assuming the gas trap provides constant 
efficiency of gas separation, the gas sample extracted 
from the drilling fluid is representative of the gas in 
the formation, with regard to the quantity and quality 
of gas desorbing from the penetrated coal seam 
(strata). 

To evaluate the gas and gas-rock outburst 
conditions of the formation we measure the amount 
and composition of the gas liberated from the drilling 
fluid in the gas trap and relate it to the gas content of 
the gas source. 

Taking into consideration the construction of the 
stuffing box - gas trap assembly, as well as the 
inconsistent quality of the gas liberated from the 
drilling fluid, an extra air inflow to the gas trap was 
implemented to achieve a constant flow and gas mass 
balance throughout the system. 

The amount of gas is measured by two flow 
meters: one measures the air flow into the trap and 
the other measures the gadair mixture flow out of the 
trap. A pump at the end of the out-line from the gas 
trap that provides suction to extract the gaslair 
mixture from the trap. If the difference between 
gas/air flow out of the trap and air flow into the trap 
is plotted against the drilled depth we obtain the gas 
signature of the strata that has been drilled through. 

An additional evaluation of gas and gas-rock 
outburst conditions is required for gas composition 
which is to be measured by a gas monitor. The initial 
design proposes a measurement of only one gas, 
CH4 or C02, which ever is predominant for local 
conditions. 

Finally, the measurement of air inflow, gas/air 
mixture outflow and gas (Ca or C02) percentage in 
the trap will allow the establishment of a gas quantity 
and quality relationship to drilled depth and gassy 
conditions within the coal seam (strata). 

Data such as drilled depth, gas composition and 
gas flow are stored and analysied by a data logger. 

MILESTONE 2 - CURRENT 

The key element of the Gas Detection System is the 
gas trap (gas separator). The unit is required to 
deliver constant efficiency of gas separation, work 
repeatedly (preferable linearly) with various flow 
rates, and especially with interrupted flows which are 
characteristic to underground drilling practice. 

Other technical requirements for the separator are: 
small in size, easy interface with the stuffing box, 
efficient separation and transportation of the cuttings 
as well as avoiding any blockage due to various sized 
cuttings and interrupted drilling fluid flow. 

All the above requirements are essential for 
system acceptance by the potential users and result in 
devoting most of stage two to design and testing of 
the appropriate gas trap (separator). Trials will be 
carried out initially on the surface and before 
progressing underground (Mahoney 1994). 

DATA ANALYSIS 

Output data from the system should be plotted in a 
graph format by a data logger situated underground 
for immediate assessment of the gas conditions ahead 
of, and along, the drilled hole - see Figures 1, 2 and 
3. 

The graphs represent the estimated gas signature 
of the intersected area. Two superimposed 
components of a gas signature exist: 

background gas - carries information about 
the permeability of the intersected coal as well as the 
gas content. 

peaks, jumps and edges - show information 
regarding faults, gas pockets, low/high gas content 
and low/high pressure zone boundaries (Isenor 
1992- 1993). 

Gas signatures 

Two of many possible gas signature scenarios are 
presented in the following Figures 2 and 3. 
Scenario (a) - Figure 2: 

In an environment with uniform permeability and 
variable gas content, the peak and slope changes 
occur as an indication of varying gas content. 

A peak on the graph can be interpreted as an 
indication of a possible gas out. The size of the peak 
in comparison to the background gas is an indication 
of the relative gas content values of the adjacent 
zones. 

Of course, high strata permeablity will result in 
higher overall background gas with relatively lower 
peaks than with low strata permeability (Wood 
1994). 
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Fig 3. Gas signature for uniform gas content 

Scenario (b) - Figure 3: 
In an environment with uniform gas content and 

variable permeability, the sudden change in slope of 
the background gas can be an indication of possible 
outburst due to a high pressure gradient in low 
permeability zones in comparison with a smaller 
pressure gradient in high permeability zones 
(Hargraves 1968, Wood 1994,). 

Strata with higher gas contents give higher 
background gas signatures in comparison with low 
gas content strata. 

SUMMARY 

The Underground Gas Detection Sys tem promises to 
deliver crucial and valuable information about gas 
and gas-rock outburst prone conditions ahead of the 
development face. 

The system will not require an extensive variation 
to the existing drilling practices and the system's 
portability and ease of use will guarantee industry 
acceptance. 

The two gas signature scenarios presented can 
exist simultaneously and in various combinations 
giving a detailed picture of the changing gas content 
and permeability of the coal and coal bearing strata 
being intersected. 

On the basis of analysis of the gas signatures, 
continual recognition of outburst conditions along the 
drilled hole and ahead of the development face is 
possible. 
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ABSTRACT: In recent years, raw coal productions of 20,000 tonnes per day have been achieved in several 
countries from underground workings using the longwall retreating method. While these outputs have been 
achieved in peak production periods, it is obvious that current technology is quite capable of attaining these 
levels. In cases where gas contents of the mined and adjacent seams are high, effective gas pre- and post- 
drainage systems have been integrated into the production cycle. These systems provide increased safety 
underground by decreasing methane levels in the ventilation and reducing coal and gas outburst potential. The 
important issue is therefore to ensure the sound operation and maximum efficiency of the total gas drainage 
system from its initial gas source at the underground borehole to its emergence at the gas drainage plant. This 
paper presents the major features and practices of the drainage monitoring systems in underground mines in 
order to maintain the desired high level of gas drainage efficiency. The document also reviews test equipment 
and procedures followed, data entry and storage, drainage calculations and offers suggestions for 
improvements in future monitoring technology. 

1 INTRODUCTION 

The necessity to achieve and maintain high gas 
drainage efficiency from all underground drainage 
holes means that regular systematic monitoring must 
be undertaken. The commitment to conducting this 
regular monitoring serves three important functions: 

a) reduce and if possible eliminate leakages from 
and blockages in active drainage holes, 

b) keep a reliable record of the gas flowrates, 
vacuum levels and gas purities from each hole during 
its active period of drainage, and 

c) provide a sound basis for using the above data 
in gas drainage lead time calculations, gas drainage 
efficiency determinations and mine planning 
purposes. 

2 FREQUENCY OF MONITORING 

While there is no set or prescribed schedule for 
carrying out drainage holes monitoring, all in-seam 
and downholes should be examined at least on a 
monthly basis, but preferably on a weekly basis, for 
gas flowrates, applied vacuum and oxygen 
percentage. Gas composition samples, however, 
may only be collected from a selected number of 
targeted holes, determined by the available number of 
sample bags. 

3 TEST MONITORING EQUIPMENT 

The following monitoring instruments are considered 
essential for regular underground manual monitoring: 

1. A 50mm diameter measuring set with orifice 
plate and tapping points as stipulated by British 
Standards, fitted with Kamlock couplings at each end 
to allow rapid connection to the standpipe grouted in 
the drainage hole. 

2. A set of stainless steel orifice plates, with orifice 
sizes in the range of 15-37mm diameter to fit in the 
50mm diameter measuring set. 

3. A double U-tube manometer (one tube filled 
with water and the other with mercury) or two 
separate single U-tubes, with millimetre graduations 
to a maximum of 500mm height. 
4. A calibrated and S.M.R.S. tested Oxywarn 

fitted with a sturdy aspirator or hand pump capable of 
sampling gas from drainage holes against high levels 
of vacuum (up to 70kPa). 

5. A set of modified, pre-tested, undamaged and 
tagged "wine-cask" bags for collecting gas samples 
from the boreholes and a roll of electrical tape, to 
secure gas bag samples after gas collection. 

6. A data record sheet, formatted for gas drainage 
hole monitoring. 
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4 UNDERGROUND D W N A G E  HOLE 
MONITORING PROCEDURE 

The following procedure has been used successfully 
at various mines which have implemented 
underground gas drainage systems. It is by no 
means prescriptive and is easily adaptable to the 
particular needs of most collieries where drainage 
operations are in place. 

4.1 Preparatory work on the surj-ace 

Once the underground area of monitoring has been 
selected, organise site inspections with the panel 
deputy and ensure transport is available to the desired 
site. Prior to travelling underground, the following 
surface checks must be undertaken on the test 
equipment 

1 .  Ensure that the orifice plate in the measuring set 
and the tapping points are clean. 

2. Fit the appropriate size orifice plate in the 
measuring set, depending on expected magnitude of 
gas flowrates. 

3. Verify that the U-tube manometer does not have 
dirt in the water and mercury sections and, in the case 
of a double U-tube, that no water has entered the 
mercury section. If so, empty the tube, separate the 
two components and refill in the appropriate sections. 

4. Switch ON the Oxywarn on the surface and 
check that it gives a reading of 21% 02. Otherwise 
adjust the setting screw to obtain this reading. Leave 
switched ON until completion of all underground 
readings. 

5 .  Check that all gas sample bags or bottles are 
clean, not damaged and are tagged. 

4.2 At underground test site 

Upon arrival at the gas monitoring site, and following 
clearance from the panel deputy that the area is safe 
and secure to undertake the work, the following steps 
are recommended: 

1. Examine the immediate site of the drainage 
holes (coal face, cutthrough, main heading) and 
check for possible leaks at the standpipes, valves, 
hoses and in the drainage line. Attempt to fix any 
evident leaks if possible but otherwise note and report 
to the gas drainage department for prompt attention. 

2. Prior to disconnecting the hose to each drainage 
hole to install the orifice plate measuring set, ensure 
that the valve at the vacuum line is ON and the valve 
at the standpipe is OFF. Fitting the measuring set in 
the line should be undertaken as rapidly as possible to 
ensure minimal air entrainment. 

3.  After the measuring set has been inserted, turn 
the valve ON at the standpipe and wait one minute for 
the flow to stabilise. Measure the vacuum level using 
the mercury manometer, connecting one end to the 
suction side tapping point and the other open to 
atmosphere. Record this reading on the data sheet. 

4. Connect the other end of the manometer to the 
pressure side tapping point and measure the pressure 
drop reading. If the gas flow is very low, this 
reading will need to be measured with the water 
manometer. In this case the valves on the mercury u- 
tube should be turned OFF and the valves on the 
water u-tube simultaneously turned ON. Record this 
reading on the data sheet. 

5. Close OFF the valves on the manometer and 
remove the hoses from the tapping points. Connect 
the sampling tube from the Oxywarn meter to the 
pressure side tapping point and pump the gas into the 
instrument to obtain an oxygen reading. Record this 
reading in the data sheet. 

6. Remove the Oxywarn sampling tube from the 
measuring set. If a gas sample is required at a 
particular drainage hole, insert the tube of the wine 
cask bag on the pressure side of the measuring set, 
close OFF the valve at the vacuum line and allow the 
gas pressure to build up and fill the bag. Do not 
overfill the bag - only 3/4 of maximum capacity is 
ample for analysis due to gas expansion. Seal the 
tube of the bag tightly with electrical tape to ensure no 
leakage during transport. Label the gas sample with 
the date, location and hole number. 

7. Connect the sampling tube from the MS 10B 
methanometer to the pressure side tapping point and 
pump the gas into the instniment to obtain a methane 
reading. Record this reading in the data sheet. 

8. In boreholes where large quantities of water are 
observed to drain out with the gas, caution should be 
exercised to avoid drawing moisture into the 
Oxywarn and MS 10B instruments during sampling. 
Significant water flows should be regularly drained 
out from the water traps and reported to the gas 
drainage department. 

9. Upon completion of all the above tests, remove 
the orifice plate measuring set as rapidly as possible, 
and repeat the procedure for all active drainage holes. 

10. More than one panel may be monitored in this 
way during one shift. 

4.3 On return to the sulface 

1. Clean and store away all monitoring equipment. 
2. Ensure that the Oxywarn is switched off and the 

MS 1OB methanometer is recharged. 
3.  Record all field data on computer. 
4. Prepare a report (gas flow rates and repairs 

required) for the head of department. 

5 PROS AND CONS OF DRAINAGE 
MONITORING METHODS 

Records of the gas volumes extracted from 
underground boreholes can be maintained by regular 
personal manual monitoring or less frequently by 
using a continuous chart recorder. The choice or 
combination of the system used is entirely the 
decision of the resident gas drainage engineer at the 
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mine. As a guide, however, the benefits and 
drawbacks of the two methods are as follows: 

1. Time:  The manual system requires very 
frequent personal underground visits to achieve a 
similar monitoring log to that obtained by a 
continuous chart recorder. 

2. Performance: While the continuous recorder 
will indicate precise times where peaks and lows have 
occurred, no explanation can be clearly made from 
these observations. For instance, if borehole closure 
has taken place or if there is water in the line or a 
blockage in the standpipe or valve, the gas flowrate 
shown on the chart recorder will just drop. Regular 
manual monitoring checks are required to source the 
problem and allow its rectification to be made more 
rapidly. 

