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DISCLAIMER

No person, corporation or other organisation (“person”) should rely on the contents of this report and each should obtain independent
advice from a qualified person with respect to the information contained in this report.  Australian Coal Research Limited, its
directors, servants and agents (collectively “ACR”) is not responsible for the consequences of any action taken by any person in
reliance upon the information set out in this report, for the accuracy or veracity of any information contained in this report or for any
error or omission in this report.  ACR expressly disclaims any and all liability and responsibility to any person in respect of anything
done or omitted to be done in respect of the information set out in this report, any inaccuracy in this report or the consequences of
any action by any person in reliance, whether wholly or partly, upon the whole or any part of the contents of this report.
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PREFACE 

The phenomenon of outbursts of gas, coal and  rock is neither  new  nor  isolated  in  its  occurrence 
to  a  particular  coal  field. It has  occurred in virtually all the  major  coal  producing  countries of 
the world. In the last 150 years,  perhaps  over 20,000 outbursts  have  occurred in the  world, 
some  with  very serious consequences,  particularly in the  early  part of this century  and  virtually 
the whole  of  the  19th  century. This has forced  mining  leaders to develop  an  understanding of 
the phenomenon,  and  procedures to minimise  their  effect or eliminate  them  completely. It is a 
complex  phenomenon  and occurs under  a  variety of conditions  and  even  today it is not  well 
understood. It is a fairly  widely  accepted  view  that  reliable  methods  for the prediction of 
location  of  occurrence  of  outbursts  must  be  made  not  only  based  upon  long  years of practical 
experience in mines,  but also scientific  research  and  experimentation  which  could  lead  to  a 
better  understanding of this phenomenon. As a  consequence,  enormous  amounts of energy 
have  been directed in this field  in  many  countries  of the  world. 

Research  investigations  in  the area of outbursts  of gas, coal and rock  can  be  divided  into two 
main categories: 

(i)  Development of mining method,  safety  pr0cedu.m  and  modification  of  equipment  used  in 
mines  which  can  help  either  reduce or eliminate  the  effect of outbursts  particularly  on 
mine  workers. 

(ii) Basic research conducted in  the laboratory and applied research conducted in 
underground  mines  to  better  understand the mechanisms,  coal  properties  and  conditions 
that  favour  outbursts  and  development of methodologies  that  can  change  the  conditions 
in-situ so that these can be eliminated or their  intensity reduced. 

A very important part  has  been  played by in-situ  observations  related to every phase  of 
occurrence of an outburst. Conduct of experiments  in-situ,  however,  presents  many  problems 
associated  with  methodology  and  the  probability of an  unintentional  initiation  of  an  outburst. 
Laboratory  studies of this phenomenon  have  the  advantages  that  a  large  number  of  factors  could 
be  varied  and tests are reproducible.  Hypothesis  and  theoretical  models  have  helped to develop 
research  programs  and  integration  of  results of measurements  and  observations both in the  field 
and in the  laboratory,  and  their  application  to  improve  underground  practice for safer  mining 
under  conditions of  outbursts. 
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Local observation  and  the  effects of methane  explosions in underground  mines in North of 
England  coal  field  were  the  basis of the  identification  of this phenomenon  by  Taylor  (1852-53). 
He made  a  series of observations  which  included  changes in the nature of coal, role of  gas 
pressure  and  even  indirect  measurement  method  of  estimation of gas  pressure. He also 
recommended the use of safety  lamps  everywhere  underground.  Wood  (1880-81)  developed  a 
method for the measurement of gas  pressure  in-situ.  Wide  use  of  inducing outbursts by 
shotfiring  based  upon  the  work of Lange  (1892)  decreased  the  danger of unexpected  outbursts 
and  resulted  in  great  psychological  support  for  the  mine  personnel  responsible for the safety of 
mining  operations.  By  the  end  of  the  flrst  quarter of the 20th  century,  a  large  number  of  mines 
facing serious outbursts  were  using  inducer  shotfiring  from the surface. However, this 
technology was not  based  upon  deeper  understanding  of the phenomenon  and  did  introduce a 

new danger called  'delayed  outbursts'. It thus  became  essential to develop a systematic 
approach to the  problem  (Crussard,  1904). 

With the initiative of Laligant  (1913)  a  'Committee for Research in Outbursts' was formed  in 
France in 1913, and for the first time a  program for investigations on this  subject was 
developed  (Loiret  and  Laligant,  1923). This program  consisted of three parts: 

(a)  Description  and  classification  of  the known facts. 

(b)  Theoretical  studies  on gas bursts,  cause  of free methane  and  carbon  dioxide bursts and 
the  mechanism of outbursts of coal  and gas. 

(c)  Proposal  for  development of regulations  to  guard  against  and  effects of outbursts. 

The program  was  stopped  with  the  outbreak  of  the  First  World  War. It was  resumed, but on a 
reduced  scale,  in  1921.  Undoubtedly, the greatest  achievement  of the French Committee, 
consisting  of  very  highly  reputed  mining specialists, was  the  development of 'Regulations for 
Mines  with  Outbursts'.  This  was  a  renewal  of  the  French  regulations for the gassy mines that 
had  existed  since  1882  (Maillard  and de Chatelier,  1882). 

The next  progressive  step  in  this  direction  was  in  1921  with  the  establishment  of  a  Committee 
to  develop  a  research  program  in  the  area of carbon  dioxide  outbursts  in  Lower  Silesian  coal 
field, at that  time  a  part of  Germany  (Werne, 1927).  Besides  the  use of large scale inducer 
blasting  from the surface,  with  no  men  underground,  the  use  of  barriers  and safe underground 
chambers was developed in Lower  Silesian  coal  field. 

Because of the  occurrence of a  very  large  number of outbursts  in  the  Donetsk  basin in particular 
and  other  coal  basins  in  general,  a  very  large  program was proposed  in USSR for  the period 
1952-53  (Skochinski,  1953b,  1954a). This was  a  very  wide  ranging  program covering major 
aspects of  coal,  rock  and  methane gas outbursts, as well as outbursts  in  salt  mines. A number 



of research institutes with hundreds of researchers were involved in this research. This 
program has been  continued.  Alekseev  and  Polakov  (1974)  give  names  of  11 institutes that 
conducted  research in the  area  of outbursts of coal,  rock and  gas in Ukraine  part of the USSR 
alone. 

During the 1950s, a research  program  was  initiated  in  Canada.  The  Mines  Branch  and  the 
Geological Survey undertook a co-operative  project both in the  laboratory  and in mines  to 
investigate this phenomenon in Western  Canada  (Ignatieff,  1954).  The  program  was  continued 
on a very low key  and reinvigorated at CANMET-MRL, Cape Breton  Coal  Research 
Laboratory  in  the  early  nineties (Cain, 1995). 

In  Poland,  though  research has been  conducted in this area right from  the  fifties as a part of the 
continuation of the  problem of outbursts  that  existed in Lower  Silesian  coal  field  prior to the 
Second World War, a major  concentrated effort was redirected in 1960. A government 
sponsored  'Commission on Outbursts of  Coal,  Gas  and  Rock in Coal  Mines'  was  formed.  The 
charter of the Commission was  to referee research projects in this area and formulate 
regulations  related to  the  problem  of  outbursts  of  gas  and  coal  and rock This Commission  had 
a very close relationship with the  research institutes, universities and  mines. Under the 
auspices  of  this  Commission, a number of National  and  International  Symposia  were  organised 
and  sponsored a publication, in  nine  volumes,  on  the subjtct, which  provide  details of all the 
recorded  outbursts in Poland  since  1884  (Szewczyk,  1994).  In  1981, a new  program 'Strata as 
a Multiphase Medium'  was  started. This program was directed to understand the basic 
phenomenon  of  outbursts of  gas  and coal  (Litwiniszyn,  1990, p. 7). 

In  Great Britain, an  integrated  research  project  was  undertaken by the  Joint  Coal  Board  to 
develop reliable methods  for  prediction of outbursts in coal  and  floor  bursts  in  longwall faces 
(Willet,  1964). 

In  1973,  in  Germany, a Working  Group  was established to co-ordinate  research  and  develop 
safety  regulations  for  the  mining of  seams  liable to outbursts (Palm and  Menneking,  1977). 

In Australia,  Rock  Mechanics  Research  Laboratory  of  Broken  Hill  Proprietary  Ltd.  has  been 
conducting  research in  this  area  since  the  early  sixties  under  the  leadership  of A. Hargraves . 

who  pioneered  research on this  subject  in  Australia. A number  of  research projects were 
funded on the subject of outbursts  and  gas control under  the  National  Energy  Research 
Development and  Demonstration  Project  Program  funded by a levy on  coal  production  and a 
contribution by the  Commonwealth  Government  in  1978. Since then  the  area  of  gas  and 
outbursts has received  continued  funding.  In  1980, a Co-ordinating  Committee  on  Outbursts 
Related  Research  was  established  with  representation  from  the  industry,  government  and 
research  organisations.  The aim  of this  committee  was  to  advise  on  research  needs in the  area 
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of  assessment,  control,  prediction  and  prevention of outbursts of coal  and gas (Roberts, 1981). 
According to Hargraves (1993), "Australia is a  favourable  place for instantaneous  outburst 
research in that, of  affected  countries, the setting of most  Australian coal deposits and the 
geometry of the workings are comparatively  simple  and  hence  simpler  to  understand  and it is 
simpler to create  particular  situations  for  investigation". 

Research in Japan had  been  conducted  in the Coal Research  Centre,  Mining  and  Materials 
Processing  Institute of Japan,  and  at  the  Universities  of  Hokkaido  and  Kiyushu.  Since the 
fiities,  a lot of fundamental  work  was  done  in  the  laboratory  on  simulation of outbursts  and  in 
the understanding of the basic  mechanism  which  showed  that gas pressure  gradients  play  a 
dominant  role in outbursts. In 1995, a  special  publication dealing with  outbursts was brought 
out under  a general program  of coal mine safety by the Coal Mining Research Centre 
(Sugawara et al, 1995). A  joint  research  program  on  outbursts  between  Fushun  Coal  Research 
Institute and  Hokkaido  University  was  conducted in the mid-eighties. In 1992, a joint 
'Japanese-Chinese  Program  of  Research'  was  established  (Deguchi et al, 1995) which  included 
studies  in  the  laboratory as well as in  the  field. 

The results of laboratory  and  field  investigations,  experimental  and  theoretical  studies,  have 
been presented in national and international conferences, symposia and published in 
monographs. In 1964, an 'International  Symposium  on Coal and Gas Outbursts' was 
organised  in  Nimes,  France,  under  the  auspices of the  United  Nations,  Economic  Commission 
for Europe.  Perhaps  over 100 natipnal  and  international  conferences  have  been  held  on this 
subject. After the  Second  World  War,  many  tens  of  monographs  have  been  published on the 
subject  in  USSR  alone. 

In  Australia,  the  subject of gas was  first  discussed  in  a  national  symposium  held in Sydney  in 
1966 on  'Seam Gas in Coal Mines'. An International Symposium on the 'Occurrence, 
Prevention  and  Control in Coal  Mines' was held  under  the  auspices of the  Australasian  Institute 
of  Mining  and  Metallurgy  in  Brisbane in 1980. A  symposium  on  'Seam Gas Drainage  with 
Particular Reference to the Bulli  Seam'  was  organised in Wollongong in 1982. The Co- 
ordinating  Committee on Outbursts  Related  Research  organised  four  seminars  on  the  following 
subjects: 

(1) Regional  Assessment, at Leichhardt,  Queensland, 198 1 
(2) Prediction  Technique, at Collinsville, 1982 
(3) Alleviation  Techniques,  in  Sydney, 1983 
(4) Control of Outbursts,  in  Wollongong, 1984. 