3.  Accuracy: The installation of a continuous 
recorder at selected in-seam holes and downholes 
allows a complete analysis to be made of the 
magnitude and location of gas flow peaks relative to 
working faces (both in developments and longwall 
extractions) as well as the positions where significant 
gas emissions can be expected. It also permits more 
accurate estimations of predrainage lead times ahead 
of developments to be achieved. This is clearly 
demonstrated with reference to Fig. 1 (typical gas 
flow characteristic from an active longwall downhole) 
and Fig. 2 (typical gas flow record from a set of in- 
seam boreholes drilled ahead of a development). The 
gas flows manually recorded on a weekly basis are 
represented by broken lines. It is clear that many 
important features have been missed by the manual 
procedure. This will therefore be reflected in the 
accuracy of drainage efficiency calculations when 
they are subsequently undertaken. 

4. Cost: While the installation of a continuous 
chart recorder at each drainage hole in the mine is 
clearly prohibitive, the connection of such an 
instrument in drainage lines linked to groups of holes 
(development) and two or three individual cross- 
measure holes (longwall) will greatly assist in better 
understanding gas drainage performance, accurately 
locating peaks relative to mining and in achieving 
higher drainage efficiency from appropriate hole 
spacing. 

5 .  Limitation: Permanently installed orifice plates 
should be avoided if the drainage hole was drilled 
through a mylonite zone or likely to be intersected by 
other holes (due to the presence of cuttings and 
water). 

6 SAFETY PRECAUTIONS 

During drainage borehole monitoring, safety must be 
the first priority and no risk should be taken which 
may cause harm to either personnel or equipment. In 
particular, the following common situations must be 
handled with caution: 

1. Gas drainage holes can become blocked by coal 
lumps or debris from sections in the hole collapsing 
and being sucked out under the effect of vacuum. 

Consequently the valve at the standpipe must always 
be turned off first, following by the valve at the 
vacuum line. Prior to removing the Kamlock 
coupling from the standpipe, check that there is no 
pressure on the connecting bull hose. 

2. In the case of a blockage in the standpipe, it is 
prudent not to prod the pipe with a short rod or bolt 
as invariably, gas and water will suddenly release 
under high pressure, injuring personnel standing in 
the way. 

3. The introduction of high oxygen into gas 
drainage pipelines significantly reduces drainage 
effectiveness and will invariably cause the gas plant 
to shut off altogether. It is therefore essential to 
minimise air entrainment during monitoring periods. 
4. When transporting full gas bag samples on the 

surface, it is essential that the bags be kept away from 
heat sources or people smoking until gas composition 
testing has been completed. 

5. While topping up U-tube manometers with 
green dye fluid or mercury care must be exercised in 
order to avoid possible contamination to personnel. 

7 GAS SAMPLE COMPOSITION TESTS 

The gas sampled from the selected drainage holes is 
analysed either through a chromatograph or by 
manually inserting the gas in the bag into a Maihak 
analyser at the mine gas plant. In the latter case, 
analysis of the gas sampled continuously from pre- 
selected underground locations in the mine is 
momentarily interrupted while the individual gas 
samples are analysed. In general, the Maihak 
analyser gives the results of the gas bag tests in 
milliamps of methane and carbon dioxide. These 
readings are then converted using a special computer 
program based on calibration curves supplied by 
Maihak. 

8 DATA ENTRY AND STORAGE 

The recorded underground gas drainage data must be 
entered into an appropriately designed computer 
program which provides a means of readily assessing 
gas drainage performance. There is a number of 
suitable programs which have been written to satisfy 
this purpose. In general, the programs have the 
ability to store and handle large quantities of data, 
make use of available expanded and extended 
memory and the code may be stored in preparsed 
form or as spreadsheet macros (current spreadsheets 
can handle data for up to 200 holes measured weekly 
for eighteen months). Irrespective of the specific 
program used, the following data needs to be entered 
for each monitored borehole: 

date of monitoring 
measuring set pipe diameter (mm) 
orifice plate diameter (mm) 
borehole location 
borehole number 
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borehole length (m) 
date drilled and connected to vacuum 
oxygen percentage 
carbon dioxide percentage 
methane percentage 
pressure drop 
vacuum level 

Drogram should Drovide validitv checks on all 
enterkd dyata and defadt values where ipplicable. 

9 DRAINAGE CALCULATIONS AND OUTPUT 

Gas flow calculations generally use B.S. formulae or 
employ factors relating to orifice plate/pipe diameter 
combinations. The program should readily enable 
viewing and editing gas flowrates and other borehole 
information as necessary. 

Reporting should yield the following details for 
each borehole: 

C02 gas flowrate (Us) 
CH, gas flowrate (Us) 
progressive total gas drained (cu. rn) 
peak gas flow (Us) 
average flow per unit hole length (Umin/m) 
timeonline 
flow history for any specific hole 

The program should also enable the determination of 
seam gas content and percentage of drainage achieved 
at any given moment based on values of original gas 
content, borehole geometry and seam details. The 
program must be able to provide output in the form of 
graphs andor tables written either on the screen or to 

the printer. It must provide profiles of total gas 
volumes drained, peak gas flowrates and average 
flows from groups of holes as well as flow history 
for individual holes. 

10 DESIRABLE IMPROVEMENTS IN UNDER- 
GROUND BOREHOLE MONITORING 

The major danger with underground drainage 
borehole monitoring is the possibility of a blockage in 
the standpipe or hole which may suddenly release 
under high pressure causing injury to mine 
personnel. One standard practice already 
implemented in some mines is the inclusion of a 
25mm valve in the assembly connected the grouted 
standpipe, as shown in Fig. 3. This allows checking 
that vacuum is effective and that no back pressure 
exists at each hole before removing the assembly to 
monitor gas flows and purities. This arrangement is 
clearly reusable from borehole to borehole and is 
strongly recommended in seams with high gas 
contents and pressures. 
One limitation of the permanently installed internal 
instruments is the problem of gas flow restriction. 
This situation is highly probable in the case of 
downholes and to a lesser extent in the case of flank 
or inseam holes. In order to avoid obstructions and 
blockages, portable orifice plate arrangements or pitot 
tubes can be used. Pitot tubes give a smaller pressure 
differential reading than the orifice plate arrangement 
especially when a range of different sized 
interchangeable orifice plates is used. For example, 

5C mm male Kamlock fitting 

50 rnm socket 
J 

50 mm gate valve 
/ 

/ 
SO I irn cap 

I 
25 mrn gate valve 50 rnm copper pipe 

Fig. 3 Inseam Hole Valve Assembly 
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for a 50mm diameter pipe, an averaging pitot tube 
will display a differential pressure of 6mm which 
equates to a gas flow rate of 20 Ysec. A 27mm 
diameter orifice requires a differential pressure of 
almost lOOmm to produce the same flow rate. Also 
available are traversing pitot tubes, which can be 
easily inserted since they are straight and have the 
added advantage of averaging readings for the whole 
crcl,s-section. 

In order to maintain a clear understanding of 
individual gas drainage hole performance, it is 
necessary to be able to compare current readings with 
those previously obtained. This allows any 
anomalies to be detected and rectified immediately 
rather than on return to the surface. A hand held 
"Data Logger" approved for use in  underground 
gassy mines would thus be invaluable for ease and 
speed of data transfer and would provide ready 
access to the history of borehole performance. A 
programmable calculator would similarly be of great 
benefit in calculating on the spot accurate flow 
readings in litres per second for example. 

Another improvement could be made with the 
development of an orifice plate with an infinitely or 
step-variable diameter, similarly adjusted to the iris of 
a camera lens. This could be used as a permanent 
fixture when, between measurements, the orifice 
plate could be set on the fully open position, allowing 
unobstructed gas flow. 

The development of low cost, long life carbon 
dioxide, methane and oxygen measuring probes 
would allow more efficient monitoring from a large 
number of permanently installed remote monitoring 
points. Currently, the presence of carbon dioxide gas 
affects the accuracy of methane and oxygen 
transducer probes. Gas composition probes in 
conjunction with permanently installed flow 
measuring devices connected to a surface computer 
would allow the continuous checking of all drainage 
hole efficiencies. This in turn would allow the mine 
planning and engineering teams to respond promptly 
and accordingly. 
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ABSTRACT: It is suggested that appreciable volumes of CH4 and C02 gases may migrate through the 
rockmasses of coal measures sequences affected mainly by brittle, but also by ductile deformation processes, 
partly as a result of high speed and large volume coal extraction. These processes are caused by directed 
pressure and by the development of microcrack networks creating a dynamic form of induced connectivity. 

The migration of gas volumes ceases either when mining induced rockmass distortions diminish, and only 
insufficient connectivity is created, or when geological barriers and suitable reservoirs occur in the path of 
migrating gas volumes. 

The major mechanical aspects associated with outbursts are notably the mining induced distortions in the 
rockmass, the creation of fracture induced porosity and adequate connectivity, as well as the ability of the 
rockmass to form gas reservoirs in certain locations. The correlation of these two factors conceivably lead to 
an understanding of the mechanics of an outburst, and subsequently to their predictability. 

The migration of gas volumes in the system ‘floor-seam-roof‘ most probably relies on a combination of 
the following features: 

(i) a sufficiently large amount of gas to enable migration under pressure, 
(ii) the creation by vectorial forces of openings (passageways) through which gas can escape from a 

temporary reservoir prior to mining, 
(iii) the formation and availability of migratory paths and channels for increasing volumes of gas, and 
(iv) the availability of a reservoir area, from which the gas volume cannot be displaced by mining induced 

forces. 

INTRODUCTION 

Stress conditions are a significant and controlling 
factor in the processes that lead to the occurrence of 
gas outbursts (Jackson, 1984). Different types of 
coal can produce ‘outburst’ occurrences, in some 
instances even without the involvement of 
appreciable gas volumes. The great diversity of 
recorded outbursts makes any categorisation of 
these phenomena very difficult, as there are fewer 
common attributes than differences among the 
outburst occurrences. 

The division of outbursts into those associated 
with and without gas release separates the two 
principal types of outbursts, or sudden releases of 
stored energy events. Outbursts without the release 
of gas are not unlike the rock bursts observed in 
metalliferous mines, and pose a separate and very 
complex problem. The presence and participation of 
gas in a coal outburst make such a ‘gaseous’ burst 
event considerably more complex. Gas outbursts 
occurring in the workings of collieries involve not 
only mechanical events, but also integral physico- 
chemical processes. Thus, they eventuate under 
highly variable conditions, and are also evidently 

affected by many additional site-specific factors. A 
detailed understanding of the gas generation 
processes, and their roles in an outburst, is an 
important prerequisite for the difficult tasks of 
prediction and control of outbursts. Much excellent 
research has been done on the general aspects of 
coal outbursts, as well as on their specific attributes. 
However, the formation of fracture induced porosity 
in the rockmasses as a result of the application of 
mining generated stresses has not yet been fully 
explored. The provision of gas migration paths by 
the development of pervasive ‘connectivity’ 
between the generated pore spaccs in thc rockmass 
is seemingly a novel and highly rclcvant aspcct in 
the context of outburst research. 

This paper discusses the interactions between 
mining-induced cracks and fractures, the 
deformation patterns on macro- and microscales 
affecting coal seams and adjacent strata, as well as 
gas generation and its movements and 
concentrations. It also examines the effects of the 
presence of gas in an outburst. Several important 
factors are identified for further investigations to 
increase the safety of underground coal mining 
operations. 
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ORIGINS OF GAS ASSOCIATED WITH A COAL 
OUTBURST 

So-called ‘seam gas’ is usually a mixture of 
methane (CH4) and carbon dioxide (C02), 
commonly with one component predominating, 
although N2 and H2S may also occur occasionally. 
Such seam gas exists in three different states, 
namely as free gas in the pore system, as a solution 
in any water that might be present, and also as 
adsorbed gas on the surfaces of the voids by 
chemical bonding or by van der Waal’s forces. 

Experimental investigations have shown that 
approximately 90-95% of the total gas contained in 
coals is held in the adsorbed state (Faiz & Cook, 
1991). Adsorbed gas is thus the most important 
source of gas participating in an outburst, and it is 
not surprising that outburst-prone coals usually have 
a low porosity, yet they do contain much higher gas 
volumes than the more porous rocks adjacent to 
them (Jackson, 1984). The mechanisms for the 
storage and subsequent sudden release of such gas 
volumes are a very critical issue for the 
understanding of gas outbursts. 

Many factors affect the sorptive capacity of coals, 
including coal rank, coal microstructure, pore size, 
shape and distribution, mineral content, and mining 
depth (Faiz & Cook, 1991). The most important 
factors affecting the sorptive capacity of coals are, 
however, gas pressure and temperature. A decrease 
in gas pressure or an increase in temperature will 
cause gas desorption. Mining-induced fractures and 
deformation will change the existing pressure 
conditions in coal and will also raise the local 
temperature levels, thus destroying the equilibrium 
of the adsorbed gas, resulting in the release of free 
gas by desorption. 

Fig. 1 shows the complex structure of the pore 
system in coal being intersected by a fracture 
surface. The internal gas pressure in the affected 
pores will drop rapidly on fracturing. A mining- 
induced fracture system with good connectivity can 
efficiently decrease the internal pore pressure, and 
maintain a continuously low pressure, thus 
promoting gas desorption and generating rapidly a 
large quantity of free gas. It is suggested that 
mining-induced fractures play an important role in 
producing free gas. 

Underground mining significantly increases the 
potential energy in the roof-seam-floor system. Part 
of the energy is stored as elastic strain energy, 
whereas the rest is dissipated mainly as heat. Such 
heat, generated by the deformation and 
disintegration of the floor-seam-roof system, and 
the resultant temperature increases, will further 
promote gas desorption. This important effect on 
gas generation should not be ignored, 

An additional important source of seam gas is 
migration from adjacent strata and coal seams. The 
intensity of gas migration depends on the amounts 
of gas stored in the seams and strata surrounding the 
mined seam, the differential gas pressure between 

the source and the site to which the gas migrates, 
and the extent of strata deformation. The most 
critical factor is a mining-induced fracture system 
that provides paths for gas migration. 

It is suggested that mining-induced fractures and 
accompanying strata distortions, and their 
interactions with the structures in coal seams and 
rocks have a decisive influence on the gas release 
mechanism, as well as on gas movements and 
concentrations. Pre-existing pressurised gas pockets 
are rare-with the exception of gas concentrations in 
fault- and shear-zones, which are only infrequently 
released by direct penetration with mining 
equipment. On the contrary, the amount of gas and 
the locations of gas concentrations will vary 
considerably, and be strongly affected by the site- 
specific fracture system and deformation pattern and 
associated with a particular mining method or 
procedure. This is a highly dynamic situation 
reflecting the extraordinary peculiarity and 
complexity of gas outbursts, as compared with most 
rock engineering problems; this may be one of the 
reasons for the difficulty in predicting gas outbursts. 

SEM OBSERVATIONS OF FRACTURED COAL 
SPECIMENS 

Coal specimens from various collieries operating in 
the Sydney and Bowen Basin Complex have been 
subjected to fracture tests using Short Rod 
Specimen techniques (Ouchterlony, 1988). The 
resulting fracture surfaces have been studied with a 
scanning electron microscope. Several observations 
in the context of gas outbursts are summarised as 
follows: 
(i) the pore structure in coals (Fig. 1) constitutes a 

very large internal surface area that can retain 
large quantities of gas in its adsorbed state as 
has been reported and confirmed by many 
researchers. 

(ii) the pore structure i s  complex and 
discontinuous (Fig. 1) and would not 
contribute significantly to an interconnected 
gas flow system. Gas movements in coal are 
thus only possible when the existing gas 
equilibrium is upset and modified during 
mining, and when flow paths are provided by 
mining-induced fractures or by re-activated 
joints or other planar structural elements. 

(iii) the amount of gas desorbed from coal, and gas 
movements depend on the intensity of mining- 
induced fracturing and reactivation of existing 
discontinuities, fracture connectivity, fracture 
density and fracture orientations with respect 
to the microstructure of coal. Fig. 2 shows a 
fracture surface in semi-fusinite with the 
fracture intersecting several layers of porous 
material. Such a configuration will be a more 
efficient gas release mechanism than induced 
fractures propagating parallel to coal plies. 
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Fig. 1. The complex pore structure in coal (scmifusinitc). 
The induced fracture surface is parallel to the plane of the photograph. 

Fig. 2. A fracture surface cutting through multi-layers of pores (scmifusinite). 
The induced fracture surface is parallel to the plane of the photograph. 
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The mechanical interactions between mining- 
induced fractures and coal microstructures are 
thus an important aspect for detailed 
investigations in this important area of 
research. 

MODELS FOR OUTBURST OCCURRENCES 

Two outburst models have been further investigated 
in order to identify some important factors for 
detailed analyses. The first model is concerned with 
outbursts as a direct consequence of concentrated 
gas volumes under high pressure, whereas the 
second model considers that changes in gas pressure 
can act as a triggering mechanism for outbursts in 
highly stressed strata and coal seams. 

Outbursts as a direct consequence of concentrated 
gas volumes under high pressure 

Fig. 3 shows a model (Pollard & Aydin, 1988), for 
fracture propagation controlled by internal fluid 
pressure. In this model, the driving force for the 
propagation of the fracture, as shown in Fig. 3, is 
expressed by Equation (l), 

and Equation (2) defines the failure criterion, 

KI 1 KlC (2) 

where KI = the crack-tip stress intensity factor in 
Mode I, as the fracture driving force 

where Mode I refers to tensile stress. 
K I ~  = fracture toughness of the material, 

as the material’s resistance to 
fracturing, 

a = half length of the fracture (Fig. 3), 
p = internal fluid pressure (Fig. 3), 
a3 = remote minimum compressive 

The internal fluid pressure is shown to be the most 
effective fracture driving force for geological 
fractures such as joints (Pollard & Ayden, 1988). In 
the context of outburst occurrences, the approaching 
mining face closes on a gas concentration with a 
pressure level p, the confinement of the coal near the 
face, specified by 0 3  in Equation (1) will reduce. At 
the same time, an excavation may also cause an 
appreciable decrease in the pressure level of the gas 
concentration, due to gas drainage through natural 
and mining-induced fractures. 

According to Equation ( l ) ,  a reduction of 
confinement stress 0 3  leads to an increase in the 
fracture driving force KI, whereas the drainage of 
gas results in a reduction of KI. With progressive 
advance of the face, the difference p-a3 wi l l  
determine the crack driving force KI. When KI 
eventually becomes equal to or greater than the 

stress (Fig. 3) 

fracture toughness KIC, failure will occur, (Equation 
(2)), and a gas outburst occurs. 

Several other mechanical attributes of coal play a 
significant role in the development of an outburst 
event: 
6) 

(ii) 

(iii) 

the fracture toughness values of coals express 
their resistance to fracturing and may thus 
provide a useful basis for the study and 
assessments of gas outbursts. The use of 
fracture toughness in coal mining has only 
recently developed and considerably more 
systematic work for Australian coals is needed 
before it can be used effectively in attempts to 
solve some long standing problems. 
Equation (1) shows that a rapid advance of the 
face may cause a faster decrease in the 
magnitude of 0 3  than of the gas pressure p, 
since gas drainage through natural fractures 
and mining-induced fractures is a relatively 
slow process. This may eventually cause KI to 
be greater than the fracture toughness KIC o f 
the coal, which will also trigger an outburst. 
The fracturing style and behaviour of coals are 
also important factors controlling the 
occurrence of outbursts. Figs. 4 and 5 show 
the test results of fracture propagation in two 
coal specimens. When the stress intensity 
factor KI was greater than the fracture 
toughness KIC of tested specimens, the failure 
modes were distinctly different. Fig. 4 depicts 
a catastrophic failure, as compared with a 
gradual ‘softening’ process of the specimen as 
shown in Fig. 5, although both specimens were 
tested under identical conditions. The coal 
represented in Fig. 4 will be prone to outbursts. 
Such proneness to outburst, or brittleness of 
coals, as portrayed in Figs. 4 and 5, depends 
largely on the interactions of the propagating 
fracture with the cleats and microstructures of 
the coal, as well as on the modes and rate of 
loadinn. 

The use oT the results of fracture propagation tests 
conducted on coals under different loading 
conditions to assess the behaviour under outburst 
conditions is an attractive avenue of research which 
has not yet been performed systematically for 
Australian coals. 

Outbursts triggered by increases in gas pressure in 
highly stressed strata and seams 

The problem discussed here may have a certain 
similarity with reservoir-induced earthquakes. The 
occurrence of such earthquakes depends primarily 
on the magnitude and spatial attributes of pre- 
existing stresses and the induced-stresses. The most 
important factor, however, is the triggering effect 
provided by an increase in water pressure. Despite 
the similarity, gas outbursts are much more complex 
phenomena than reservoir-induced earthquake 
problems. A considerable amount of further work is 
required to explore every aspect of this concept; at 
present that is beyond the scope of this paper. 

596 



Gas pressure increases affecting highly stressed 
strata and coal seams can lower the strata strength, 
and severely modify the stress equilibrium. The 
model proposed here uses the Mohr-Coulomb 
failure criterion to assess this problem. As shown in 
Fig. 6, the Mohr circle A represents a hypothetical 
pre-existing stress state, and Mohr circle B depicts 
the stress state of the original stresses superimposed 
with a hypothetical mining-induced stress state. The 
increase in gas pressure would then be the triggering 
mechanism for outburst occurrences by displacing 
the Mohr circle from its B configuration toward the 
failure line (Fig. 6). 

An increase in gas pressure will always be 
dangerous and create a serious impediment to 
mining. High horizontal stresses with <Th > 0” are a 
feature of the Sydney-Bowen Basin Complex. Such 
a stress regime tends to maintain a relatively low 
coal seam permeability by keeping certain vertical 
cleats closed in the absence of superposed mining 
induced stresses. The severity and magnitude of 
pressure increases sufficient to trigger an outburst, 
however, depends on the superposition of mining 
induced stress on the pre-existing stresses. Such a 
superposed stress state may not always result in a 
dangerous condition, depending on the relative 
magnitude and spatial attitudes of the two stress 
ellipsoids affecting the system ( o ~ ,  0 2 ,  and 03, 
pertaining to the pre-existing geological stresses and 
the mining-induced stresses, respectively). This is a 
highly variable situation, affected by geologically 
created tectonic conditions, as well as by the mining 
methods and procedures. It is thus imperative to 
gain good knowledge of pre-existing and mining 
induced stress conditions, prior to the determination 
and implementation of gas control or management 
measures. If the superposed stress state is at a near 
critical condition level, every measure should be 
taken to prevent gas pressure increases. 

‘GEOLOGICAL GAS CONCENTRATIONS’ 

CONCENTRATIONS’ 
COMPARED WITH ‘MINING-INDUCED GAS 

Pressurised gas concentrations, which may be 
encountered during mining, have distinctly different 
origins. One is formed geologically, called here 
‘geological gas concentration,’ and the other 
occurrence is caused by mining, called ‘mining- 
induced gas concentrations.’ As compared with the 
relatively static geological gas concentrations that 
are usually associated with geological features such 
as shear zones and faults, the burst of a mining- 
induced gas concentration formed only very shortly 
prior to bursting, can be triggered by extraction. 
The mining-induced gas concentrations are thus a 
dynamic phenomenon, with high variability and 
often leading to unexpected so-called ‘surprises.’ 

An important factor for the formation of mining- 
induced gas concentrations is the gas desorption and 
gas migration facilitated by mining-induced 

fractures and deformations. The volume of the 
affected zone around the mine openings, the amount 
of heat generated by strata deformation, and the 
fracture, as well as the movement patterns in the 
affected rocks and seams, determine the amount of 
gas available in an outburst. All those aspects 
depend on mining methods and procedures, and on 
the mechanical properties of the strata and seams 
involved. 

The build-up of gas pressure, however, depends 
not only on gas desorption and migration, but also 
on the permeability of the coal seam. Only when the 
gas desorption and/or migration rate is greater than 
the permeation rate, can the gas pressure increase. 
For example, when the face is aligned perpendicular 
to a face cleat, i t  may drain more gas, reducing the 
likelihood of gas pressure increases. 

The permeability of coal seams is primarily 
controlled by mining-induced fractures and 
structural attributes of the coal. The effect of 
mining-induced fractures is rather complex in a gas 
outburst; such fractures may make more gas 
available, as discussed above. At the same time, 
they may also facilitate gas drainage, thus reducing 
the chance for the pressure build-up. To consider 
the global failure conditions when the gas desorption 
or migration rate is greater than the permeation rate, 
the convergence and the consequent distortion of the 
seam near the face become important factors. The 
convergence may decrease gas permeability near the 
face, and thus cause an increase in gas pressure. It is 
suggested that the decrease in gas permeability 
caused by convergence is strongly affected by the 
mechanical properties of the seam, relative to those 
of the roof and floor strata, the supporting system 
and its actions, as well as mining techniques. The 
reduction in permeability near the face is an aspect 
that warrants detailed and systematic studies. 

Contrary to the complex role played by the 
mining-induced fractures in a gas outburst, heat 
generated by strata deformation has only one 
dominant effect, that is, to release more gas from 
coal, enhancing the pressure build-up. Prevention of 
outbursts by water infusion of the seams was 
previously attributed to the decrease in the coal’s 
capacity to accumulate elastic strain energy 
(Jackson, 1984). The successful use of water to 
reduce gas outburst hazards may also be the result of 
the decrease in temperature. 