An International Symposium-cum-Workshop on Management  and Control of High  Gas 
Emissions  and  Outbursts in Underground  Coal  Mines  was  held  in  Wollongong in 1995. Prior 
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to and  during  the  Symposium-cum-Workshop,  a  survey  was  conducted on the  research  needs 
of the  industry  from  the  point of  view  of  outburst. The  results of this survey are included in 
this report. 

This report  was  funded by Australian  Coal  Association  Research  Projects  Ltd.,  a  research 
funding  body of the  Australian  Coal  Association.  The  primary aim was to present  a 'state of 
the art' on  the  subject of outbursts. 

In spite of  a  great  amount  of  work that  has  been  done  in  Australia  over  the last 30 years or so 
and  particularly  in  the  last 15 years, this is still minuscule  compared to the  knowledge  available 
in the world  literature,  particularly  Europe,  Japan  and  China. No doubt,  the  conditions  existing 
in  different coal fields are quite  different  and so also  methods for mining  of coal, but  basic 
studies on outbursts,  mechanism of outbursts,  properties  of coal, role of gas, prediction 
techniques  and  control  methods  used in other  countries are relevant for the  Australian 
underground  coal  mining  industry. It was  therefore  thought  proper to extend this study to 
encompass all possible aspects of  outbursts  of  gas  and  coal.  Different  methods  have  been  used 
in different coal  fields. So that  readers  can  differentiate, it was  thought  proper to present 
information  on  outbursts as these occur  in  different  countries  and  different  coal  fields  around 
the  world. In Australia,  the  commonly  accepted  control  method is gas  drainage. This has been 
discussed  in  detail  in  a  separate  chapter. 

It is almost  impossible  to  encompass  everything  that  has  been  done,  said,  or  written  on this 
subject,  especially  when  the  understanding  of  the  phenomenon is still not  complete. The 
authors  have  attempted  to  cover as much as possible within the  constraints  of  space  and  time. 
However,  we  do  believe  that  enquiring minds will reach  for  the  original  publications  referred  in 
the  text  for  greater  details. 

In writing this report,  the  needs of the  Australian  mining  industry  are  kept in view.  Certain 
subjects  such as modern  theories  on  outbursts,  theoretical  studies  on  gas  and  rock  bursts, the 
phenomenon  of  prediction  of  conditions  liable  to  outbursts, etc. have  not  been  included as these 
were  thought  to be not so relevant  to  the  needs of the  industry.  Given  the  opportunity,  the 
authors  do  wish to update  this  study in the  very  near  future  when  certain  aspects  included  in 
this report  will  be  modified  and  other  information  included  to  make it more  relevant to the 
international  community. 

One of the  authors, R. D. Lama of Kembla  Coal  and  Coke Pty. Limited,  was  invited  by  the 
Research  Committee of  Australian  Coal  Association to prepare  the  Scoping  Study and conduct 
this research.  Realising  the  enormity  of  the job, he  requested J. Bodziony  of the Strata 
Mechanics  Research  Institute,  Krak6w,  to join him in this study.  This  report is thus  a joint 
effort.  The  names of  the  authors are listed here  alphabetically in line with the  Polish  tradition. 
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CHAPTER 1 

DYNAMIC PHENOMENA IN ROCK MASS 

1.1 INTRODUCTION 

The purpose of mining is to extract  gas,  liquid  or  solid  minerals  occurring in the  earth's crust. 

This requires  driving of  mining  excavation of different  shapes  and sizes. From  the  point of 
their  location, one can  divide  these  excavations  into two groups:  surface  and  underground. 
The  underground  excavations are inter-connected.  These are also connected  to the surface 
through  inclined drifts and/or  vertical  shafts. A third  group  of  mining  excavations  are  the 
boreholes,  which are independent  excavations  used  in  extraction of gas and oil. In surface  and 
underground  mining,  these  boreholes  play a subsidiary  role,  but are important from the  point of 
view of assessment  and  safety of mining  processes. 

From  the  point of their mining functions,  underground  excavations  can be differentiated  as 
follows: 

Excavation  to  open a deposit  such as shafts,  blind  shafts,  drifts  and  inclines;  etc. 
Preparatory  excavations  such as cross  cuts  placed  in  rock, dip and rise roadways  and 
roadways  placed  along  the  strikes  and  cut  throughs  within  the  coal  seams; 
Extraction areas such as short  walls,  longwalls  and  pillars. 

Besides  excavations  driven for extraction of minerals,  tunnels  in  the  earth's  crust  are  driven  in 
civil  engineering  works  especially  designed  for  hydraulic, road transportation,  placement of 
power  generation  equipment,  underground  storage  silos,  parking  stations,  etc. 

In mining,  most  of these excavations  have a limited  life  and  are  closed  after  they  have  fulfilled 
the  purpose for which  they  have been designed  i.e.  extraction of  the mineral.  The  closure of 
these  excavations  occurs  in  various  ways such  as  by  stowing, caving  or  slow  closure  due  to 
bending  and flow of  the  surrounding  rocks  or by isolation  using  temporary or permanent 
stoppings. 

Underground  excavations vary widely  in  shape  and  size.  The  size  of  the  excavations is defined 
by three  parameters  such as height,  width  (or  diameter)  and  length.  From  the  point  of  view of 
the  shape,  three  basic  types  can be defined. 

Long  roadways  or  tunnels 
Longwalls 
Chambers. 
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The main feature of the  roadways  and  tunnels is their  length,  from a few  to  many  orders of 
magnitude  greater  than  their  other  two  dimensions.  The  characteristic  example of this is the 
Channel Tunnel which connects France and  Great  Britain.  Each of these  three  tunnels is 
50.5 km with 37 km under  the  sea.  The  diameter of the  two  communication  tunnels is 7.60 m 
and  the  technical support tunnel  has a diameter of 4.50 m. Fig. 1.1 shows  the  communication 
tunnel (Maid et  al, 1995). 

Longwalls  have  face  lengths  and  panel  length a few  orders  of  magnitude  of  their  height.  Merrit 
and  Fiscor  (1995)  give  examples  of  different  face  length. In Sufco No. 1 Mine (USA) longwall 
face of 270 m length  had a panel  length of 4,380 m and  height  of  3.75 m. Keller (1995) 
describes a highly productive  system in Ensdorf  Colliery  in  Schwalbach seam with a face  length 
of 390 rn and  height of 3.0 m. 

Chambers  have  the  three  dimensions  almost  of  the  same  order.  The  largest  chambers  occur  in 
salt mines. One of the  largest  chambers  without any artificial  support  is  Margielnik  Chamber in 
Wieliczka  salt mine (Poland) which  has  dimensions  110 x 35 x 6 m with a total  volume of 
21,000 m3 and lies at  135 m depth. It was  excavated  in  the  19th  century  (Fig. 1.2). 

One of the largest open-cut coal mines  is  the  Fushun  West  Open  Pit  in  Liaoning  Province, 
China,  which is about 6 km long, 2 km wide  and  the  depth  varies  from  360 m in  the  west  and 
480 m in the  east with the maximum seam thickness of 45 m and oil  shale of 18 m (Fig.  1.3). 

Fig.  1.1.  Channel  tunnel 
(Maid et al, 1995). 



Fig. 1.2 Central part of Margielnik  Chamber  at  Wieliczka Salt Mine,  Poland, 
(Courtesy,  Wieliczka  Salt  Mine  Museum). 

Underground coal mines  create  an  extensive  network of excavations  placed in one  plane  and are 
like  a  labyrinth with  its own structure. These can be classified depending upon their 
geometrical shape and  topology.  One  can  consider  the  optimisation of their location, shapes 
and sizes depending upon their  role in the  extraction of the coal  seam. 

1.2 ROCK MASS 

Rock mass is  the  term,  basically  used in mining and  civil  engineering,  which  defines  that part of 
the earth's crust in  which an excavation is conducted  and  which  mutually interacts with the 
surrounding rock. In mining,  the rock surrounding  the  excavation  plays a dominant  role.  The 
following  definitions  are commonly  used: 

Immediate roof 
Immediate floor, and 
Face. 

. 
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Fig. 1.3 Fushun  West  Mine, 
Liaoning  Province,  China, 
(Courtesy,  Fushun  West  Mine). 

There  is  usually  no need to accurately  define the limits of the  rock  mass  in  relation to a  single or 
a set of mining  excavations. Rock mass is also  defined as the  region  influenced  by  mining,  in 
which case, it also includes rock mass  above the excavation  right  up to the  surface. 

Two well known effects  which  extend  to a large  distance from mining  are  surface  subsidence 
and  drainage  (water  and  gas) of the rock mass. 

Mining  activity  in  a  particular  region  has its beginning  and an end,  though  the  period  through 
which  the  activity  may  extend  may vary greatly. For example,  salt  mining in Wieliczka Mine 
started in the  12th  Century  and  only  recently  this is being  discontinued  because of the 
requirements of surface  protection  and  other  underground  excavations as a  result of its  being 
classified by  UNESCO  as  'Cultural  and  Natural  Heritage' (Fig. 1.4); yet  there are excavations 
which  may  have  a life not  exceeding  a  few  months. 

Mining  excavations are well  documented  in  mine plans which  define  both  their  location  and  time 
of excavation. The primary  state of the rock mass relates to the  time before any  excavation is 
made in it  and  is  not  influenced  as a result of the formation of the  excavation. 
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The  important  element of  the  rock  mass is its structure.  Sedimentary  rocks,  such as the  coal 
bearing  deposits,  are  bedded which is the  inherent  element of their  structure. This also  applies 
to the coal seam itself. The  effect of geological  time,  heat  and  pressure had their  effect on its 
coalification  state as well  as  its  primary  structure.  The  present  condition of the  coal  seams  is  the 
end effect of the superposition of a series of tectonic deformations to which  these  were 
subjected  during  their  geological  history. 

Tectonics of the  earth's  crust  includes both the  deformations  which  are  global  and  local.  The 
tectonic  disturbances are the  result  of  complete or partial  dissipation of energy of  movement  of 
blocks of the earth's crust. The occurrence of residual stress in the  rock mass close to the 
tectonic disturbances is the  main  cause of most  hazards  in  mining.  Close  to  the  geological 
disturbance, one can  observe  both  changes in physical  and  mechanical  properties of rocks  and 
coal as  well as fluid pressures.  This is manifested by decrease in  mechanical  strength and 
increase in mechanical  inhomogeneity. 

Sedimentary rocks and  coal  seams  have a pore  structure  and  hence  can be filled with fluids 
naturally or as a result of mining  activity.  Some of the coal  seams may be saturated with gases 
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such as methane,  carbon  dioxide  and  their  mixture. Other gases,  such as higher  hydrocarbons 
e.g. C3H6, c4&, Radon, H2S and He occur as accessories.  Some coal seams have  a  high 
percentage of N2. These  gases in coal and  surrounding rocks are the  main  cause  of  gas,  coal 
and  rock outbursts in coal mines. 

Litwiniszyn (1985) treats lock mass as a  multiphase  medium  where the rock  acts as a  skeleton 
with other elements  such as gases  and  fluids  which fill the  pore  space. 