OUTBURST OCCURRENCES AT THE 
INTERFACES BETWEEN GEOLOGICAL, 
(structural and petrological) DOMAINS 

Although no detailed analyses of the geological 
setting of outburst localities have yet been made, the 
majority of outbursts is probably associated with 
faults, shearzones and other structural features that 
are sufficiently well developed to have affected the 
fabrics of the rockmasses in which they occur. 
There is not yet a satisfactory explanation for the 
loci of outburst occurrences and it is suggested that 
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Fig. 3. Pollard and Aydin’s model for fracture propagation controlled by 

internal fluid pressure. As 01 is parallel to the crack, its role in the 
propagation of the crack is negligible. 
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Fig. 4. X-Y record of a fracture toughncss test of a coal specimen showing 
that sudden unstable fracturing has occurred in this case on a global 
scale. 
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Fig. 5. X-Y record of a fracture toughness test of a coal specimen showing the 
sudden unstable fracturing that has occurred in this case on a localised 
scale. 

B 

Fig. 6. The increase in gas pressure shifts the position of the Mohr circle from 
its state B towards the failure line. 

Mohr circle A = a hypothetical pre-existing stress state; 
Mohr circle B = the stress state of the original stresses 

superimposed with a hypothetical mining-induced 
stress state. 
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micro-structures may determine the localities for 
gaseous outbursts. The most likely modifications of 
fabric configurations by faulting and shearing events 
are strain hardening, fracturing on the meso- and 
micro-scale and secondary mineralization. 

The migration and progress velocity of gas 
volumes is likely to be affected by any of those 
structural and mineralogical features. It is probable 
that the migratory paths for appreciable gas volumes 
are either ‘blocked’ or severely modified by 
tectonically generated fabric patterns. Gas 
reservoirs can be created in relatively small areas 
delineated by fracture induced porosity. Such a 
porosity associated with pervasive brittle 
deformation is in most instances direction 
dependent, that is the long dimensions of the 
fracture generated pore spaces are aligned in a 
preferred orientation. The resulting structural 
anisotropy is also a strength anisotropy that will play 
a significant role in the response of the rockmass to 
the application of directed mining induced stresses. 
It is further suggested that the trapped gas has been 
channelled into its reservoir, from which it is later 
released by the application of mining induced 
stresses acting on a progressively diminishing coal 
barrier as the heading or cut-through face advances 
toward the reservoir. 

The magnitude and intensity of an outburst is 
possibly determined by the size of the gas reservoir, 
the prevailing gas pressure and its modification by 
the extraction of coal, as well as by the fracture 
toughness of the coal volume affected. 

The determination of fracture toughness values of 
coals in areas prone to outbursts should be part of 
the routine analyses to ascertain the physical 
properties of coals. It is very likely that the fracture 
toughness of coals is a major influence on their 
ability to develop fracture patterns under load and to 
facilitate the provision of connectivity. Connectivity 
may develop in several forms, as planar connections 
between pores and voids on the mm-scale, as 
interconnected cracks in fracture process zones in 
the microfield, and as sheetlike fracture surfaces in 
the mm- and microfield connecting individual 
cracks. 

It is suggested that gas outbursts in development 
headings and cut-throughs are the results of sudden 
gas release from reservoirs whose confines are 
progressively broken down in one particular area by 
the advancing mine opening. The breakdown of the 
barrier between the gas reservoir and the 
surrounding coal will not invariably lead to an 
outburst, as the mining induced stresses may create a 
sufficient amount of fractures to bleed the reservoir 
at a rate that reduces the pressure significantly. The 
directional properties of the strength anisotropies 
will influence the response of the coal and the 
immediately surrounding strata to a large extent. If 
the directional instability and the attitude of the 
mining induced stress ellipsoid are arranged at an 
unfavourable angle, a sudden breakdown of the 
barrier coal by catastrophic failure is likely to occur. 

Gas outbursts are associated with increased 
fracture porosity when they do occur in shearzones. 
The coal along the margins of shearzones has been 
deformed by sliding and other translation 
movements resulting in a very tight fabric with 
strongly reduced pore volumes, whereas a 
considerably increased porosity can be observed 
within the shearzone. The fringes of shearzones are 
also frequently characterised by secondary 
crystallization, principally of quartz and/or calcite. 
If gas is trapped within a rock volume defined by a 
shearzone after slow infiltration, mining induced 
stresses can initiate rapid fracturing in the fringes of 
shearzones. 

The intensity of such an induced fracturing 
process, its velocity and the energy available will 
play major roles in the trigger process of a gaseous 
outburst. 

It is conceivable that relatively small-size but high 
pressure gas concentrations have existed in 
particular localities since coalification and have not 
been significantly affected by either local or regional 
stress changes since their formation. The 
assessment and prediction of such concentrations is 
likely to be extremely difficult, as diagenetic 
processes and local circumstances control such 
features, rather than the dynamic processes 
associated with tectonic events and subsequent 
disturbances of existing equilibria by extractive 
actions. 

It is suggested that the system ‘floor-coal seam- 
roof is capable of storing, moving and releasing 
large amounts of gas in response to tectonic and 
mining induced stress applications. Certain portions 
of the rockmass consisting of rocktypes with very 
different physical properties will behave and 
respond like a ‘sponge’ when subjected to directed 
pressures, and the intake, storage and migration of 
gas volumes is in response to complex ductile and 
brittle deformational events. The tracing and 
identification of the distortional processes is likely 
to be a very tedious process, involving petrofabric 
analyses and micro-fracture mechanics tests and 
investigations, but it may prove to be a reliable 
method to identify areas with outburst potential, and 
subsequently to control and to manage gaseous 
outbursts. 

In the context of this analogy the definition, 
relevance and importance of the following three 
physical attributes assume major importance for 
storage and migration of gas volumes in coal 
measures sequences, namely porosity, permeability 
and connectivity. 

The porosity of a rock including coal, is the ratio 
of pore volume to the total volume expressed in a 
percentage figure. Permeability, also known as 
hydraulic conductivity, is the capacity of a rock to 
conduct liquids and consequently is the measure of 
yield of a liquid from a rock. Permeability is closely 
related to the size and connectivity of pore passages 
for liquids and gases. Whereas porosity and 
permeability have been thoroughly researched and 
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the results have been reported extensively in the 
relevant literature, work on connectivity in the 
context of gas migration and temporary storage has 
attracted much less attention. 

Connectivity probably exists for some time in 
peat, brown coal and also in sub-bituminous and 
bituminous coals before it is diminished and 
eliminated at higher rank. It seems to be of 
significance to know as to whether mining induced 
stresses restore sufficient connectivity in an 
environment of variable and rapidly created porosity 
(fracture induced porosity), and permeability 
(increased by mining stresses and fracture induced 
porosity). The modifications and changes do occur 
in a definable volume of the rockmass physically 
affected by mining operations, possibly with 
geometric characteristics not unlike those found in 
fracture process zones. The fracture initiation and 
propagation patterns in the rockmass affected by 
extractive processes is probably not too difficult to 
identify in relation to gas migration and storage. 

The substantiation or dismissal of the assumptions, 
hypotheses and ideas preferred above can possibly 
best be done by modelling and testing. 
Mathematical models of geological processes 
occurring on different scales are commonly 
extremely complex to establish because of the very 
large number of variables. Disproportionate 
physical models often suf€er from severe difficulties 
brought about by inappropriate materials and scale 

In-situ’ testing by selecting a sealed-off heading, 
a cut-through and their intersection in a gassy mine 
for sampling purposes would be considered. 
Oriented samples are taken from the floor, seam and 
roof for detailed petrography (rock type), petrology 
(porosity), mechanical tests (UCS, Kic, tensile 
strength), and, if applicable, gas content 
determination. Roof and floor strata are 
subsequently loaded with hydraulic devices to 
different pressure settings, followed by a second 
sampling phase. The pre- and post-loading event 
samples are then microscopically examined, 
including checks with a CCSEM and the fabric 
configurations found in the initial ‘relaxed’ 
specimens are compared with those in the ‘loaded’ 
specimens. 

If appreciable variations can be identified, a 
‘follow-up’ operation commences with a statistical 
sampling programme (floor-seam-roof) along a 
section of a major development roadway system up 
to a locality where an outburst has previously 
occurred. The specimens from the statistical 
sampling programme are then examined in greatest 
detail microscopically and also chemically for 
evidence of gas passage. This may be a very time- 
consuming and probably also relatively expensive 
method to establish the validity of certain 
hypotheses and concepts, however the benefits may 
far outweigh the research costs. After much 
excellent research work and considerable progress 
over more than 35 years it is still not possible to 
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avoid outbursts completely. It may be useful to 
involve the expertise available from fracture 
mechanics in efforts to solve ‘...this stubborn 
problem threatening personnel as well as equipment 
and even continuation of mines.. .’ (Hargraves, 
1993). 

The present authors felt encouraged to present 
their thoughts in response to an invitation issued by 
A.J. Hargraves in his excellent summary paper, 
‘. ..to propound a new theory based on a change to 
higher elastic modulus in the approach to failure of 
gassy coal.’ (Hargraves, 1993). Whereas we have 
not yet researched the effects of higher elastic 
moduli in this context, the application of fracture 
mechanics to the solution of the problem, and in 
particular the concept of ‘induced connectivity,’ is 
suggested as an appropriate step in future research 
programmes. 

RECOMMENDATIONS FOR FUTURE 
RESEARCH 

The following aspects are suggested for further 
studies: 
(i) The geometry and distribution of mining- 

induced fracture systems, and its interactions 
with coal microstructures, in relation to gas 
desorption and migration. 

(ii) Mining-induced gas concentrations. 
(iii) The triggering effect of gas pressure increases 
(iv) The decrease in gas permeability due to 

convergence near the face. 
(v) Heat generation during mining and its role in 

gas outbursts. 
(vi) The assessment of fracture properties and the 

brittle behaviour of coals, in order to provide a 
new basis for the assessment of gas outbursts. 
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Discrete-continuous monitoring of dynamic processes in rock mass 

D. V. Yakovlev and V. M. Proskuryakov 
State Research Institute for Mining Geomechanics and Mine Surveying (VNIMI)), St. Petersburg, Russia 

ABSTRACT The paper describes general concepts of monitoring systems using geophysical techniques such 
as acoustics and electromagnetic emissions, in the range of 10-200 kHz, with on line processing to predict 
dynamic processes in rock mass starting from regional scale to small area mining scale before and during 
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mining operations. 

1 INTRODUCTION 

Developing systems for geotechnical monitoring of 
mining equipment imply realisation of discrete- 
continuous observations taking into account the 
dynamics and nonlinear nature of rock mass 
properties in energoactive areas affected by geologic 
and man-made factors acting upon the rock mass. 

Dynamics of rock mass characteristics is caused by 
interaction of exogenic and endogenic perturbation 
fields. Overall characteristics of these fields, in fact, 
come down to electromagnetic and gravitational 
interaction. The most pronounced anomalous effects 
of gravitational and electromagnetic interaction are 
linked to periodic energoactivity of planetary or stellar 
origin. Study of the gradients of physical properties 
could point out the presence of energopassive 
geological formations, characterised by pre-inversion 
pe trophysical properties (Yakovlev, 199 l), and 
energoactive zones (post-inversion properties with 
technogenic changes), which are characterised by 
nonlinearity. 

Thus the principal physical fields responsible for 
dynamics of rock masses (RM) are electromagnetic 
and gravitational that could be monitored by 
electromagnetic and seismoacoustic control 
techniques. 

2 GEOTECHNICAL MONITORING AND 
INSTRUMENTATION 

Geotechnical monitoring consists of three main 
stages: 
1) prior to construction of the mining plants; 
2) during its operation; 
3) after preservation. 

Following research is conducted in the above listed 
stages: 

1) Investigation of geological, physical and 
geophysical fields existing within the site of future 
mining area before man-made impact, by means of air 

photographic survey, areal field and well-sinking 
geological and geophysical observations. 

2) Routine (discrete) surveys of geophysical 
(stress-strain state, gas content, water capacity) and 
geological (fracture) fields existing in the wells and 
on the surface, conducted during the construction of 
mining plants. 

3) Routine (continuous) monitoring of seismo- 
acoustic and electromagnetic activity (emission) of 
RM, methane concentration, airflow rate, stresses, 
temperature of coal seam within the workings. 

4) Discrete surveys in mine workings of 
technogenesis of physical properties, variable 
seismoacoustic, electromagnetic and seismo-electric 
fields (seismic and electric prospecting), coal quality; 
repeated geologic records. 

Different origins and manifestations of basic factors 
responsible for RM dynamics make it necessary to 
develop automated monitoring systems implementing 
both continuous and discrete modes of geological and 
geophysical observations of rapidly and slowly 
varying processes. The fundamental concept of an 
automated monitoring system (AMS) implies a 
development of organisation and engineering 
structure, realising the collection, transmission and 
processing of information with various physical 
nature. This concept is realised by supplementing the 
system with necessary (both from the viewpoints of 
quality and quantity) instrumentation modules and 
special-purpose software for processing and 
interpreting, without making changes in the basic 
structure of AMs. That is why the AMs system is 
based on modular configuration of data collection 
subsystem. Instrumentation module design includes, 
generally, N sensing elements (seismic receivers, 
antennae, electrodes, strain gauges, etc), and a block 
used for converting the signal into digital code, signal 
marking and transmission into communication line. 
Necessary observation network could be built by 
expanding the number of modules. Groups of 
sensing elements (SE) of instrumentation modules 
(IM) can be differentiated spatially into groups 



monitoring the face (SE-F), the mine shaft (SE-S), 
the whole mining area or a major block (SE-A). 
Groups of sensors responsible for technological and 
geophysical control are integrated into a separate 
system. Channels (SE) for rapidly and slowly 
varying processes (RVP and SVP respectively) are 
segregated. The former could consist of sensors for 
~ ~ ~ s m o a c o u s t i c ,  electromagnetic, seismo-electric 
emission. The latter - sensors measuring methane 
concentration, strain, temperature, rate of airflow 
through the workings and technological operation 
conditions. 

With typical dimensions of mining area amounting 
to about several kilometres, control could be realised 
by using regional forecast subsystem including 
optimal network of seismopoints, positioned both at 
various depths and on the surface and equipped with 
triple-component transducers, a system for 
conversion of signals and their transmission via 
telephone lines and a computer-based data-processing 
centre. Signal reception is performed at sub-100 Hz 
frequencies, sensitivity should be high enough to 
allow registration of events with energy above 
0.001 J. Such systems have been developed and are 
operating at mines in Russia. Unique methodical 
concepts and software have been developed in order 
to enable the station's operation. They allow to 
receive against a background of mining noise; 
separately survey the condition of various rock mass 
sections with about 200 m overall size; locate the 
origin of an event, and estimate the energy within this 
site. The software enables to perform daily spatial 
evaluation of mine situation while making allowances 
for the prehistory of event manifestation. Evaluation 
of various sites (monitored sections) is conducted by 
using the following criteria: the number of events, 
N, and the energy distribution of events, B. 

At present, a portable subsystem of local forecast, 
intended for monitoring rock mass sections with 
about 500 m overall size, is under development. It 
includes a system of transducers installed in wells, 
and a device converting the signals and transmitting 
them to processing centre (seismostation) via 
telephone communication lines. A modification with 
off-line processing and analysis of signals is also 
planned. The subsystem is designed for operation in 
sub-1000 Hz frequency range, and with signal 
energy above O.OOOO1 J. Therefore, at present 
similar systems are utilised at mines only, an 
intrinsically safe construction is under development. 
By realising frequency and amplitude discrimination 
of signals, the system could also be used as a low- 
frequency subsystem for regional forecasts. 
Problems concerning control of the system and 
process technology of its assemblies are considered at 
present. The subsystem is intended for analysis of 
daily limits, with the forecast span no shorter than a 
cycle of face advance. 

Utilisation of instrumentation with short reception 
range (up to 15 m) which ensure comparability with 
standard well-sinking method, for registration and 
analysis of local geophysical fields emitted by natural 
sources with energy less than O.OOOO1 J has been 

selected as the most promising direction for the 
purposes of short-term rapid forecast. The 
microsources - generators of acoustic and 
electromagnetic bursts - are formed in the course of 
intensive variations of strain occurring on the edges 
of the coal seam and in its envelope. They are the 
cracks of brittle failure and sliding surface within the 
abutment pressure zone near the workings. 
Microfailures are continuously occumng at the edges 
of the rock mass. They generate background 
(normal) field with rare high-amplitude pulses. 
During the formation of a dangerous situation there is 
a rise in the rate of appearance of sources within the 
monitored volume, N, as well as growth within the 
total number, N, of the high-amplitude pulse fraction 
in comparison to weak pulse fractions characterised 
by index B. 

Measuring technique consists of receiving the 
signals with the given direction during a relatively 
short time period (1 to 20 minutes), thcir 
discrimination and analyses which yield complex 
parameters N and B characterising the amplitude- 
frequency characteristic of the emission. Crystal 
accelerometers and magnetic antennae are used as 
emission sensors. Remote pickup from a working is 
performed thus eliminating the necessity of borehole- 
drilling. 

Feasibility to perform a short-term evaluation of 
rock mass situation (rapid forecast) is based on the 
face that emission sources are concentrated within 
certain local zones near the working (between the 
pushed-back zone and the peak of abutment 
pressure), and in spite of their patchwork and 
constantly fluctuating distribution, the process of 
failure and emission formation is quasi-stationary on 
the whole. This ensures stability of geophysical 
characteristics of the controlled site field within the 24 
hour period or a shift. That is why the stressed sites 
could be identified by taking readings across the 
workings, or by snap sampling of information at 
different positions of the advancing face. 

Registration of acoustic and electromagnetic 
emission is conducted at 10 to 200 kHz frequency 
range, corresponding to the failed sections with size 
of about 0.005-0.1 m. Registration of natural 
electromagnetic emission is used as the basic method, 
since it is more mobile and ensures constant 
characteristics of transducer-instrumentation receiving 
channel existing at various control points. 
Technology based on seismo-acous tic emission 
registration is permitted in the case of heavy industrial 
electric noise, or when monitoring temporal 
variations of rock mass condition by a stationary field 
receiver. 

Implementation of above mentioned rapid-forecast 
technologies requires devices ensuring very fast data 
collection and processing independent of service 
personnel skill, and enables to store the results for the 
purposes of subsequent documentation. That is why 
we have chosen, as the basic direction, the 
development of portable devices with autonomous 
power supply controlled by microprocessor with a 
high capacity memory and diversified software. This 
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is also suitable for mass production and is easy to 
operate. Intrinsically safe construction and existence 
of instrumentation for in-process performance tests 
are mandatory. A development of continuously 
upgraded devices of VOLNA series is being 
conducted. The main directions of upgrade: 
- diversification of software 
- reducing supply voltage and power consumption 
- utilisation of the state-of-the-art components 
- increasing the number of control technologies 

realised by a single instrumentation machine 
- perfecting technique used to detect the signals 

against the background noise 
- development of directed reception technologies 
- reducing the weight and dimensions of devices. 
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In Donbas thin coal seams are mined at great depth, 
in complex mining and geologc conditions 
characterized by higher gasdynamic activity. At 
present the main methods of outburst zones 
prediction while coal seams mining in Donbas are /l/: 

- current outburst hazard prediction on the initial 
rate of gas emission from the holes; 

- current outburst hazard prediction on the 
acoustic emission of massif. 

The method based on the initial rate dynamics of gas 
emission from the control holes / I /  is used for 
estimate of antioutburst measures efficiency. 

The drawbacks of prediction and control of the 
antioutburst measures efficiency, based on the initial 
rate gas emission change, are high labour and time 
expensive (special holes drilling is necessary) and 
possibility of measurement errors due to holes sealing 
of poor quality. 

There are the following drawbacks of outburst 
hazard prediction method on the acoustic emission. 

The method is based on a count of natural impulses 
caused by fissures formation due to stresses 
redistribution in the massif. And these impulses are to 
be discriminated by an operator's ear against a 
background of various acoustic signals. As the 
outburst zones are met sufficiently seldom, the 
operators adapt themselves to safe conditions and it 
may lead to gross errors. Besides, this prediction 
method has insufficient reliability due to the absence 
of a reliable connection between impulses number 
and a real outburst hazard. 

These drawbacks in outburst zones prediction 
methods and efficiency control prompted the MakNII 
specialists to investigate methods development based 
on artificial excited acoustic signals utilization with 
their fbrther processing by personal computers. It 
enables to exclude the subjective factor for decision- 
making and to provide the necessary algorithm 
flexibility for its adaptation to the specific conditions. 

The investigations /2, 3/, which established that the 
impulse excitation of the stratified massif leads to 
formation of the attenuated periodic vibrations, were 
a basis for these methods development. If a rock layer 

is limited by the attenuated mechanical boundaries 
(AMB), the vibrations on the natural frequency (G) 
occur, which are connected with layer thickness (m) 
by the ratio: 

V 
m A = -  

where 
V - phase velocity of lateral vibrations propagation. 
The natural vibrations amplitude depends on 

attenuated degree of the layer contacts, rocks 
composition, jointing intensity and other factors. 
With this, massif reaction on the whole to the impulse 
excitation represents the acoustic signal, consisting of 
the natural vibrations superposition of its separate 
constitutive layers. 
Our investigation were directed to establich 

connections of different acoustic signal parameters 
with stressed and strained state of the massif preface 
part. The investigations set, besides registration of 
acoustic signal excited during holes drilling through a 
coal (up to 8 m length) in the stope direction 
provided control of pressure changes in sensors 
located in the coal seam ahead of advancing face. 
Besides, we measured drilling yeld, temperature at 
the borehole bottom, electric resistance, initial gas 
emission rate and made sampling for determination of 
drillings fraction composition and paramagnetic 
centers concentration. Propagation velocity of elastic 
waves was determined between the adjacent 
boreholes at the different distance from their mouth. 
As a result of acoustic signals processing, received 
while boreholes drilling, the nature of the following 
parameters distribution along their length was 
received: signal energy, integral estimates of its low- 
and high frequency components, natural vibrations 
frequency (hrther-resonance frequency). 

Similar investigations were made during 
development workings driving. The investigations 
were carried out during minig operations in h,, h7 
and h,, seams of "Glubokaya" and "Zaperevalnaya-2" 
mines of "Donetskugol" Production Association. 
These seams are characterized by a high gasdynamic 
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activity, Their thickness is from 0..8 to 2.2 m, Vdaf - 
7 .7  , . .  17.5%, natural gas content - 16.9 . . .  31 m3/t. 
The enclosing rocks are represented by shales, sandy 
shales and sandstones of different thickness. 

Determination of zones boundaries with different 
stressed and strained state in the coal seam preface in 
comparison with their physical properties was a main 
task of our investigations. 

The coal seam preface part is represented by several 
zones with different stressed and strained state. In 
direction from the face, according to Nadai-Lode 
criterion, this state is changing from the generalized 
extension to the generalized compression. In the 
maximal stresses zone it is represented by the 
generalized shear /4, 5/. The kind of stressed and 
strained state determines the jointing nature and, 
hence, gas permeability. 

Thus, in the relief zone, characterized by stresses 
level lower than stresses level in the massif, not 
influenced by headings, normal (open) type jointing 
has been primarily developed and it is subjected to the 
natural drainage. And that part of the relief zone, 
which subjected to the generalized extension and is 
mostly drainaged, characterizes the squeezing-out 
zone. 
Different zones of the coal seam preface are 

characteristic of the changes of investigated physical 
properties. For example, for h,, seam the following 
relations has been received. 
The zone with maximal stresses level is 

characterized by the increased drillings yield (3 _ . _  10 
times as large) at 4 ... 5 m distance from the face. 
And with increased rock pressure zone (IPR) 
intersection formed from the end part of a face 
stopped in the adjacent seam, this distance is 1.8 ... 
2.5 m. This zone is characteristic of temperature rise, 
concentration increase of the paramagnetic centres, 
electric resistance and decrease of the initial rate of 
gas emission. Extremes and other points position do 
not always coincide for a variety of reasons, but their 
shift, as a rule, does not exceed 1-2 measurement 
intervals taken by 0.5 m length. 

The squeezing zone is characteristic of low 
paramagnetic centres concentration, high electric 
resistance, increase of gas emission initial rate, 
relatively stable drillings yield. The boundary of this 
zone is also established rather definitely. The 
boundary of the relief zone is determined less 
invariably with 2-3 measurement intervals deviation 
for the various methods. On the graphs of liquid 
pressure change in the hydraulic gauges and gas 
emission initial rate it differs by sharp values fall and 
with electric resistance - by sharp rise. 

Thus, by the complex investigations of the physical 

properties the characteristic zones of the coal seam 
preface with different kinds of the stressed and 
strained state were isolated. 

Analysis of the acoustic signal parameters enabled to 
determine the characteristic features for the different 
zones of the coal/seam preface. In the squeezing zone 
the acoustic signal energy created during borehole 
drilling and its high frequency component increase 
and reach its maximum and the resonance frequency 
- its minimum. In the maximum stresses zone the 
signal energy is minimum and the resonance 
frequency - maximum. Relief zone boundary 
corresponds to the maximum gradient of high 
frequency component decrease in an interval between 
the maximum and minimum of the signal energy. 

The laboratory investigations, including the drilling 
process simulation, were carried out for the additional 
redetermination of the received characteristics of the 
acoustic signal. The load was simulated on the 
parallelepiped from the equivalent material. This 
section was intersected by an opening drilling with 
acoustic signal recording by a piezoelectric 
transducer. It was established that the minimum 
energy of the signal corresponds to the centre if the 
section with a simulated load and the maximum 
gradient of the signal high frequency component 
decrease corresponds to this load boundaries. 