1 .3  BEHAMOUR OF ROCK MASS 

As a result of formation of mining  excavations,  the  geometry of the  rock  mass is affected 
resulting  in changes in its rock  mass  boundaries.  The  effect of an excavation  is  to  change  the 
state of stress in the rock mass  in its immediate  vicinity of the  excavation.  Together  with it, 
other elements of the state of  the  rock  mass,  such  as  temperature  of  the face of the  excavation, 
also change . In general, one can say  that  mining changes almost immediately all the 
magnitudes  (scalar,  vector,  tensor)  which  define  the  state of the  rock  mass  at  the  boundaries of 
the  excavation.  Development of excavations  results in new rock mass  conditions  which  change 
with  time.  These  determine  the  new  state of  stability. 

Mining  results in changes in the  state of the rock mass  in  three  different  ways: 

Configuration of the  excavation  in  space  and  time; 
Imposition of conditions on the  boundaries  of  the  excavation; 
Changes in distribution of some of the  parameters in the  rock  mass. 

The above three elements are the  basic  determinants in the  design of the  excavations  such as, 
opening of the  deposits,  preparatory  headings,  and final extraction  methods. 

The  selection of the type of the  excavation  and  systems  for  mining  a  given  deposit  has many 
limitations.  Safety  and  economics are the  two  most  important  which  determine  their  selection. 

Methods  developed in solid  mechanics  allow  the  determination of the  new state of stress based 
upon constitutive equations of state and boundary conditions. However, the  mechanical 
properties of rock mass must be  known. This requires knowledge of the geometric and 
physical  structure of the rock mass,  and  its  material  constants.  The  properties of the  fluids  also 
need to be known, if  these are present,  and  their  influence on  the  character of the  phenomenon 
under  consideration. 
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The simplest  constitutive  equation is Hooks law.  The  use of this law  has allowed to  obtain a 
large number  of  solutions in rock  mass  mechanics.  Rock  mass  that  truly  follows  Hook's  law 
has  the  following  properties:  linear,  elastic  and  brittle,  isotropic,  homogeneous  and  without  any 
geometric  structure such as  porosity  and  hence  absence  of any fluids.  The  only  constants  of  the 
material following Hook's law is  elastic modulus  and  Poisson's ratio. Most geological 
materials do not follow  Hook's  law  and  show  size  effects. A good illustration of this is given 
by Lama (1966) and  Bieniawski  (1968)  who  show  that  laboratory  data  does  not  necessarily 
define  in-situ  parameters. Modern mechanics of solid  bodies  possess  constitutive  equations 
which can describe the  behaviour of  complex  rock  masses  that  deviate  from Hook's law. 
However,  the  problem of defining  the  constant of  the  rock  mass  has  not  been  satisfactorily 
solved till today. 

1.3.1 Factors Influencing the Behaviour of Rock Mass 

The  following  three  groups of factors  influence  the  behaviour of  rock mass. 

I Properties of  rock  mass 
Material pperties of the  skeleton  forming  the rock mass 
Types of fluids  present in the  skeleton  and  their  properties 
Changes in the  state of  the fluids, both  in space  and  time 
Spacial  structure;  shape  and  size of the  pores  and  cracks 
Temperature  and its change with time 
Interactive  properties of  the  skeleton  and  fluids  present. 

II Stress field 
Gravitational  stress 
Tectonic stress as a result of  block  movement  over  the  geological  history  of  the  rock 
mass 
Mining  induced  stress. 

III Interaction  between  Group I and  Group 11. 

The  effect of existing and  imposed stress field  as a result of  mining excavations on  the  rock 
mass  causes  changes  in its spacial  structure  (e.g.  mining  induced  cleat)  changes in fluids flow 
and its concentration as  well  as  redistribution of potential  energy in the  rock  mass. These 
changes  determine  the  stability of the  excavation  both  close  to  the  excavation walls as  well  as 
away  from  them. The rock  mass  adjusts  itself  in  different  ways  through a system of micro  and 
macro  failures till a new state of stability  is  reached. 
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1.3.2 Manifestation of Response of Rock Mass 

The behaviour of the rock  mass in the  course  of  attaining  the  new  equilibrium during the 
drivage of  mining  excavations  manifests  itself  in  different  ways.  Rock  mass  may  obtain  this 
new equilibrium  quasi-statically or dynamically. The quasi-static  state is manifested by  the 
following: 

Slow  closure  of the excavations 
Slow flow of the fluid (e.g.  gas)  from  the  face  and  the  side  of  the  excavation. 

The dynamic state is  reached  very  fast,  from  a  fraction of a second to a few  minutes. The 
following phenomena are differentiated  in the dynamic  response  of  the  rock mass: 

Geodynamic  phenomenon  such  as  rock  bursts  or  roof fall. 
Hydmdynamic phenomenon  such as sudden  inflow of water  into  the  excavation 

4 Gas-dynamic  phenomenon  such  as  sudden  outburst of gas 
Gas-geodynamic  phenomenon  such  as  sudden  outbursts of gas,  coal  and/or  rock.  This 
last  term  was  introduced  by  Ryncarz  and  Majcherczyk  (1985,  1986). 

These  processes  cannot be categorically  differentiated  as  they  overlap  each  other;  both in terms 
of their speed as well  as  their  association.  Well  known  are  the  processes  such as gas  blow 
outs, sudden  thrusting of coal  or  soft rocks, collapsing of face  front  which  lie on the boundary 
of quasistatic and  dynamic  phenomena. The other overlapping processes lie between 
geodynamic  and  gas-geodynamic  phenomenon  such  as  rock  bursts  and  outbursts.  Skochinski 
and  Lidin (1948) define sudden  failure of  coal with increased  gas  emission  as  a separate 
category of phenomenon. 

1.4 ECE CLASSIFICATION OF DYNAMIC  PHENOMENA  IN  MINES 

The  classification of dynamic  phenomena in mines  has  been  the  subject  of  discussion for  almost 
8 years. It was first  proposed by the Russian  delegation  to  the  International  Symposium on 
Dynamic  Phenomenon in Rocks  held  in  Ostrava in 1988. In 1992,  at  a  meeting of the ECE 
Working Party on coal  held  in  Geneva,  a  working group was set up for the preparation of such 
a  classification. A draft classification for discussion  was  submitted by  Prof. Petukhov of 
VNIMI, St. Petersburg in  1994  at  the  UN ECE Symposium on Rock  Bursts  and  Sudden 
Outbursts. 

In  this  classification,  the  dynamic  phenomena are divided  into four groups  based  upon  type and 
source of energy  involved  in  their  initiation,  occurrence  and  termination.  This  classification 
follows  from  the  energy  theory of  rock bursts, the  energy/force  theory of sudden  outbursts. 
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The four categories of the  phenomenon are: rock  bursts,  outbursts of gas,  outbursts of coal  (or 
rock)  and  gas  and  rock  tectonics. Sub groups  in  each  category  are  identified.  Fig. 1.5 gives 
the  classification (Petukhov, 1994). 

1.5 SUBJECT OF THE STUDY 

The  purpose  of this study is to  present  the  state-of-the-art  in  the  two  categories of the  dynamic 
phenomena  listed in Fig. 1.5 that  relate to gas. It is  intended  to  describe  the 

nature of the dynamic phenomena occurring in underground coal mines  under  the 
influence of or in  association with gas, and 
control of this hazard  to guard miners and  mining  excavations. 

The  dynamic  phenomena  that  occur  underground  under  the  influence of,  or in  association with, 
gas  will be called outbursts. Separate nomenclature  will be used for some particular 
occurrences. In particular,  this  study  relates  to  outbursts  in  underground  coal  mines. 

In this study,  the  whole  subject of outbursts of gas  and  coal  has  been  divided into  the  following 
topics: 

Nature of coal and  gas  in coal, its formation,  accumulation  and factors influencing  the 
sorption of gases in coal. 
Geography of outbursts in the  world,  statistics of their  occurrences,  conditions of their 
occurrences  and some of their  characteristic  parameters. 
Role of geotectonics in outbursts, geomemc parameters of tectonic structures and 
prediction of tectonic  structures. 
Occurrence of seam outbursts, their characteristics, analysis of their occurrence and 
examples of some of the  largest  outbursts in the  world. 
Evolution of concepts on  the  nature  of  outbursts,  from  earlier  times  to  the  present. 
Laboratory  simulation of outbursts. 
Determination of properties of coal liable to  outbursts. 
Prediction of outbursts. 
Management  and  control  technologies  in  the  prevention  of  outbursts  in  coal mines. 
Future  research  needs. 

This report is written  with specific needs of the  Australian  coal  mining  industry in  mind. 
Greater  space is devoted  to  developments in  Australia  and  those  overseas  aspects  which  the 
authors  believe are of greater  relevance  to  Australian  underground  mines.  Certain  theoretical 
aspects, outbursts of rock and  gas,  outbursts  in  salt mines as  well as  floor  bursts,  to a large 
extent, are not  included in any great  detail. 
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CHAPTER 2 

GAS IN COAL 

2.1 INTRODUCTION 

Coal is  a combustible  rock  and has  been  used as a source of fuel for over  4,000  years.  Marco 
Polo (year 1280)  mentions  its  use  in  China  and  its  extraction  in  Chengi  Colliery.  The  Chinese 
were consistent users of coal in the  Han  Dynasty (206 BC - 220 AD)  (Raymond,  1984). 
Thoofast,  one  of the pupils  of  Aristotelis,  knew  about  coal  and  called  it  anthrax  and so the  name 
anthracite  (Van  Krevlan  and  Schuyer,  1959).  The  Romans  came  to  know  about it after  their 
occupation  of  Galia (58 - 51 BC),  northern part of France (St. Etiene), where  the locals used 
this as fuel.  During the occupation of Britain by  the  Romans,  coal called  'sea  coal'  (pieces 
picked  up  on  the  sea-shore  along  the  Firth  of  Forth  in  Scotland)  was  used as a fuel. But its use 
was  forgotten  by  the 5th century. By the  13th - 14th  century,  coal  found  its  re-use  and by 1670 
its production had risen to almost 227,000 tons  and by the  year 1700 to 2M tons in Great 
Britain. 

The industrid revolution  put high demands  for  coal as it  was  the  only  source of energy. By the 
beginning of the  19th  century,  close  to  the  outcrops  of  coal  seams,  industrial  centres  developed, 
for example,  Durham  and  Northumberland - Central  England; Saar and  Ruhr - Germany; 
btaryng - France;  Silesia - Poland;  Virginia,  Pennsylvania,  Ohio,  Kentucky - USA. 

Use  of coal for different  purposes,  household  fuel,  boilers,  coke  making,  conversion  into  gas, 
led  to  the classification such as gassy  (high  flame),  fatty  (coking  with  long  or  short  flame)  and 
lean (little flame).  These  names are used  even  today. 

The  consumption of coal  increased  rapidly  till  the  discovery of oil and  gas  in  the  middle  of  the 
20th century  when  the  role of coal as a source  of  energy started to  decrease,  though  the 
production  world  wide  has  continued  to  increase.  The  main  centres of production in the  last 
20 years  have  moved  from  Europe  to  China,  USA, India, Australia and South Africa 
particularly  because  of  the  exhaustion of shallower  reserves,  higher  depth of  mining  with  more 
difficult  mining  conditions  prevailing in older coal  fields of the  world  such  as Ruhr, Saar, 
htaryng, Central  England,  Scotland  and  Wales,  Donetsk  and  Silesian  coal  fields.  Increase  in 
depth  of  mining  has  resulted  in high rock  stresses, high  gas  emissions  and  problems  associated 
with ground control,  rock  bursts,  outbursts of  gas  and  coal  and rock,  etc. 
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2.2 FORMATION OF COAL 

Coal is a product derived  from  plants  as a result of the  coalification  process  over  almost 70 - 
300  million years (Paleozoic - Tertiary).  Though  the  concept of its origin  was put forward 
almost 400 years ago (Stutzer and Noe, 1940), the ideas more close to our present 
understanding  were  presented by White et al(1913) and  since  then  enormous  work  has  been 
done  in this area (Teichmuller  et  al,  1989), Van Krevlen, 1993, Diesel,  1993). 