Thus, analysis of the acoustic signal parameters 
created during holes drilling enables to isolate the 
coal seams zones with different stressed and strained 
state. 

On the basis of the received regularities of the 
acoustic signal change its processing algorithm was 
developed in order to determine the main parameters 
of the coal seam preface. It includes the continuous 
flow recording of the acoustic information, quick 
Fourier transformation, data accumulation, 
information analysis and decision making. As a result 
of information processing by the professional 
personal computer (PPC) on the special program the 
following data are given for printing: value of 
squeesing zone, relief zone, zone with maximum 
stresses and coefficient of the simulated load, 
determined as the ratio of maximum energy of signal 
to its minimum. 

Realization procedure of the massif preface estimate 
method is the following: at 3 , . . 5 m distance from the 
drilled hole an acoustic signals receiver (geophone) is 
fixed which is connected either to the mine magnetic 
recorder or to the acoustic signal transmission system 
to the surface. The hole length is recorded 
periodically during its drilling by control signals. The 
acoustic signal is processed in real time, if a special 
system is used for its transmission. While recording it 
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to the magnetic tape the processing is made on the 
surface during playing back by the magnetic tape 
recorder. For the method realization the mine 
magnetic recorder RAMSh and the system for 
acoustic signal transmission ACC- 1 have been 
developed. The recorder provides acoustic signal 
recording and playing back, its level adjustment, 
voice information recording and the control signals 
on two fixed frequences. The signal transmission 
system is also provided by control signals and 
provides two-side voice communication. 

The estimate method of the massif preface state 
according to the acoustic signal parameters was 
investigated at 12 Donbas mines. Its efficiency 
estimate was made both by comparison it with the 
known methods and by comparison of the preface 
part parameters for different conditions of the seam 
loading and stressed and strained state of the massif. 

Determination of the relief zone value by the gas 
emission initial rate dynamics was used as the known 
method/l/. Comparison of the relief zone value 
received by two methods was done for h,, seams 
conditions at "Zaperevalnaya-2" mines of 
"Donetskugol" Production Association. 
Discordance analysis of the relief zone value by two 

detemination methods shows . the following: root- 
mean-square deviation is k0.5 m, 65% of values 
difference is within one interval of the parameters 
averaging, there are substantial differences in the 
relief zones values (about 5%). 

Dynamics analysis of the relief zone value in 
different mining and geologic conditions gives the 
following results. 

The regular parameters determinations of the massif 
preface were made by the acoustic method during 
four months on the 6-th west face of h,, seams, 
"Zaperevalnaya-2" mines of "Donetskugol" PA. At 
this time during drilling-and-blasting operations in the 
shock blasting regime in the lower stable there were 
four coal and gas outbursts. 

During 4 ... 9 coal extraction cycles before the 
outburst the squeezing zone value was decreased 
from 3.8 to 1.8 m, and the relief zone - from 4.5 to 
2.1 m. If at 4 m distance from the stable the zone 
value was 3.1-2.8 m, at 28 m distance it was 
increased to 4-6 m. The squeezing zone was similarly 
increasing from 1-1.5 to 3-4 m. 

On face 10 of h,, seam of "Donetskugol" PA 
"Glubokaya" mine while the face was approaching 
IPR, the value of squeesing zone was decreasing 
from 1.5-2 m to 0.5 m and the relief zone - from 2-3 
m to 1 m. With this, the gasdynamic phenomenon 
took place on the face. 

At "Makeyevugol" PA "Bazhanov" mine while air 

roadway drilling of 4-th east face, m3 seam, the value 
of relief zone in sections without geologic anomalies 
was 4-6 m and in the zone with small amplitude faults 
it was 2-3 m. Here the squeezing zone was 
decreasing from 1.5-3 m to 0.5 m and the stresses 
concentration coefficient was increased up to 1.5-3. 

In a number of cases the acoustic method of massif 
preface state estimate gave much reliable data in 
comparison with other methods. 

At "Komsomolets Donbassa" mine the extraction of 
the outburst seam 1, is carried out with advancing 
working of the protective seam 1,. The distance 
between them is 32 ... 36 m. In this strata the strong 
11 m thick sandstone is deposited, which influences 
the stressed and strained state of the seam and its 
drainage nature. 
While extracting 3d and 4th south faces during the 

current prediction according to the gas emission 
initial rate there were cases of situation recording "it 
is dangerous" and the relief zone value, measured by 
the initial rate dynamics of gas emission was 1.5 ... 
2.0 m. This case required the antioutburst measures 
to be done. The acoustic method utilization showed 
that the squeesing zone was 3 ... 4 m. In the face ends 
and in IPR zone it reduces to 1-3 m. Mostly the relief 
zone exceeded 4 m and in the face ends - 3-3.5 m. As 
a whole, acoustic signal parameters differentiation is 
more often negligible. Relative coefficients of the 
simulated load do not exceed 1.5 which conforms to 
absence of outburst hazard signs. 

As a whole, mine tests showed reliability and 
significance of the acoustic method of the massif 
preface state estimate. 
Water injection into the coal seam in the ripping 

regime (hydroripping) is used very widely (89% of 
the all measures) as coal and gas outburst prevention 
in Donbas. For this purpose the boreholes with a 
length of 6 . _ .  8 m are used. The drawbacks of the 
method are: in a number of cases the calculated water 
quantity is not pumped due to its inrush to the face 
surface or to the adjacent boreholes, it is not possible 
to drill the boreholes of the required length. Injection 
quality depends on honesty and discipline of workers. 
The method of value relief zone determination by the 
gas emission initial rate dynamics is used for 
treatment efficiency estimate/l/. 

In order to remove the mentioned drawbacks we 
made investigations for development of operative 
control method over hydroripping process. 
High pressure water injection effect consists in coal 

crushing in the massif with fissures system formation. 
They are oriented to the face, providing its 
discharging and drainage. Changes of the seam 
preface part state causes the changes of the formed 

609 



stresses field, giving rise to the changes in enclosing 
rocks. It influences interlayer contacts state, effecting 
the nature of amplitude and frequency of the acoustic 
signals created artificially in the massif. Hence, 
hydroripping process is to be followed by the 
spectrum change of the acoustic signal. This process 
irlvestigation was made in m3, h4 and hlo seams of 
Donbas mines and consisted in the acoustic signal 
recording created by an impact before water 
injection, during and after it. As a result of 
information processing by the professional personal 
computer the amplitude spectra were received which 
were analyzed. On spectra the amplitude changes on 
the separate frequences are reflected clearly enough. 
On the original spectra the frequences caused by the 
strongest lading layers /6/ and their separate packs are 
reflected clearly enough. The most intensive 
amplitude changes on the different frequencies take 
place during first injection minutes. These changes, as 
a rule, cover at first frequencies exceeding 500 Hz 
corresponding to one layer at a time strains close by 
the coal seam. Then the amplitude changes cover 
lower frequencies, reaching 50-30 Hz. Amplitudes 
change process on the different spectra frequencies 
has a wave-like nature, Le. after rise on the low and 
medium frequencies the high frequencies are again 
involved. Process of high pressure water injection 
into the coal seam was also investigated by 
continuous acoustic signal recording, the source of 
which was water influence on the coal. 

Signal processing was continuously carried out in 
real time. Information was averaged in isometric time 
interval (30”,1’), the whole frequency range was 
divided in low (up to 240 Hz) and high (more than 
600 Hz) components, spectrum resonance 
frequencies (with maximum amplitude) were 
determined. After injection completion these data 
were represented by inhsion time graph of interval 
estimate of low and high frequency spectrum 
components and resonance frequencies value. As a 
whole, the graphs represent the determined 
regularities: rise of low frequency component with 
time, cyclic change of the both components, change 
of maximum amplitude frequency in the spectrum. 
And the cyclic change of these parameters are of 
attenuating nature. 

The investigations show that for massif preface 
safety the amplitude of low frequency component has 
to rise, reach the maximum value and begin to 
reduce. With this, resonance frequency change is 
necessary. It enables, on one hand, to optimize the 
high pressure injection time by massif state control; 
and, on the other hand, to refuse to drill the 
additional holes and to determine relief zone value, if 

the effective hydroripping has been fixed. At effective 
influence on the massif the value of relief zone and 
safe coal extraction depth are getting not less than 
borehole seahng depth. 

The method of operative hydroripping process 
control includes: acoustic signal recording and 
preface part parameters determination in the drilling 
process for infbsion; recording and processing of the 
acoustic signal in real time, which is created during 
water infusion. 

Initial parameters determination of the preface part 
is made by the acoustic method described above. 
With this, if the relief zone value exceeds borehole 
sealing depth, hydroripping is not carried out. 

Acoustic signal recording during high pressure 
injection is made in the following way. At 1 _.. 10 m 
distance from the borehole the geophone is installed 
and fixed in a hole with depth to 0.5 m; it is 
connected with the system for signals transmission to 
the surface. This system also provides the two-side 
simplex voice communication and has control signals 
on two fixed frequencies. The control signals register 
the beginning, end of the ripping and also occurence 
of continuous acoustic disturbances which may be 
caused by the working machines and devices. During 
injection the acoustic signal recording and processing 
take place and on display these are messages about 
process nature with 30” and l‘interval. The pumping 
unit is de-energized after “active process finished” 
message. 

Acoustic signal processing is carried out by PPC 
according to the special programs, processing is hl ly  
automated. 

The operative control method has been tested at 6 
Donbas mines. The method enables to reduce infbsed 
boreholes number and injection duration to exclude 
holes drilling for efficiency estimate and to improve 
antioutburst measures rebiability by the subjective 
factor elimination. 

The first two problems succesfbl solving has created 
a basis for outburst hazard prediction method. A 
method of outburst hazard prediction by amplitude- 
frequency characteristics of the acoustic signal is 
known. This signal is created in stopes or 
development headings by mining mechanisms and 
realized by AK-1 apparatus utilization. The main 
drawbacks of this method are: complex selection of 
the working frequences and their control, lack of 
interferences level estimate, the subjective factor is 
not excluded. 

It is known /7/,  that strains delays precede coal and 
gas outburst. With this, interlayer strains growth is 
possible only in the 2-3 m formation adjacent to the 
coal seam. 
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During development of the operative control 
method the close connection between resonance 
frequencies amplitude change and interlayer strains 
growth was established. Control technique of the 
change, consisting in separaite low- and high- 
frequency component recording, were determined. 
This technique was used for determination of the 
criterion parameters of outburst hazard situation. 

The development headings driven by drilling-and- 
blasting methods in h8, h4 seams at "Zaperevalnaya- 
2" and "Vostochnaya" mines of "Donetskugol" PA 
were utilized for investigations. Near by the face the 
geophone was installed; it was connected to the 
acoustic system of information transmission to the 
surface. Information processing was made by PPC 
according to the special programs. 

After processing the low- and high-frequency 
components of the standardized spectrum were 
presented to the printer. The received data analysis 
indicates the following. 

The acoustic signal parameters are sufficiently 
changeable with face advance. For example, in the 
57-th boundary entry, h8 seam of "Zaperevalnaya-2" 
mine the low-frequency component changes more 
than twice. And its change is connected with mining 
and geological conditions. Particularly rise from 1.5 
rel. un. to 3.7 rei. un. in 31-131m heading range was 
caused by the influence of the 3d east longwall 
worked in h,, seam. Besides such large anomalies, 
the local cyclic parameters variations take place; they 
are connected with strain development in the 
immediate and main roof. These parameters changes 
are to be considered in order to improve reliability 
and significance of outburst hazard prediction. 

Entrance to outburst hazardous zone is 
accompanied by simultaneous sharp amplitute growth 
of high-frequency component and decrease of low- 
frequency component amplitude /9/. Immediately 
before an outburst the low-frequency amplitude 
gradually increases and the high-frequency amplitude 
decreases. These sings are the basis for outburst 
hazard criterion determination. 

Verification of outburst hazard criteria was made in 
the headings driven by drilling-and-blasting method 
in the shockhlasting regime. During tests there were 
10 coal and gas outbursts with intensity from 10 to 
850 t. It was determined that sharp reduction of low- 
frequency component intensity with simulataneous 
increase of high-frequency component took place in 
2-4 cycles before outburst moment. 