As soon as woody  material is deposited  in  basins  with  low  level of drainage which  have  sunk 
slowly  (geosynclines)  and  inundated  as a result  of  change  (increase) in their  rate of sinking  and 
flooding, microbial  break  down of  the  plant  material starts under  anaerobic  conditions  breaking 
down the complex  carbohydrates  (cellulose and starches) and  alkyl  aromatic  polymers  (lignin) 
with  lignin  surviving  more  readily than cellulose  (Barlaz  et  al,  1989)  forming  torf. 

With higher rate of sinking of the  geosynclines,  the  surface of  the  torf is covered  with clay, 
mud  and sand forming a layer of  non carbon  material  and  these  changes  in  deposition  of  plant 
residue  and  non-carbon  layers may continue  over  long  periods  forming  layers of  torf separated 
by other rock forming materials.  Increase  in  depth of burial  results in increase in pressure 
squeezing out moisture. Increase in temperature  with  depth results in slow distillation, 
changing  the  plant  material  into  torf,  peat,  lignite,  brown  coal,  bituminous  coal  and  finally  into 
anthracite. This process of coalification is thus a very  long  process.  Formation  of 1 m of  torf 
is  estimated to take  400  years  (Czaplinski,  1994).  Most of the  coal  seams  were  formed in the 
Paleozoic to Cretaceous  periods and  not  much later, the  orogenic  processes  caused  folding  and 
faulting of these  seams. 

The process of coalification can be divided into three  stages;  humification,  diagenesis  and 
metamorphism  (Fig.  2.1).  The  process of humification  starts  in  the  presence of oxygen  and 
aerobic  bacteria  and  forms  torf.  Oxidation  occurs  with  physico-chemical  processes  resulting in 
emission of C02, H2S, NH3, formation  of  organic  acids,  coagulation  of  colloids,  hydrolysis, 
depolymerisation, condensation and  formation of functional groups  such  as  COOH,  OH, 
CH3O and CO. Torf  has  very  high  porosity  with  water  forming 86 - 95% of its mass. 

The  next stage of coalification is the  formation of  brown coal.  With  slow  dehydration  of  torf, 
rapid decrease in porosity, virtually elimination of most  biological  processes,  removal of 
COOH and OH group with increase in  carbon  content  and  decrease  in (OK) ratio.  For  torf  to 
convert into brown coal, the  depth of occurrence  must lie between 200 - 400 m with  water 
percentage  dropping but still  varying  over a wide range,  15 - 70%, with  almost  elimination of 
cellulose as torf changes to  brown  coal  (Kreiner,  1993).  There is a change of colour  from 
green to yellow with some  generation of early  diagenetic  methane. 
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Fig.  2.1.  Coalification  process. 

According  to  Hilt's  law,  the  coalified  material  slowly  matures  progressively with depth  under 
the process called  maturation.  Conversion of  brown  coal into  bituminous coal occurs with 
increasing  condensation of  humic acids,  increase in the  size  of  the  molecules,  gelification  and 
vitrinisation of the  humic  substances.  The  colour of spores  under  microscope  changes to 
orange,  coal  seams  become  shiny  bright  and  the  volatile  matter  drops  to 30 - 50. This is the 
sub-bituminous stage. Here  the  COOH  and OH groups  have  steadily declined and the 
hydrogen  and  oxygen  has  declined  rapidly  with  moisture  content  to  <20%.  Following this, in 
the  next  stage,  further  reduction  in  volatile  matter  is  slow  and  coal  develops  coking  properties 
while  moisture is reduced  to <2%. 

In both these  stages,  there is continuous  increase in hardness  and  brightness, and decrease in 
porosity. In the first stage  (bituminisation)  brown  coal  changes  from  the  water  dominated 
'hydrogel'  system to bitumen  dominated  'bitumogel'  system  (Teichmuller,  1989). There is 
generation of oils in  the  early  stages  followed by liberation of condensate and wet  gas.  From 
the early phase of bituminisation  (sub-bituminous)  (Fig.  2.2),  the  thermal  degradation  and 
repolymerisation is accompanied  with significant decrease in H/C atomic ratio with the 
expulsion of low  molecular  hydrocarbons  such as methane.  During  this  'debituminisation' 
which  continues  to  low  volatile  bituminous coals, all  previous  evidence of bituminisation is 
progressively reversed, fluorescence properties disappear and  mean molecular weight of 
molecular  constituents  decrease and  molecular  structure  re-opens  with  associated  increase in 
sorption  capacity. 
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Fig. 2.2 Van  Krevelen (H/C vs. O/C) 
diagram depicting  the  compositional 
evolution of two different  coal  types 
with increasing rank. The  lower  curve 
represents a humic  coal,  rich in vitrinite 
macerals,  while  the  upper  curve 
represents a sapropelic  coal,  rich  in 
alginite (boghead coal)  or  sporinite 
(cannel  coal).  The  initial  composition 
of boghead  coals  might  actually be 
somewhat  richer in hydrogen  and 
poorer in oxygen than cannel  coals. 
The  numbers  plotted  along  the 
maturation  pathways  represent 
approximate vitrinite reflectance 
(after  Tissot  and  Welte,  1984, 
and Robert, 1989) 
(Levine,  1993) 

0 0.1 0.2 0.3 0.4 

O/C Atomic  Ratio,  ash-free 

With further  coalification at  anthracite  and  meta-anthracite  stages,  structural  rearrangement of 
matrix  components  takes  place.  There  is  growth  and  coalescence of aromatic carbon  structures 
to form a two-dimensional  and  ultimately a three-dimensional  ordered  structure.  There is 
generation of a large amount of dry gas.  There is significant  increase in vimnite reflectance, 
density, structural anisotropy and  hardness.  The cleat structures  are  healed. There is an 
increasing  degree of 3-dimensional  ordering  of  aromatic  lamellae  into  multi-layered stack and an 
enormous increase in sorption  capacity  possibly  due  to  shearing  (Levine,  1993).  The  pore 
structure reopens here  and  moisture content increases. A measure of increase in rank is 
increase  in  carbon  and  decrease in volatile  matter. 

2 . 3  EMISSION OF GASES  DURING  COALIFICATION 

Methane,  together  with other hydrocarbons,  water  and  carbon  dioxide is formed  during  the 
process of coalification  and a substantial  amount of these  products  migrates  away from the  coal 
seams.  Most of these products are  formed  during  the  bituminous  and higher stages of 
coalification. Low rank coals  generate  little or no hydrocarbons. Any hydrocarbons  generated 
at this stage  are  liberated  due  to  lack of any retention  mechanism  by  low  rank  coals. 

Some of the earliest work  in  this field is of Jiintgen  and  Karweil  (1968). Their work  on 
carboniferous  coal  showed that entire  fraction of  volatile  matter of low rank coals is liberated  as 
volatiles  during  maturation.  Levine  (1993)  has  estimated  the  emission of methane  and  carbon 
dioxide on mass  balance of W O  in lignite and calculates,  assuming 1:l ratio of H2O/C@, that 
almost 280 cm3/g  would be generated  from  lignite  to  anthracite  stage.  Studies  on  laboratory 
pyrolisis  show  that a sub-hydrous  carboniferous  coal would  generate 150 cc/g of methane and 
almost  the  same  amount of carbon dioxide as  its  rank  increases  to  anthracite. A perhydrous 
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tertiary  coal  will  produce  almost 200 cc/g  of  methane  and  about 125 cc/g  of  carbon  dioxide 
(Fig. 2.3). Laboratory  studies by Kim (1978) showed  that  carbon  dioxide is the  first to be 
generated  followed by methane.  Over  the  period  of  several  months,  the  composition  of gas 
averaged 95% and 5% C02.  Hydrogen  was  detected  initially  from  wood, but  was  not 
found after methane  production  began  and  higher  molecular-weight  hydrocarbons  averaged  less 
than 1% of  total gas. 

Thus  the  thermogenic  origin  of  methane  and  other  hydrocarbons is well  accepted.  However, 
when large  amounts of carbon  dioxide  gas are present,  its  origin  cannot be explained in terms 
of  thermogenic  origin  during  coalification as very little Co;! is generated in the  later  phases. 

Analysis  of  stable  isotope  of  carbon  in gases is a  powerful  technique  in  defming  the  sources  of 

gases.  The  technique  is  based  upon  determination  of  the C/ C isotope  ratio of gases  (methane 
and  carbon  dioxide)  and  other  carbons  (calcite,  higher  hydrocarbons,  etc.).  Variation in the 
ratio of  heavier  and  normal  carbon  is the result of chemical,  physical  and  biological  processes. 

13 12 

13 12 c/  c ratios  are  commonly  expressed  relative  to  the  International  Standard,  Pee  Dee  Belemite 
(PDB) in the  following  form  (Gould  and  Smith, 1980). 

13 
13 12 

C%O PDB =[ 13 12 ] C/ C unknown - x103 

C/ C standard 

13 
The C%O PDB ratio  for  atmospheric  carbon  dioxide  is -7 and for oceans it is zero. This has 
remained  constant  over 2 billion  years.  This  ratio  for  Australian  coal  and  gases  generated 
during  coalification  is  about -25%. Calcites  present in coal  as  a  result of thermal  alteration  have 
the  same  ratio,  but  that  deposited  at  a  later  date  has  a  value  much  lower  ratio. Carbon dioxide 

injected  into  the  coal  seam  from  an  external  source  differ  widely  in C%O PDB from the  wet 

gases  from  coal.  Magmatic  carbon  dioxide  has  a  value of C%O PDB = -7. Studies on 
methane  and  carbon  dioxide  from  coal  seams in Australia with the  percentage  of C02 <lo%, 

show  C%O  PDB  values  much  higher  (Figs. 2.4 and 2.5). This is interpreted  to be that Co.2 
microbial  acetate  reduction is the  source  of  present  methane  and  carbon  dioxide  in  Australian 
coals. The  possible  reactions  occurring  are: 

13 

13 

13 

C02 + 4H2 (from  water) + C& + 2H20 
CH3COOH (one H from  water) + C& + C02 

Only  in  areas with very  high C02, in Wedderburn  (South coast, NSW) and  Collinsville 

(Queensland)  areas  where  magmatic C02 has  invaded  the coal seam C%O PDB values are 
lower  (Fig. 2.5). 
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Fig. 2.3. Estimated  gas  generation  potential 
of two different  coal  types  as a function of 
coal rank (after  Higgs,  1986).  Laboratory 
pyrolysis was used to  determine  the  remaining 
gas-generative  potential  and  composition 
of pyrolysate as coals increased in rank. n 

Upon  coalification  to  high  grade  anthracite 
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Fig. 2.5 
(Gould  and  Smith,  1980). 
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The reactions (Eq. 2.2 and 2.3) require  the  presence of surface  waters  penetrating  the coal 
seams at some  stages,  even up to 500 m depth.  This is quite feasible  as at many  places  the 
Bulli seam  (presently  at  500  m  depth),  has  been  eroded  indicating  that at some  stages it must 
have  been  uplifted  and  again  buried  fairly  rapidly. 

&gasification of coal  seams  in  Lower  Silesian (Polandj coal  field has been  interpreted  using 

C%O PDB ratios up to 300 - 500 m  depth  below  the  sea  level (800 - loo0 m below the ground 

surface)  (Kotarba,  1990).  The, C%O PDB values of CO;! and CHq are  found to be 4 2 . 4  to 
+73.9 and is interpreted to be of microbial origin. In  Lower  Silesian  coal  field with high C@, 
C%O PDB values  vary  between -8 and -5 (average -7) and  this  is  thought  to be of  magmatic 
origin. 

13 

13 

13 

In  many coal seams in  Australia,  at  places  close  to  faults  and  dykes,  the  percentage of carbon 
dioxide suddenly  increases  to very high  values (50 - 90%)  and drops back to the original levels. 
In areas  where  there is very  high  magmatic  activity,  some  mines  have C02 gas  levels  almost 
100%  and  changes  in  gas  composition  can occur over  longer  distance.  Fig. 2.6 shows  changes 
in  gas  composition  over  mine  domain  and  Fig. 2.7 shows  changes  over  the  coal  field. 

Fig. 2.6. Changes in gas  composition  on  mine  domain,  Bulli  Seam 
Metropolitan  Colliery,  Australia  (Williams  et al, 1995). 

17 



Fig. 2.7. Composition  of  gases in the Bulli  Seam  (Australia) 
(40% - C@) (Lama, 1991a). 

2.4 PORE STRUCTURE OF COAL 

The concept of physical structure of coal has  changed  from  that of colloidal (Van Krevlen, 
1961) to coal which is now  regarded as porous co-polymer  heterogeneous  material  with  pore 
sizes from lo4 to 10-9 m or even  smaller.  This  structure  has  decisive effect on gas sorption 
and  gas  transportation  properties of coal. The coal  pores in coal  can be further  classified into 
two classes: 

0 Macropores >50 nm 
0 Micropores 4 nm 

The porosity of coal changes  with  coal  maturity  (Fig. 2.8). The loss of porosity  at  low rank is 
the result of collapse of primary macropores due to physical  compaction  and later due to 
plugging by higher hydrocarbon  generation  (Thomas  and  Damberger, 1976). Secondary 
porosity develops with  deplugging  and  devolatilisation of the coal  (Levine  and  Tang, 1989), 
but this is further destroyed in meta-anthracite stage with  graphitisation. Meta-anthracite 
samples  show  no  accessibility to Argon  (Nandi  and  Walker 1966, in Levine, 1993). 
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Fig. 2.8. Change  in (A) pore  volume  and (B) relative  percentage of macfopores 
and micropores vs.  coal rank (data from Gan et al, 1972). 

Data for mesopores are sporadic  and  have  been omitted 
for simplicity.  (Levine, 1993). 

The  porosity  of coal is  determined by  measuring its density by immersion  in  mercury in a 
mercury  porosimeter  and in a helium  density  meter.  The  volume  of  the pores (V) is  defined by 

where dHg = mercury  density 
dHe = helimndensity 

The  above  assumes  that  all pores are  open  and  are  accessible to helium.  However,  low  angle 
x-ray  diffraction  has  shown  that  in  anthracite  coals,  some  pores are closed  and  not  accessible 
even  to  helium. 

Immersion  of coal samples into mercury  pycnometer  at  small  pressures  allows  penetration  of 
mercury in pores of radius r following  the  relationship 

7500 or r=- 
P 

where p = pressure 
B = surface  tension of mercury = 0.48 N/m (480 dynedcm) 
8 = angle  of  contact with coal,  usually 140" 
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At one  atmospheric  pressure,  mercury  can thus penetrate in pores of about  0.75 pm radius. 
Under  high  pressure,  mercury  penetrates  small  pores  and  this  can be used  to  determine  pore 
size  distribution in coal  (Fig. 2.9). Modern  mercury  porosimeters  can  pressurise  up to 1,0oO 
atmospheres  and  thus to pore  sizes up to  0.7  nm. 

Structure  of  large  pores  can  also be determined  using  measurement of capillary  condensation 
using  the  Kelvin's  equation 

where S = 

s =  
R =  
T =  
v, = 
o =  
e =  
rk = 

Po = 

P =  

1 for a cylindrical  meniscus 
2 for a spherical  meniscus 
gas  constant 
absolute  temperature 
molar  volume of adsorbent 
surface  tension  of  the  liquid 
contact  angle 
radius  of  the  minuscule 
sorbent  pressure  on  the  horizontal  surface  at a given  temperature 
sorbent pressure in  the  capillary at that  temperature 

The  method is based  upon  the  measurement  of  sorption  and  desorption  at  different  pressures. 
This sorption  isotherm  at  capillary  condensation  pressures  changes  its  gradient  (Fig. 2.10) and 
the  process  of  sorption  is  not  reversible  and  has a large  hysterisis. 

Eq. 2.6 is valid for pore radii ~ 1 . 5  mm, i.e.  upper  limit of micropores. At Q = 1 (complete 
wetting)  Kelvin's  equation  allows  calculation of pore  volumes of a given  radius filled with 
sorbate. 

Density of coal may  also be determined  using  other  fluids  such  as  methanol,  hexane,  benzine, 
etc. It is important that only  such  fluids  which  have  low  molecular  sizes  and  which  do  not sorb 
on  the  surface  of  coal  and  cause its swelling  should be used.  Fluids  such  as  water  give  either 
too  high a value  for  coals of lower  rank (C = 71 - 89%) or lower  value  (higher rank coals) 
depending  upon  the  presence of oxygen  and  hydrophilic or hydrophobic character of the 
surface.  Methanol  gives  higher  density than helium  as a result of compression of methanol  into 
small  pores  and  its  sorption.  Density  of  methanol  adsorbed on the  surface of coal  is  about 20% 
higher. 
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Fig.  2.9. Pore  size  distribution Fig. 2.10.  Sorption of benzene 
in different  coals in low  pore  size  silicon  dioxide, 

(Kawecka,  1993). at  2930 K 
antracyt - anthracite (Kawecka,  1994). 
wegiel  tlusty - fatty  coal 1 - sorption, 2 - desorption 
wegiel  gazowo-ptomienny - gassy-flame  coal 

Density of coal, therefore,  is  sensitive  to  the  medium  used  (Fig.  2.11).  Decrease  in  helium 
density  with  simultaneous  decrease  in  pore  volume with maturation  cannot be satisfactorily 
explained.  It  may be either  due to removal of 02 which  is a heavier  element in coal or due to 
deplugging of pores  with  devolatilisation  could be the  possible  reason  (Levine,  1993). 

Sorption of different  gases at low pressure  (low P/Po ratio)  has been  used  to  measure  volume 
of micropores  and  the  internal  surface  area of coal  using BET equation  (Greg  and  Sing,  1967). 
Carbon  dioxide,  because of its low  activation  energy,  penetrates  the  coal  structure best and its 
critical temperature of 304'K is high  enough  for  diffusion to occur at  room  temperature 
(298°K). Studies on internal  surface of coal show  that  this  decreases  with  increase in carbon 
and reaches  its  minimum  at  about 85%C (Fig.  2.12a).  Increase in surface  area  has been noted 
when  coal is  heated  which  progressively  removes  the  lower  hydrocarbons  (Fig.  2.12b). 

Gaseous  probes,  rather  than  mercury  or other fluids,  are  better  suited in the  investigation of 
pore  structure of coal (Fig.  2.13).  Studies on diffusion of various  gases (C-, COz, N2 , Ar) 
in coal  show that the  diffusion of these  gases is related  to  the  activation  energy of the  gas. N2 
has higher activation energy than C02. For the same coal N2 has activation energy of 
27  KJ/mol compared to C02 of 16 KJ/mol. Argon  has  peak  activation energy at 85%C. 
Activated  diffusion  occurs  when  the  pore  size  is less than 0.5 nm.  Small  changes in pore  result 
in large  changes in activation  energy  (Kawecka,  1993). 
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Fig.  2.11. C h a n g e s  in porosity and d c m i t y .  of coal with co8lification. 
(A) Density  in  helium (data from Gan et al, 1972;  Nelson et al, 1980; Tang,  unpublished). 

(B) M a m y  density  (Mahajan, 1989). 
(C) Water porosity (a€ter King and WiIkins, 1944). 

(Levine,  1995). 

Fig. 2 . l b  Internal surface area 
(data fiom Walker  and Kini, 1965). 
(Levine, 1993). 

Fig.  2.12b  Restoration of lost' surface 
area by  deplugging of micropores 
(data from Thomas and Dambergex, 1976). 
Coals A ( ), €3 (+), and C (*) were heated 
at temperatures ranging up to 330°C 
for varying  lengths of time to remove 
progressively greater pmportion of 
'low-boiling  constituents'. 
(Cad A high-volatile A bituminous) 
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but was 'restored' to a value  nearly equal 
to that of the others  (Levine,  1993). 
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Fig.  2.13.  Characteristics of pores in coal 
(Kawecka,  1994). 
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2.5 PRESENCE OF GASES IN COAL 

The  accumulation of gases  in coal  takes  place  mostly in pores  and  perhaps  to a smaller  extent  in 
the  matrix  (structure) of coal  under  special  conditions. In general, gas in codrock can be 
divided  into  two  groups: 

(i) Free g a s  
(ii) Sorbed gas. 

Free  gas is present in the  pores  and  open  cracks  and foms only a very  small portion (-10% or 
less) of the  total  gas  present in the  coal  seam. 

The  amount of free  gas  present  is  related to  the  porosity  and  depends upon gas  pressure  and 
temperature.  It can be  calculated  using  the  relationships 

273np Q=- 
*PO 

where Q = free gas, d i m 3  
n = total  porosity, % 
p = absolute gas pressure, kPa 
Po = atmospheric  pressure, 101.3 kPa 
T = absolute strata temperature in degrees  Kelvin. 
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Thus if  the  total  porosity  of a material,  coal or sandstone is 6%, then  the  amount  of  gas  present 
at 2,500 kPa  at 293 K will  be  of  the order of 1.387  m3/m3.  The  porosity of coal is generally of 
the order of 2 - lo%, of  sandstones 2 - 15%  and  of shales 2 - 10%. As such,  even at 
comparatively  high  pressures,  the  amount of free  gas  present in coal  and  the  surrounding rocks 
is small. In sandstones of  high  porosity,  free  gas starts playing an important  role  and  outbursts 
of  gas  and  stone are associated with this  free  gas. 

Most of the  gas  is  present  in a sorbed  state on  the internal  surface of coal in a monomolecular 
layer.  The  high gas adsorption  capacity of coal is due  to  the  very  large  internal  surface  area  of 
coal (~200 m2/g).  The internal surface  area of coal-bearing strata such  as  sandstones  and 
shales is much  smaller  and  as  such  the  amount  of  sorbed  gas in these rocks is small. 

2.5.1 Sorption of Gas in Coal 

Sorption of gases  in coal is the  major  mechanism  of  presence  of gases in coal.  Sorption 
consists of two  parts:  Adsorption  which  means  the  accumulation of gas  on  the  surfaces of 
pores  and cracks and  absorption which  relates  to  penetration  of  gas  on  to  the  internal  structure 
of coal.  Adsorption is a physical  process and is  controlled by the  Vander-Waal  forces  between 
the  molecules. It is a reversible process  though  some  hysterisis is observed  under  certain 
conditions (Bell and Rakop, 1986).  Some  authors  believe  that this is due to changes in 
moisture  level.  With change in physical  conditions, for example  increase  in  temperature  and 
decrease in pressure, the gases  will  desorb  and with increase in pressure  and  decrease in 
temperature,  more gas will be adsorbed  on  the internal coal surface. The amount of gas 
adsorbed  depends upon the  following: 

Nature  of  the coal (adsorbent) 
Nature  of  the  gas  (adsorbate)  methane,  carbon  dioxide  or  other  gases 
Total  surface  area of pores available  (microporosity of adsorbate) 
Pressure 
Critical  temperature  of  the  adsorbate  (the  higher  the  critical  temperature,  the  greater  the 
sorption)  and  temperature of adsorbent. 
Presence of other  adsorbants  such  as  moisture. 