A high technology method of outburst hazard 
prediction has been developed on the investigation 
results. It includes the geophone installation near by 
the face (8 ... 30 m), transmission of the acoustic 

signal to the surface and its processing by PPC 
according to special programs recording and 
processing of the acoustic signal is made only during 
mining systems operation in the face (heading 
machine operation, holes drilling). Acoustic informa- 
tion accumulation process and its processing are fully 
automated, the subjective factor influence is absent. 
While driving rock drifts and opening outburst coal 

seams it is necessary to know exactly a distance to the 
seam for safety purposes. This task solving by holes 
drilling is connected with some expenditures and 
sometimes is technically impeded. The fulfilled 
investigation gave possibility to solve this problem by 
the acoustic method. The physical principles of this 
task solving consist in connection of resonance 
frequencies of amplitude spectrum signal, excited by 
an impact, with coal enclosing rocks layers. In 
particular case the heading side and layer jointing, 
developing on side extention in the massif are one of 
the seam planes. The coal seam contact is the second 
layer plane. The investigations showed, that in the 
interval distances from 1 m to 10 ... 12 m the distance 
from the rock drift to the coal seam is determined 
reliably to an accuracy at least 5%. 
Method realization is the following: at the side 

adjacent to the seam geophone is fixed; impacts are 
delivered at 2-5 points at 1 ... 3 m distance; the 
acoustic signal is recorded to the magnetic tape by 
magnetic register. The recording processing is carried 
out on the surface by PPC according to the special 
programs. 

The acoustic method was investigated in headings 
with steep and flat coal seams, during determination 
of distances from 2 to 17 m. 

One of the negative factors, complicating the coal 
seams working in Donbas, are methane-bursts from 
headings bottom. The mechanism is presented in the 
following way. If in the working coal seam bottom 
there is an accompanying bed, the intensive strain is 
developing at the definite geologic composition of 
rocks layers between these seams in the preface part 
as a result of stresses redistribution in the massif. The 
rocks separation close by the accompanyng bed takes 
place. The formed cavities and fissures are filled by 
gas and when stresses exceed strength limit of 
interseam rocks, the ricks break and gas bursts to a 
mine heading. 

On the basis of roof and floor rocks structure data, 
their strength characteristics, coal gas content, 
volatiles yield, etc., and headings parameters the task 
of referring the whole heading or a part of it to 
methane-bursts from the bottom hazardous was 
solved analytically. But this method has a low 
significance and considerable expeditures are 
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demanded for preventive measures (drainage 
boreholes drilling). 

The acoustic method for place determination of a 
possible methane-burst fiom the bottom has been 
developed. The investigation show, that in the case of 
an intensive rocks separation close by the 
accompanyng bed and cavities formation in the 
acoustic signal spectrum one resonance fiequency 
predominates which is caused by rocks layer from 
heading floor to separation place. If such separations 
and corresponding to them spectra have a definite 
propagation over the area, this evidences the 
methane-bursts hazardous zone. 

The method is realized in the following way. 
Observation points are located with a definite interval 
along a stope or a development working. At these 
points in the floor rocks the geophone is fixed, then it 
is connected to the mine magnetic recorder. At 
1.5-2 m from the geophone at 2-3 points the impacts 
are made and the acoustic signal recording to the 
magnetic tape is made. Then the acoustic information 
is processed by the PPC according to the special 
programes. 

Observations in the heading are carried out 
periodically with the face advance. If at 2-3 points 
along the face there is a predominant resonance 
frequency on the acoustic signal spectrum, which has 
been caused by the rocks layer before the 
accompanyng bed, this section is considered as 
potential methane-bursts hazardous. 

The developed method is succesfully used for 
redetermination of the analytical prediction method as 
a whole. If the observations results along the face or 
heading show separations distributed relatively 
uniformly in roof and floor rocks and the trend of the 
sharp amplitude prevalence is absent, then there are 
no reasons to expect methane-bursts. 

gas 
outbursts cause sometimes live elements damage in 
headings, it may result in methane explosion. 

The detailed investigations of the seismoacoustic 
signal before an outburst and at different stages of the 
outburst showed that its initial stage has its features. 
They consist in the predominant low frequency - up 
to 50 Hz in the signal spectrum. For this method 
realization the de-energization technique and 
apparatus at the initial outburst stage were developed. 
This technique envisages selection of the acoustic 

signal according to five signs: frequency, amplitude, 
duration, souse remoteness and its location. It 
provides the high protection level against the false 
operation. 
This technique is realized in the following way. At 

It is known that large intensity coal and 

50 . _ .  100 m distance fiom the face at least two 
geophones with some distance between each other 
are installed. They are connected to the device for 
isolation of the initial outburst stage and formation of 
the electric pulse for fast-acting interrupters start. 

The device investigations on the magnetic 
recordings of the seismoacoustic outburst signal 
showed that de-energization was carried out in 3-3 
seconds before rejection of the mined rock and 
intensive rise of methane concentrations. 

Thus, the parameters investigations of the artificially 
created in the massif the acoustic signal enabled to 
solve a number of vital problems: prediction and 
control of the preface part state, antioutburst 
measures efficiency estimate, prediction of methane- 
bursts and advancing de-energzation. Connection of 
the developed methods into the unified system and 
utilization of the additional methods, able to take the 
gas factor into acount, will enable to improve 
operations safety in outburst coal seams. 
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Long years of' mining outburst coal seams 
throughout the world (first outburst in France, 1843), 
as well as in Russia (first outburst in Donbas, 1906) 
highlighted the outburst problem as the most relevant 
socially, economically and scientifically. It is obvious, 
that development of the main direction, that is study 
of coal and gas outburst nature and mechanism is a 
major basis to solve the social and economic 
problems caused by outburst events. For the time 
being the situation is not clear enough. 

Theoretical interpretation of scientific findings has 
led to the emergence of more than 40 hypotheses on 
coallgas outburst mechanism, none of them being 
able to present a consistent model. 
Energy theory of coal/gas outbursts developed by 

V.V. Khodot et. al. in 1960's (A.A.Skochinsky 
Mining Institute) and energy-cum-force theory by 
educational and research institutes are the most close 
to the point of the problem. 

According to the theories an outburst hazard, being 
a set of seam features, is a hnction of three main 
factors - rock pressure (stresses, strictly speaking), 
occurring in coal seams and adjacent rock in the 
process of stoping and development operations; gas 
entrapped in coal and bounded with coal matter due 
to sorption; physical and mechanical properties of 
coal. 

The conceptions formed the basis for outburst 
prediction methods and preventive actions. 

In the course of application certain inconsistencies 
emerged, that could not be explained in the context 
of the theories: 

- principles behind the energy theory prove that 
rank of coal has no effect on an outburst hazard. 
Furter experience demonstrated a convincing 
relationship between the both: an outburst can never 
occur in low-rank coals (E,A,r), it may appear in r 
to X coals, then intensifies to maximum in OC coals 
( Vdaf= 13.5%), decreases and disappears in A coals 
(lgc3.2); 

- rock pressure, according to the energy theory, is 
one of the major factors. It follows, that, with other 
conditions being egual, outburst seams only are to be 

met at depths greater than the depth of an outburst 
seam. Practice, however, gives no such evidence. 
"Chetvyorty" (The Fourth), a non-dangerous seam at 
the Vorkuta basin, occumng 60 m below outburst 
seams "Troinoy" (Triple) and "Moshchny" 
(Powerful), has the largest gas content. Similar 
situations are more than often in Donbas; 

- coal seam gas content is the most critical factor. 
Special research by MakNII in the 1980's showed 

that coal seam gas content values are the same in 
dangerous and non-dangerous zones of an outburst 
seam. 
An idea of the gas being confined in a sort of 

impermeable bubbles within dangerous zones to be 
liberated with an outburst is not consistent with the 
measurements of residual and natural gas content 
amplying coal breakage in the vibrating mill. Residual 
gas content in dangerous seams is not higher than 
that of non-dangerous seams. 

Nor is consistent with the energy theory the fact that 
gas release during an outburst is much greater 
(sometimes by an order of magnitude) than natural 
gas content. 

Essentially important problems came to light within 
the context of zone character of outbursts. Theory, 
that exists, allows for outburst coincidence with 
geological faults inasmuch as coal strength in obvious 
faults drastically decreases. At present most scientists 
hold the opinion of a 100% coincidence with 
geological faults, However, the fact that only 5% of 
faults in dangerous seams can result in outbursts, with 
95% being not dangerous, cannot be explained in the 
light of the theory. 

Thus, geological fault in the outburst model is 
impossible to be reduced, according to the energy 
theory, to the factor of strength alone. 

More than a 30-year experience of mining outburst 
seams, supported by the energy theory, has shown 
inadequacy of the theory-based models with the 
nature. 

A conclusion here comes to mind to seek basically 
new ways to solve the problem not rejecting, 
however, theoretical and practical experience of 

613 



recent years. 
Modem methods to analyse organic and mineral 

coal mass (element analysis, infrared spectroscopy, 
X-ray dlfFraction analysis, nuclear magnetic 
resonance - and electron paramagnetic resonance 
spectroscopy, etc.) demonstrated that coal mineral 
mass undergoes some chemical and physical trans- 
formations in the process of metamorphism when 
evolutionary stages alternate with compositional and 
structural quality changes. Transformations at the 
microcosmic level inevitably result in macroscopic 
changes. 

The goal of our research was to determine to what 
extent compositional and structural changes of coal 
organic matter (COM) are related, at the atomic 
level, to outburst formation. 

Coal seams featuring pronounced zones of outburst 
danger and various ranks were taken as subjects to be 
studied. 

In dangerous zones coal samples were taken at 
lengths of 20-30 m from every coal band of a seam 
when the development face moved to and from 
outburst areas. Sample spacing was taken to be 1 m. 
In addition, coal samples were taken from dangerous 
and non-dangerous seams. 

Analysis of coal organic matter IR spectra taken 
from dangerous zones shows significant trans- 
formations in coal structure. 
Absorption bands 2920 and 2860 cm-1 for stretching 

vibrations of aliphatic C-H bonds in structures with 
methylene -CH2- groups appear in all spectra. 2960 
cm-l band can be seen in the form of a high 
frequency arm, corresponding to assymetrical 
stretching vibrations of -CH, carbon - hydrogen 
groups. CH2 groups, oxygen-bound oxygen- 
methylene bridges (of -CH2-0- type) are known to 
have much absorption at the' 2920 cm-1 frequency. 
1440 and 1380 cm-1 bands are well pronounced in 
the spectra, corresponding to deformational out-of- 
plane vibrations of -CH2- and -CH, groups. 

All the spectra contain a wide intensive band in the 
region of 3200-3700 cm-1. Coal pellet heating during 
10 minutes at 160°C and the hot pellet spectrum 
photography within 2.2 min resulted in no back- 
ground change and no decrease in the band intensity. 
It enables to relate the band to stretching vibrations of 
hydroxyl -OH groups of phenol type for COM. Such 
band interpretation at 3430 cm-1 is confirmed by the 
bands occuring in the coal spectra in the region of 
650-770 cm-I, corresponding to deformational 
vibrations of phenol hydroxyl groups. 

The band with the maximum at 1600 cm-1 and a 
rather complicated interpretation is the most intensive 
in the spectra and can occur through: 

- stretching vibration of C=C aromatics; 

- electron donor-acceptor (EDA) , reactions bet- 
ween aromatic planes of molecular units (layers) and 
stacks (micelles); 

- hydrogen bonds in quinhidrone structures; 
- carbonyl groups =CO. 

The band with the maximum at 3050 cm-I, in- 
variably emerging in the spectra, is associated with 
stretching vibrations of C-H bonds in aromatic ring. 
Absorption intensities ratio at 3050 and 3920 cm-I is 
taken as the index of coal aromaticity. 

In all coal spectra there showed up 880, 810 and 
750 cm-l absorption bands, corresponding to out-of- 
plane deformational vibrations of aromatic C-H 
bonds. 

1180 cm-1 band appearing in the spectra was 
interpreted as resulting from vibrations of oxygen 
bridges C,-0-C, , C,-O-C,, , Cal-0-Cal which are 
weak by nature. 

Table 1 shows IR absorption intensity variations 
when an outburst zone is crossed. 

The analysis showed that while approaching 
outburst points in a seam within dangerous zones 
some transformations take place caused by 
destruction of interatomic bonds where methylene 
and oxygen methylene bridges are the weakest link. 
Intermolecular bonds reduction of EDA reaction type 
is also observed. 

Coal element analysis showed that there is a reliable 

correlation bond in oxygenkarbon (-)al and 

hydrogenkarbon (-)at atomic relations for coals in 

non-dangerous seams, that can be presented by the 
following regression equation: 

0 
C 

H 
C 

(-)uf 0 = 0.29(-):, H - 0.24(-),, H + 0-066 
C C C 

~ 0 . 9 0 .  

Relation of similar parameters for coals from 
dangerous zones is presented by the equation: 

~ 0 . 8 9 .  

Comparison of relations for dangerous and non- 
dangerous coals reveals increased oxygen content for 
isometamorphic coals in the latter case. Coal from 
dangerous zones features increased rate of oxygen 
loss during metamorphism. 

Coal X-raying showed significant changes also in 
the structure of a relatively stable aromatic phase 
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1002 

- decreased rate of structural ordering -. when approaching an outburst cavity: 
- increased plane-to-plane distance dOo2; 
- decreased layer diameter La; 
- increased aromatic layer thickness L,; 

Table 1 .  
- - . ~- - 

Along face Technical analysis Relative absorption for bands, cm-' D3050 

distance,m Vdaf,% Ad,% Wa,% 3430 3050 2960 2920 2860 1600 1440 1380 1410 1180 1260 908 810 D2920 

0 
1 
3 
3 
4* 
5 
6 
7 
8 
9 
10 
11 
13 
13 
14 
15* 
16 
17 
18 
19 
30 
31 
23_* 

-. 

Notes 

19.1 2.3 3.0 836 - 348 307 175 758 
24.6 14.6 1.8 881 149 300 369 214 776 
33.7 13.0 1.6 813 109 217 274 154 735 
33.6 20.3 1.6 843 140 239 - 193 727 
34.6 35.4 1.8 848 138 241 395 196 - 
31.8 16.6 1.3 787 128 210 340 204 745 
33.6 23.1 1.9 843 127 265 322 192 738 
21.8 9.0 1.3 805 168 312 388 244 783 
33.6 13.3 1.5 822 128 281 333 212 792 
24.5 26.2 3.0 720 167 333 416 243 733 
32.5 20.4 1.5 833 133 300 358 314 746 
34.5 25.6 1.6 805 157 300 370 232 745 
34.0 25.4 1.3 786 129 240 343 200 706 
24.0 27.1 1.7 833 118 257 300 175 738 

30.3 9.3 1.6 805 192 182 247 137 754 
31.0 14.7 1 . 1  806 147 310 358 332 797 
21.9 17.3 1.4 803 137 317 397 327 767 
32.3 5.9 3.0 789 137 386 367 231 875 
30.9 7.4 3.1 832 163 334 400 350 800 

32.1 17.4 1.4 807 172 341 - - 

263 83 66 518 490 210 311 4.09 
333 138 - 456 474 168 178 4.04 
479 60 49 466 405 375 481 3.98 
289 72 53 473 434 369 304 4.54 
264 100 63 314 434 342 203 4.34 
300 61 89 470 506 100 318 3.75 
311 76 51 364 400 375 306 3.94 
358 91 108 333 557 149 148 4.33 
333 83 56 397 480 65 178 3.84 
386 131 83 500 407 370 325 4.01 
354 86 60 416 427 318 230 3.72 
368 - - - 434 270 234 - 
336 75 107 210 398 324 227 3.76 
388 49 53 430 410 378 273 3.93 

- - - - - - - 4.26 
379 70 56 100 441 190 210 7.77 
306 111 101 305 514 292 220 4.11 
331 85 78 223 468 341 234 3.45 
320 129 68 500 579 167 165 3.73 
333 118 85 243 487 136 235 4.07 

19.5 6.3 1.5 714 139 272 324 

23 1 2 3 9  1 5  795 119 261 309 
3 0 3  142  1 3  818 160 - - 

_ _ _  . . - 

* - point of outburst. 

The findings of element and X-ray structural 
analysis conform to the results of IR 
spectroscopying of coals. 

Close result of weakening intra- and intermolecular 
bonds is a unique reaction of COM to mechanical and 
thermal factors - greater weakness of the bonds is 
associated with greater rate of destruction 
accompanied by gas make. Thermal distruction rate is 
significantly increased when approaching outburst 
cavities. 

Relation of gas formation rate (B,) at thermal 
destruction to coal microstructure parameters is 
determined. For example, the following regression 
equation describes how B, is related to 1600 cm-1 
band IR absorption untensity: 

B, = 1.21 x 108D,:;,'4 

As it follows, the rate of thermal destruction and, 

196 693 368 79 - 157 428 136 135 4.29 

177 680 - 74 83 230 333 346 237 3.85 
- - - -  - 789 377 - - - 

. ___ 

therefore, the outburst hazard grow with decrease of 
1600 cm-1 band intensity, that is with bond 
weakening in the manner of EDA reactions. 

It is also determined how the index depends on the 
absorption intensity ratio for 3050 and 2920 cm-I 
bands, that is on coal aromaticity. It is described 
bythe regression equation: 

This case confirms the influence of end aromatic 
groups on bridge reaction ability - increased 
aromaticity of the structure results into lower strength 
of bridge bonds and, respectively, in higher rate of 
thermal destruction. 

According to the COM model, taken as a basis, 
certain portion of organic matter makes up bridge 
bonds. The bonds can be ether, methylene or 
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combined oxygen-methylene bonds. Oxygen- 
methylene bridges, the portion of which in the COM 
structure is increased with the increase of oxygen 
content, feature extreme unstability and high 
reactivity. COM transformations in various processes 
.usually start with the bond destructions associated 
with formation of free radicals. 

Destruction of oxygen-methylene bridges, for 
example during thermolysis, can follow free-radical 
mechanism. Or it can take the way of synchronous 
(conformed) mechanism, when no kinetically 
independent radicals are formed as intermediates, yet 
at the same time some bonds are broken, while others 
are formed. 
Modem analysis of IR-spectroscopy and EPR- 

spectroscopy findings shows that intensity of IR- 
absorption bands, which characterise methylene and 
oxygen-methylene bridges vibrations, is correlated to 
paramagnetic center (PMC) concentration in coal. 
This correlation for 1440 cm-1 band, characterising 
deformational vibrations of methylene CH-bonds, can 
be presented as: 

N = 266.36 - 1.270,,,, + 0.00 1 8D,:J,, 
z= 0.7 l;,u = 4.36 

where 
N 
D1440 - relative absorption of 1440 cm-I band. 
This relation is of reverse character, that is when the 

1440 cm-1 band intensity is decreased due to 
breaking of methylene and oxygen-methylene bridges 
free radical concentration increases. Wide EPR 
(AH=5-7 Gs) line proves that radicals belong to 
aliphatic structures. 
An important conclusion following from the 

laboratory and mine experiments on coals of various 
rank reads: in coal from outburst zones, especially 
under mechanical stress and shear strain of a tectonic 
nature the development of a polyconjugated bond 
system in an ordered and nearly defectless coal 
structure is distorted. Coal from outburst zone shows 
that PMC concentration increases discontinuously, 
and EPR line widens. PMC (N) concentration 
changes in coals from outburst zones can be 
approximated by the second-degree polynomial: 

- PMC concentration in coal; 

N =IoY,sp(spin)*g-' x I O  
where 

y - index, calculated as the hnction of volatile 
output (Pf,%). 

y = 3.74 - 0.1 3Vdu' +O. 00 18(k""')', 
(with Vduf = 2O+4Ooo); 

y = 1.82+0.02Ydu/ -O.O01(V""')', 
(with Vduf = 4.5+ 2Oo8o), 

Weakening and destruction of interatomic bonds 
resulting into forming of free radicals turn coal 
organic matter into a mechanically and chemically 
activated state of increased reactivity. 

To know how structural and chemical transfor- 
mations of COM are related to mechanical stress of 
geotectonic and minig origin, relaxation processes 
and reactivity changes are of critical importance for 
better understanding of coal/gas outburst nature and 
mechanism. 
As was shown above, COM mechanical and 

chemical transformations, being an integral part of 
metamorphism, are the most active in outburst zones, 
in zones of tectonic influence, featuring shear strains 
under pressure associated with atom-to-atom dis- 
placement and changes of interatomic bond number, 
angles and length. 

Special laboratory and mine experiments on 
mechanical effect in coal under pressure shearing 
enabled to determine that structural and chemical 
transformations of COM are similar to those in 
outburst zones, though less intensive. 

Experiments in order to identify possible sources of 
additional gas emission of a nonsorptional origin 
under mechanical breaking of coal were carried out 
in coals of a dangerous seam. PMC concentration 
was taken as a measure of natural mechanical- 
chemical activation of the coals. Coal samples 150 g 
each were ground in a vibrating mill during 10 min 
after a 1 hour prevacuumizing. After breaking an 
amount of gas released was measured and a 
chromatograph analysis was made. 

Experimental findings show that mechanical 
processing of coals even in mild conditions causes 
significant gas emission and PMC concentration 
changes in aliphatic and aromatic structures. The 
amount of methane released is closely related to PMC 
concentration ratio in aliphatic coal structures before 
(N1) and after (N2) breaking, while hydrogen amount 
with similar PMC concentration ratio in aromatics 
can be presented by the equation: 

As the results indicate, gas emission and COM solid 
phase transformations are interrelated so that the 
amount of gas generated depends upon the COM 
natural activation degree. 

Initial gas emission rate in a borehole (Di) and PMC 
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concentration in drillings were measured when holes 
were drilled during drivage operations in a dangerous 
seam. The value of Di varied within the limits of 
0.25-19.5 l/min, and PMC concentration - 30 to 
70~10'8sp.g-~. High values of Di (over 10 Vmin) 
were associated with unstable seam behaviour (seam 
squeezing out of hole, bumps and rod jamming, noise 
impacts in strata). With higher Di the PMC 
concentration in drillings decreases and EPR line 
narrows. These effects are obviously caused by 
destruction processes involving gas phase formation 
with COM hydrogen loss. 

This conclusion is consistent with the data received 
when determining EPR line width (AH, Gs) and 
hydrogen content (Hdar,%) in 300 samples of coal 
from outburst seams for the complete metamorphism 

Technical 
analysis, o 

Vdd Ad Wa 

row. The parameters are related as follows: 

AH = 1,48(Hduf,0zo)+0,85, Gs 
Amount of destruction products in drillings relative 

to total weight of coal drilled is not large; therefore 
their spectroscopic manifestations are not very 
intensive and are difficult to be recorded by 
instruments. If an outburst is considered as a 
mechanical-chemical phenomenon, destruction 
products concentration in a "whirling dust" (fine dust) 
is to be expected much greater. 

COM in a whirling dust, as is shown by spectral 
analysis, significantly differs from COM of large coal 
lumps of the same rock thrown away during an 
outburst. 

Paramagnetic parameters IR-spectra relative absorption for 
bands, cm-i 

PMC Line width 2920 2860 1440 1600 1180 1100 
concentrat ion Gs 

SD.E. - 'x10- '8  

24.5 26.2 2.0 

Large lumps 

41.53 4.53 416 243 386 532 500 923 

I II I Whirling dust 

23.1 23.9 1.5 28.9 1 3.57 310 172 259 631 97 189 

CONCLUSIONS 

Physical and chemical analysis of Donbas coals 
showed that coals of various outburst degree vary in 
terms of chemistry and structure. These variations are 
markedly seen in coals from outburst zones. Actually 
all methods of spectral analysis give information on 
the coals and their pecularities at a microlevel. 
Considering all the information gained we may say 
that coals from outburst zones are in the state of 
mechanical-chemical activation predetermining 
significant lowering of energy effect threshold which 
acts as an external inducing factor to stimulate 
destruction of intermolecular bonds with formation of 
the gas phase and an outburst at that. 

The reason why coals transform into the state of 
mechanical-chemical activation is the fact that COM 
is affected by rock pressure and deep heat, the latter 

being the prerequisite for coal composition and 
microstructure simplification. Another reason is that 
COM is also affected by deformational shear under 
pressure when geological faults are formed as a result 
of tectonics, associated both with quantitative 
(evolutionary) and qualitative (discontinuous) 
transformations, more than others implying unstable 
states and increased reactivity. 
Mechanical-chemical activation is the outburst 

factor, that should be considered, if there is a need to 
create a consistent coal/gas outburst model, not 
available for the time being, since existing theory, 
approaching the phenomenon at the macroworld 
level, fails to do that. 

It is the physical-chemical factor that causes coal 
seam destruction of a unique type: an additional gas 
source of a mechanical-chemical origin appears along 
with a known gas emission source of a sorptional 
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nature. 
Significant increase in natural gas content during an 

outburst can be attributed to this. If COM within a 
given seam volume is not mechanically and 
chemically activated, inducing factors (rock pressure, 
gas trapped in coal) do not provoke seam destruc- 
tiony in the form of an outburst. If so, only typical 
destruction occur: seam squeezing, spillage, fall. 
The above said shows that it is of a prior necessity 

during forecasting to identify whether a seam coal is 
activated. If it is, then the forecast is "dangerous". In 
view of more than enough rock pressure and gas 
factors at the existing mining levels to induce an 
outburst, errors of first kind, when an outburst occurs 

against the forecast "not dangerous", should never 
happen. Errors of second kind, when an outburst 
does not occur against the forecast tldangerous" are 
possible if a seam is relieved and gas released. This 
should not be considered as a disadvantage of the 
forecast, as mining safety is not impaired. 

Further developments to effectively evaluate coal 
seam stresses and gas content can do away with the 
errors of second kind too. 

Current task to identify and rank COM mechanical- 
chemical activation conditions, that is to evaluate 
physical and chemical factors contributing to an 
outburst, is quite feasible when based on modem 
methods of spectral analysis ( I S  EPR-spectroscopy). 
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