Other  factors  that  influence  adsorption are effect of oxidation  and  ash  content. 

Sorption is an exothermic process  and  desorption is endothermic.  However, studies have 
shown  that  the  heat of sorption is less than 2 to 3 times  the  heat of vaporisation  (Moffat  and 
Weale,  1955;  Yang  and  Saunders,  1985;  Stevenson et al, 1991). 



When a  sample of coal is subjected to gas  under  pressure, equilibrium is reached  fairly  rapidly 
depending  upon the particle  size  chosen  and  diffusion  rate,  though  a  few hours are essential to 
ensure saturation. 

The  adsorption of gases in coal at a  given  (constant)  temperature  and  varying pressure follows  a 
typical  curve  which  is  represented by Langmuir's  equation  of the type: 

where Q = quantity of  methane  gas  adsorbed  at  a  given  pressure,  p,  m3/t 
p = pressure,  bars 
a = Langmuir's  constant  representing  methane gas absorbed at pressure +-, 

m3/t;  and 
b = Langmuir's  constant  with  dimensions of (Up). 

This equation can be rewritten in the  form of a  straight  line - = - * +b and by plotting - P 
Q ab a Q 

against  p,  the  intercept of the  line  along  the  y-axis  gives  the  value of - and  the slope of this 

curve  gives  the  value of -. From  these two values, both a  and  b  can be calculated. 

1 
ab 

1 
a 

Adsorption  studies are conducted  at  constant  temperature  and the relationship  between  pressure 
(p)  and  gas  adsorbed (Q is established  in  the form of sorption  isotherms.  A  typical  sorption 
curve is given  in  Fig. 2.14. Variation  from  samples  taken  from  various sections of the seam . 

can be large  as  seen in the  above figure. 

Fig. 2.14. Sorption  isotherms for methane  (left)  and  carbon  dioxide  (right) 
for the  Bulli  coal  samples  (Lama, 1995). 
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The  constants a and b vary depending  upon  rank  and  coal  and  even for the  same rank, the 
variation is large  from  sample  to  sample.  Fig. 2.15 gives some idea  of  their  values. 

While  Langmuir equations represent  the  sorption  isotherms fairly well, new evidence is 
emerging  which  indicates  that  most of the  gas is contained in the  form  of  the  solid  solution. 

Comprehensive studies in  Russia  (Airuni et al, 1987) on the  structure of coal with volatile 
matter  ranging  from 5 - 33% with  samples  coming  from  depths of 300 - 1,200 m with  gas 
pressure 0 - 600 m a ,  stress of 0 - 200 MPa and at  temperatures  from -160°C - 300°C have 
shown  that  coal contains 35 - 40 super  molecular  structural  elements  differing in chemical 
composition.  These  super  molecular  structures  are  represented by four types  of formations 
namely,  lamellar,  prismatic,  globular and fibrillar.  Lamellar  structure is most  widely  prevalent 
and their  size  can  reach up to 5,000 A' though  most  commonly  it  is 500 A'. These  lamellae 
have high content  of  aromatic  carbon.  The  prismatic  molecules  have  size of up to 1,OOO A", the 
fibrillar up  to 5,000" A". The  globular  structure  is similar to kaoline  lamellae. 

Fig. 2.1% Langmuir constant 
cp" as a function of rank 
(Boxho  et  al, 1980). 

0 dry coal 0 moist coal Volatile!,  in % 
Matibres volatiles en % cherbon  sac  charbon humide 
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Fig. 2.15b. Langmuir  constant 

(Boxho  et al, 1980). 
as a function of rank 
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During the  deformation of gas saturated  coal  under  stress,  active  desorption  takes  place with 
compaction  of  the  mylonitic  material  and  wedging  action of methane  molecules  through the coal 
substance fonning a large number of micro-cracks.  With  increase in stress at  the  stage of 
medium  metamorphism  the  spacing  between  carbon  layers (dm2) decreases  rapidly at stress 
levels of 27 - 75 MPa. At higher  stress 50 - 150 MPa,  polymorphic  transformation  of  coal 
takes  place  with  changes  in  physical  and  physico-chemical  properties and decrease  in pore size 
and  permeability. 

With increase in external  pressure  reaching a certain  critical  value  exceeding  the  strength of 
coal,  structural  rearrangement  takes  place  at  mircoscopic  and  macroscopic  level.  Increase  in gas 
pressure increases sorption  stress.  Studies on coal  samples  taken  from  areas of  high  tectonic 
disturbances show that stresses developed were  possibly five times  the vertical  stress. 
According to Airuni  et  al (1987), 85 - 90% of gas  adsorbed  in coal exists in solid  gas-coal 
solutions (Table 2.1). 

Table  2.1.  Methane  distribution by forms of existence in coals  of 
middle  metamomhism  stages  at  deDths of 800 to  1,200 m 

Methane  localisation 

Fissures  and  macropores 
Interblock  interstices 
Intermolecular  space of 
groups 
Defects of  aromatic  layers  of 
crystallites 
In crystallites of  aromatic 
carbon 

(Airuniit al,  1987). 

Form  of  methane  existence 

Free 
Adsorbed 
Absorbed  (solid  solution) 

Substitution  solid  solution 

Interstitial  solid  solution 

Methane  volume, 
uer cent 

5 -  12 
8 -  12 

75 - 80 

1 - 5  

5 -  12 

Airuni  et  al  (1985,  1987)  presented  data  on  the  properties of coals  liable  to  outbursts  and  non- 
liable to outbursts. The  data is based  upon  the  study  of  the  structure  of  coal  by subjecting it to 
high stresses - 200 MPa  and comparing it with field samples  taken  from  Skochinskaya  and 
Smolyaninovskaya mine (1,105 m depth) and radiographic studies.  Coals from outburst 
cavities showed  greatest  aromacity,  lower  value of interplanar  distance,  height of packet  and 
semi-width  of the diffraction  maximum.  Coal  from  the  outburst  cavity  shows  higher  aromacity 
and  this decreases with  increase in  the distance  from  the  cavity.  They  are  also of the  opinion 
that  outburst  prone  coals have  undergone  tectonic  stress by impact with pressures  reaching  250 
- 300 MPa. 
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2.5.2 Effect of Temperature on Sorption of Gases 

While testing coal  samples  for sorption, temperature is constant.  The  effect  of  temperature is to 
alter the  constant b such  that 

e ( 3  bm- 

where H = heat of sorption 
T = absolute  temperature 
R = gas constant  (8314  J/mol) 

The effect of temperature is to  decrease  the  amount of  gas  adsorbed in coal.  There is a linear 
relationship  which is independent of the  maturity of coal. An increase  in  temperature of lo", 
drops  the  adsorption  capacity by about 1 m3/tonne  (Kim,  1973;  Lama,  1987)  (Fig.  2.16) . A 
10"  increase  in  temperature  in  the  range of 293" - 313°K on the  medium-low  volatile Bulli seam 
coal  drops  the  methane gas  sorbed by 1 cc/g  (Lama,  1987). 

From sorption isotherms at  different  temperatures  sorption isosters can be constructed for 

constant Q. When  plotted on log  scale (lnP-vs- -), these  represent  straight  lines. 1 
T 

With increase  in  temperature,  the initial slope of  the  sorption  curve decreases  resulting  in  more 
linear  isotherms  (Gunther,  1965;  Patching,  1970;  Kim,  1977;  Lama,  1987). 
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2.5.3 Effect of Moisture 

(2.10) 

where W = moisture  content  of  coal 
K and n are  constants  for  the  coal, and their  value  varies  between 0 - 1. 

Belin  found  that  while 1% moisture  reduces sorption capacity by 25% 3% moisture  reduces by 
50% and 5% moisture by 65%. 

Results of measurements on some coals  from  Donetsk  coal  field are given  in Fig. 2.17. This 
figure  shows  that  1.6  moisture  can  reduce  gas sorption capacity by 30 - 40% and  at 4 - 5% 
moisture  levels,  it  reduces to almost 50 - 55%. The  percentage  reduction is higher at lower 
sorption pressures.  Khodot  (1961)  has  given a relationship  as  follows 

where qs = 

q =  
To = 
T =  
5 =  
no = 
t i =  

w =  

P =  
dw = 

x =  
qs = 

gas  content of  moist  coal 
total  gas  content  of dry coal 
absolute  temp, 273'K 
temperature  of  coal 
coefficient of  compressibility of gas (0 - 1) 

porosity of coal (%) 
density of coal,  g/cm3 
moisture  content of coal, % 

gas  pressure, kPa 
density of water at temp T, g/cm3 
solubility of  gas in water,  cm3/KN 
empirical  coefficient qs is 0.5 for  pressure  >10  bars 
and 0.02  for  pressure <lo bars. 
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Czaplinski and Ceglmka-Stefanska (1993) note  that  the  effect of moisture is highest in  low 
rank  coals but in high rank coals  the  effect is observed  only  in  the  sorption  of  methane. Joubert 
et al(1973,1974) report that  moisture  reduces  sorption  only  until a critical  moisture  content is 
reached. After that increased moisture just coats  the  coal  particles and does not  affect  sorption. 
Data  on Vennejo coal  (Raton  basin,  USA)  supports  this  view  (Fig. 2.18). Critical  moisture 
content and equilibrium  moisture is related  to  the  oxygen  levels  (Joubert et aI, 1973,  1974). 
Czaplinski and Ceglarska-Stefanska (1993) believe  that  it is related to the  polar  nature of  water 
and type of  sorbate  (coal). 

Airuni (1981) is of the view that  while  the  presence  of  natural  moisture  reduces  sorption 
capacity of coal, artificial moistening of coal  influences  the  sorption  capacity to a lesser  extent 
than  the  natural  moisture  content.  Studies  conducted by Czaplinski  and  Ceglarska-Stefanska 
(1993) show  this  aspect very clearly  (Fig. 2.19). According  to  Airuni,  the  sorption  capacity  to 
methane in the  presence  of  moisture can be calculated  using  the  empirical  relationship 

65.5 (100 - A  - W) Q =  , mVtonne (i + b),,,, en(1+0.31w)100 
(2.12) 

0.02t 
0.993 + 0.007P where n = 

V = volatile matter of coal, % 
W,W = moisture, % 
A = ash  content, % 
p = methane  pressure 
t =temperature 
a,  b = Langmuir's  sorption  constant 
en = tempemturecoefficient 

The relationship (Eq. 2.12) is accurate  to 320 - 30%. The  results  obtained by Khodot  on 
sorption  capacity as it is affected by moisture  for  different ranks of coal  are  given  in  Fig. 2.20. 
High variability of effect of moisture on sorption of gases  shows  the  complexity of the 
problem. No specific  relationship  can be developed  to  describe  moisture  effect  that  will be 
valid for all coals.  Because of aromatic  nucleus  and  side  chains of CO, C H 2 ,  OH  and other 
groups, coal has both sgecific  and  non-specific  interactions.  The  sorption of  OH group  (such 
as  water) is  a specific  interaction  while  that of  methane is non-specific. As a result  the  presence 
of natural  water while it  significantly  reduces  sorption  capacity,  it  can  do so only  to a limited 
degree. High reduction  when  introducing  artificial  moisture is the  result of blockage  of  pores 
due  to  capillary  action. 



Fig. 2.17. Effect of  moisture  on 
sorption  capacity of coal 

(Donetsk  coal) 
(Gil and Swidzinksi, 1987). 
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Fig. 2.19. Sorption of  methane  in 
bituminous  coal medium, volatile  coal 

(Polish  classification #32) 
(Czaplinski and Ceglarska- 

S tefanska, 1993). 
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Fig. 2.18. Effect of moisture  on 
gas  sorption at 100°F. 
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2.5.4 Effect of Rank of Coal 

In general it  is accepted  that  sorption  capacity  of  coal  increases  with rank. Studies  conducted 
by various  authors  at  gas  pressures  normally  measured  in  mines  support  this  view  (Kim,  1977) 
(Fig. 2.21). High rank coal can  absorb  much  more  gas.  For  example,  at  2,000  kPa  the 
amount of methane absorbed in coal  with 20%  volatile  matter may be about  15  m3/t,  but for 
coal with 10% volatile matter this value  may rise to  20  m3/t.  However,  the presence of 
moisture  can  change  the  picture when  data  from  laboratory  studies is only  considered. The 
sorption  capacity for  a particular  gas, when  multi  components  sorbates (Ca, a, H20, N2) 
are involved,  may be quite different  under  different  conditions.  Studies by Moffat  and  Weale 
(1955)  show  that at very high gas  pressures  (1,000  bars)  sorption  capacity  decreases with rank 
till a certain  stage (-9O%C) and  then increases  again.  These  tests  were  conducted  on dry coal 
and for pure  methane  only  (Fig. 2.22).  Obviously  at  very  high  pressures,  the  mechanism of 
sorption  changes  depending upon rank  of  coal. 

Ettinger et al(1967a) studied  sorption  and  sorption  kinetic of  methane  and  carbon dioxide on 
coals of different ranks obtained  from  Pechora  and  Kuznetsk  basins.  The  rank  of coal was 
determined  from vitrinite reflectance. The results of  sorption of methane as a function of 
metamorphism and vitrinite  reflectance  for  fusinite  and  vitrinite  coals  are  shown in  Figs.  2.23 - 
2.25. The  differences  in  sorption  capacity of fusinite and  vitrinite is clearly  visible.  Fig.  2.23 
also  shows  that at 1 atm  pressure,  there is not  much  difference  between  vitrinite  and  fusinite, 
but  with increase  in  pressure,  the  difference  increases.  The  minimum  value  is  for  the I, IT and 
IV levels  of rank, the  points  for all fusinite  coals  are  higher than those  for  vitrinite. At 40 atm. 
pressure this minimum  becomes  more  apparent.  The initial rate  of  sorption (5 minutes) is 
higher for fusinite  than for vitrinite  without  exception  for  the  various  stages of metamorphism 
(Fig.  2.26). 

Weathering of coal results in oxidation  and  this  affects  the  sorption  capacity  of  the  coal (Ettinger 
et al, 1967b).  However,  while  the  sorption  capacity of  weathered  coal  to  methane  decreases, 
its  sorption  capacity  to carbon dioxide  increases and so also the  sorption  rate in  the first five 
minutes.  The  results for coking  coals of Seam I, Nikolaev  deposit,  Kuznetsk  basin  are  given  in 
Fig.  2.27. This has  important  implications if  the  coals  during their  history  have been exposed 
to weathering at some stages or the  external  gases  have  caused some oxidation.  It is important 
to  examine the presence  of OH groups  in  coal. 

While  in  normal coals, sorption  reaches  equilibrium  in a few  hours at high  pressures  and  in a 

few days at low  pressures (1 atm), but  in some  anthracites of Eastern  Donbass,  equilibrium 
continues  even up to 120 - 170 days  (Ettinger et al,  1967d)  at  high  pressure up to 35 atm.  Fig. 
2.28 shows the logarithmic plots up to 4,000 days. If this  law  holds good then  this  coal  would 
have sorbed only 8 cc/g after 4,000  days  at 1 ann  pressure.  These  anthracites  have a very  fine 
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ultrapore  porosity  which  developed first as a  result of uplift  and  degassing  and  then as a  result 
of secondary burial which increased the rock pressure,  but  since  there  was  no  gas,  it  compacted 
the anthracite  and  made it more  dense. As such,  these  anthracite seams have  very  low  gas, 
though  they  have the same potential as the  other anthracites and desorb gas  very  slowly. 

i 

Fig. 2.21. Adsorption isothexms 
for dry coal  containing  from 

5 to 30% volatiles, 
temperam 303K 

(Kim, 1977. 
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Fig. 2.22. Changes in methane 
accessibility in dry coal as a function 

of Coal rank 
(Moffat  and  Weale, 1955). 

Fig. 2.23. Sorption  of  methane on vitrinite  and  fusinite  coals at various  levels 
of metamorphism: (1) fusinite  coals, (2) vitrinite coals; 

(A) reflection power of vitrinite, (B) metamorphism  stages 
(Ettinger et al, 1967a). 
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Fig. 2.24. Sorption of methane  on 
coals of II, HI and IV metamorphism 

stages  versus  the  total  content  of 
fusinite and  semifusinite in them 

(Emnger  et  al, 1967a). 
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Fig. 2.25. Sorption of carbon  dioxide 
gas on coals at 1 atm and 30°C: 

(1) fusinite coals, (2) vitrinite coals; 
(A) reflection  power of vitrinite, 

(€3) metamorphism  stage 
(Ettinger et al, 1967a). 
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Fig. 2.26. Kinetic  curves  showing  the  sorption of methane  (above)  and  carbon  dioxide 
(below) on coals of the  Kuznetsk and Petchora Basins at 1 am and 30°C: 

(1) fmisite  coals, (2) vitrinite  coals, (3) metamorphism  stages 
(Ettinger  et al, 1967a). 
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Fig.  2.27.  Kuznetsk coals.  Nikolaev  deposit.  Seam I. 
A - Oxidation  degree  according to chemical  indices: a, decrease in ignition temperature 

B - Weathering of coal: a,  combustible  heat,  kg.cal  per kg, b, carbon  content, % 

C - Sorption of methane  at 1 atm  and 30°C, millilitres per g of combustible: 

D - Sorption of carbon  dioxide  at 1 a m  and 3OoC, millilitres per g of combustible: 

(Ettinger  et al, 1967b). 

b, ratio of hydrogen  in OH groups  to  total  hydrogen; 

e, volatile  matter (DAF), % 

a,  sorption  during  the fust five  minutes,  b,  total  sorption; 

a,  sorption  during  the first five  minutes, b, total  sorption 

7 

Fig. 2.28. Rate of sorption of 
methaneby  the  same  anthracite 
(in  semi-logarithmic  co-ordinates) 
(Ettinger,  19676). C 
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2.5.5 Effect of Gas Composition 

As mentioned earlier, sorption  capacity  depends upon activation  energy  of the gas.  For the 
most  common  mine  gases ( C a ,  CY& and N2), this is highest for C& and  lowest  for N2. As 

such C& is sorbed more  followed by  methane  and  carbon  dioxide  (Fig. 2.29). 

The  gas  absorption  capacity of coal  for  carbon  dioxide  is  almost 2.5 to 4 times  that  of  methane. 
The ratio depends upon gas  pressure  and  volatile  matter of coals.  Fig. 2.30 shows  sorption 
curve for different mixtures of and C02 gas  experiments for the  Bulli  Seam. The curves 
have  been derived from pure  gas  sorption (a and C@) and  calculated  for  sorption  capacity 
for the  mixture  of  gases (Lama, 1985). 

Yee et  al(l991) and Ani et al(1992) used a mixture  of  gases (C& + and  C&  and  N2) 
for  sorption  and  found  that  the two gases  do  not sorb independently  but  are  actually  competing 
for  the  same  sorption sites (Figs. 2.31 and 2.32). They  found  that  the  binary  sorption data can 

be correlated with an extended Langmuir isotherm  given by 

(2.13) 

where i and j refer to  gas type. Summation is performed  for  all  the  gases. V, and b are  the 
pure gas Langmuir constants. 

When a mixture of methane  and  carbon  dioxide is present  in a coal  seam,  then  composition of 
gas  desorbed is richer in methane  (Fig. 2.33). As such  the  liberated  gas  will be richer in 
methane in the earlier stages  and  richer in carbon  dioxide  in the later  stages. 

As indicated earlier, sorption of various  gases in coal  is  dependent  upon  the  cross-sectional area 
of the  molecules  of gases. Table 2.2 gives  this  data  for  common  gases  present  in  coal  in  mines. 
This data is based  on  sorption in coal  or  graphite or activated  carbon. 

Table 2.2. Cross-sectional area of  common  gases  present  in  coal  seams 
(McClennan  and  Harnsberger, 1967). 

Gas 

Methane 
Ethane 
Carbon dioxide 
Water 
Nitrogen 
Oxygen 

X-sectional area/mlecule 
A' 

18 - 19.4 
22.7 

14.2 - 20.8 
7.9 

15 - 17 
15.9 
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Temp. 

-120 - 160OC 
-60 to -125'C 

-78' 
25' 

-195' 
-185' 
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Fig.  2.29.  Sorption of different 
pure  gases on coal 

(Levine,  1993). 
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Fig.  2.30.  Adsorption  isotherm 
for different  partial pressures 

for the B~dli seam (Lama, 1988). 
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Fig.  2.3  1.  Sorption of methane-nitrogen  Fig.  2.32.  Sorption of methane-carbon  dioxide 
mixtures on coal  at a total pressue of mixtures  on coal at a total pressure of 

approximately 500 psia. approximately 500 psia. 
(Fruitland coal, San  Juan  basin). (Fruitland  coal, San Juan basin) 

(Yee  et  al,  1993). (Yee  et  al,  1993). 
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Besides  the dependence of sorption  capacity of coal to  the  physical constant of  the gas, its 
polarity and molecular  size,  the most important factor is liquefaction  temperature  (Fig. 2.34) 
(Ettinger  et al, 1967b). 

Fig, 2.33. Change  in  composition 
of  gas  from  in-seam  holes as a 
function of time, 
Bulli seam - Tahmoor Colliery 
(Lama,  1987). 

Fig. 2.34. Relation  between  sorption of gases 
on coal at 30°C and 1 am and 
gas liquefaction temperature 
(Ettinger et al, 1967~). 
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2.5.6 Effect of Depth 

Theoretically  depth  influences both gas  pressure  and  rank  of  coal.  Studies  on  gas  in coal seams 
in various basins  around  the  world  have  shown  that it increases with increase in depth of 
occurrence. The rate of increase  is  not  uniform  (Fig.  2.35). In  some  seams increase in gas 
pressure is much  higher with depth  compared  to  other  seams.  There  are  mines  which  at  depth 
of 100 m have  enough  gas  content to cause  outbursts of gas and  coal.  Yet  there are operations 
where at 800 m depth, gas  content is only  about 3 m3/t (Liaoning  Province,  China).  Some 
deep open cut operations have  gas  content  exceeding  12 m3/t (Fushun  West  Mine,  Liaoning 
Province,  China). 

For  every 100 m increase in depth,  gas  content of fatty  coals  increases by 1 - 2 m3/t, coking 
coals 3 -4 m3/t and  anthracite 4 - 6 m3/t.  General  experience  shows  that  maximum  increase in 
gas content occurs over 400 - 600 m depth.  With  further  increase in depth,  the  rate of gas 
increase drops (Lidin et al, 1990). This  observation  is  also  supported by data  from  Bowen 
basin  in  Queensland  by  Williams et al,  1995  (Fig.  2.36). 

Highest  value of  gas  content  has  been  measured  in  low  metamorphosed  anthracite coals in 
Donetsk  basin  where  it  reaches 40 - 45 m3/t (Krasnaya  Zwiedda  seam  in  Progress  Mine, 
Donetsk). In highly  metamorphosed  anthracite,  it  drops  to 1 - 3 m3/t. At higher  depth, a 
change of gas  composition  has  also  been  noted.  There  is an increase  in  radon  and H2 isotopes 
together with an increase in  He  and Ar. In general,  in  high  flame  coal,  highest  gas  content 
measured is about 8 - 10 m3/t  and  in coking  coals 23 - 28 d/t. 

20 

w 

0 
1 

Fig.  2.35.  Effect of increase in  depth  on  desorbable  gas  content 
of  Bulli  and Geman Creek  seams  (Lama, 1991). 
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Fig. 2.36. Gas content as a function of depth 
A - Supersaturated  seams; B - Undersaturated seams 

(Williams  et al, 1995). 

When coal is exposed, not all the  gas  present  is  released.  There is a certain  amount of residual 
gas  which may never  come out unless  coal is pulverised  and  exposed  to  atmosphere.  This  gas 
depends upon the  rank of coal. General  data on residual  gas is given in Table 2.3. Residual 
gas for the  Bulli seam (volatile  matter 18 - 26%) is about  1.5  m3/t for 100% CI& and 2.5 m3/t 
for 100% C02. Some  Australian coals, for example, Great Northern  seam,  Munmorah 
Colliery, NSW, have  residual  gas of 4 m3/t  of  methane. 

Table 2.3. Residual  gas as a function  of  volatile  matter 
(Lidin  et  al, 1990). 

Coal field 

Donetsk, Karaganda 
and other  coal 
basins with similar 
conditions (a) 
Kuznetsk coal basin 
(CH4) 

Residual gas content,  m3/t I 



2.5.7 Effect of Intrusions 

The effect of intrusions on  the  sorption  capacity of coals is  quite variable.  While high 
temperature of the intrusion  in  direct  contact  with  coal  causes  coking of coal  which  reduces  the 
gas  sorption  capacity  very  greatly.  Samples of  coked  coal in contact with the  intrusion  taken 
from  West  Cliff  Colliery  showed  gas  content  varying  between 1 - 2 m3/t  which is close  to the 
free gas present in the  pore  space. But at  some distance from  the intrusion increase in 
temperature  can result in an increase in  the  rank  of  coal. Studies by Ettinger et al  (1967d) 
showed  intensification  of  sorption  capacity - as a result  of  the  activation  caused  by the magmatic 
heat oveniding heat  due  to earth (Table  2.4). 

Table 2.4. Effect of  intrusion  on  sorption  capacity  of  methane  (Ettinger,  1967d). 

S€XUn Sorption  capacity,  cc/g  Volatile matter, Distance from 
intrusion, m at 3OoC, 1 am. % 

I 

7.2  3.4  82 I 
6.4  3.6 75 I 
3.1 18.4 137 

n 159 21.1 2.7 
II 

7.1 3.4 80 n 
3.6 14.2  98 

2.6 EFFECT OF SORPTION  ON  SWELLING OF COAL 

The  effect of sorption of  gases  on  the  swelling  of  solids is well known. Some of the earliest 
studies  on  sorption  and  swelling  were  reported by Moffat  and  Weale  (1955).  They  reported 
that  at gas pressures of 15 - 20  MPa,  swelling  strain  in  coal  samples of medium rank at  right 
angles  to  the  bedding  plane was 0.2 - 0.3% and  that  further  increase  in  gas  pressure  did  not 
cause any appreciable  increase in strain.  Swelling  strain  parallel  to  the bedding plane was only 
0.1%. Low rank coal showed  similar  results, but  high  rank anthracite  coal  (volatile  matter = 
5.2%) showed  very little swelling.  However,  they  noted  that on desorption,  there  was a 
sudden jump before  reversal  started in  medium rank coals.  They  also  noted  shrinkage  of  0.2% 
on desorption  in  anthracite  coals. As the  pressure  dropped  to  almost  atmospheric  pressure,  the 
coal  samples  recovered  their  original  shape. 

Results of Jungten  and  Langhoff  (in  Ceglarska-Stefanska  and  Holda,  1994)  on  coal  containing 
28.2% volatile matter at  343OK  at various  pressures of methane is shown in  Fig.  2.37.  It is 
seen  that  most of the swelling is completed  in  about  20 hours. The  dotted  curve  relates  to  coal 
with volatile matter of 35.2%  with  benzene  as  the  sorbate  at 311'K  and 2.4 x MPa 
pressure.  It  shows  how a change  of  sorbate  greatly  influences  swelling. 
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Results of studies  conducted by Ceglarska-Stefanska  and  Holda (1W4) on  sorption of difYerent 
gases in coal with 32.5% volatile  matter is shown  in  Fig. 2.38. The higher  the  molecular 
weight of the  gas,  the  higher  the  swelling.  Helium  shows  no  swelling at  all.  Figs. 2.39 - 2.41 
show  the effect on coals of different types at 298'K. Coal with higher  volatile  matter  show 
greater  swelling  strain.  Also  swelling  strain is higher  at  right  angle  to  bedding than parallel to 
bedding. Drop  in  swelling  strain at pressures  above a certain  critical  pressure is noted in these 
studies. This critical  pressure is about 100 bars.  This  represents a retrograde  material  and  has 
been  the  subject of theory  of  outbursts  propounded  by  Litwiniszyn (1995). 

The  kinetic of sorption  and  swelling  are  related  with  each  other.  Results of simultaneous 
sorption  and  measurement of swelling  for CO;! in coal  are  shown  in  Fig. 2.42 (Czaplinski, 
1971). Studies show  that at low  pressures, sorption of C02 is faster than the development of 
swelling strain, but  at  higher  pressure (A0 bars) (Fig. 2.42b), the  two  occur  simultaneously. 
This mechanism of swelling is explained  as  follows: In  the  early  stages,  gas  enters  the  pore 
space  and  gets  adsorbed  in  macro  pores  only  at a later  stage  it enters the  micro  pores.  The 
result is that  at  low  pressure,  there  is  delay  in  dilation of coal samples. 

The  cause of swelling of coal  is  like  the  forcing  of a wedge  between  the  molecular  bonds  of  the 
aliphatic  chains  and this results in  displacement  of  these  macro  molecules from each  other. The 
phenomenon is thus  somewhere  between  adsorption  and  sorption.  The  process is reversible 
though  there is a fairly  large  hysterisis  (Fig. 2.43) This  indicates  that  at  high  gas  pressures,  the 
large  molecules of copolymer  coal  may  act as a lubricant  between  the  various  elements  resulting 
in  permanent  deformation  (Milewska-Duda, 1988). This is particularly so in  the case  of  carbon 
dioxide  gas.  The  process  for  methane is similar as for  carbon  dioxide  except  that it is much 
faster (Fig. 2.43b). While  in  the case of  carbon  dioxide  it  takes  almost  10  hours,  in  methane  it 
occurs in almost 10 minutes.  These  studies  support  the  concepts  advanced  by Airuni that gas in 
coal is partially  adsorbed and partially  present  as a solid solution. 

When  specimens of coal  are  contained  and  subjected  to  gas  sorption,  they  develop  swelling 
pressure.  Swelling  pressure is directly  proportional  to  the  amount of swelling.  Studies  also 
show  that  swelling  properties  are  independent  of  the  hydrostatic  compression  and gas sorbed is 
independent of compression  (Ruffo  and  Gessele, 1940, in Ettinger, 1977). The  difference in 
sorption for C02 and  methane  at  gas  pressures of  12.0  and 13.5 MPa  gave differences in 
sorption  capacities of less than 0.3 cc/g  (less than 0.1%). Swelling  stress of coals  can  reach 
very  high  values.  Tables 2.5 and 2.6 show  some  data  on  coals  from  Donetsk  basin  and other 
coals. Stress due  to  swelling  can  far  exceed  the  vertical  stress. 
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cisnienie [ MPa 

Fig. 2.37. Kinetic  swelling of coal 
(Waf - 28.2%) at different  pressure 

(Ceglarska-Stefanska  and  Holda, 1994) 
cisnienie - pressure 
rozszerzalnosc - swelling 

0 4.0 8.0 12.0 
ciinienie [ MPa ] 

Fig. 2.38. Swelling of coal as a 
function  of  pressure 
and type of  sorbate 

(Ceglmka-Stefanska and  Holda, 1994) 
cisnienie - pressure 
rozszerzalnosc - swelling 

0.98(70) 7.86(20) 2.94(30)  3.92(40)  4.90(50)  S.88(60) 

cisnienie [ MPa ] ( at ) "---c 

Fig. 2.39. Effect of C02 pressure on swelling  of coal of different ranks 
(Ceglarska-Stefanska  and  Holda, 1994). 

cisnienie - pressure,  rozszerzalnosc - swelling 
a = II to bedding, b = "to bedding 
3 1---41 - coals  according to Polish  classification. 
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198(20) 3.92(40) 5.88(60) 7.85(80) 9.81(100)  11.77(120)13.73(140) 

cihienie [ MPa I ( at ) - 
Fig. 2.40. Effect  of CO;! pressure on swelling  of  coal  of  different ranks 

(Ceglarska-Stefanska  and  Holda,  1994). 
cisnienie - pressure,  rozszerzalnosc - swelling 
a = I I  to bedding, b = Lto bedding 
37-"41- coals according  to Polish classification. 

1.98(20) 3.92140) 5.88(60) 7.85(80) 9.81(100) l l . n ( I 2 0 )  

cihienie lnnpe ] (at) -.- 

Fig.  2.41.  Effect  of C€& gas  pressure  on  swelling  of  coal of different  ranks 
(Ceglarska-Stefanska and Holda,  1994) 

a = I t  to  bedding, b = "to bedding 
32,3 1 --- coals according to Polish  classification. 
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(a) 

lO(36) 20(72) 30(108) 40(144) 50(180) 60(216) 
czas [godz, kilosekundy] - 

lO(36) 20(72) 30(108) 40(141) s O ( I s 0 )  60(216) 
czas [godz, kilosekundy] - 

Fig. 2.42 a and b. Kinetics of sorption and swelling in coal type 33, 
(a) = C02 at 2.85 MPa pressure 
(b) = C& at 4.42 MPa. 
+ sorpcja - sorption 
y - swelling I I  to bedding 
(y) - swelling I to bedding 

(Czaplinski, 1971). 
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t Sorpcja CH4 na wglu K/87 ciSn. 3.04 MPa 

Fig. 2.43. Kinetics  of  swelling and contraction  of high volatile  coking  coal 
(a) 2.98 MPa pressure  for C02, coal W87 
(b) 3.04 MPa pressure for C&, coal W87 
(Ceglarska-Stefanska and Holda, 1994). 

rozszerzalnosc - swelling 
czas  (godz.  min) - time (hours, min) 

rozszerzalnosc "a" - swelling I I  to bedding 
rozszerzalnosc "b" - swelling _L to bedding 
kontraktacja "a" - contraction II to bedding 
kontraktacja "a*' - contraction _L to bedding 

min - minutes, godz. - hours 
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Table 2.5. Linear  swelling  of  Donetsk  coals in methane  at PCH~ = 5 m a  
(Ettinger,  1977). 

Coal deposit 

Komsornolets  pit, 
Mazurka seam, fat 
coal 

Karl Marx pit, -=am, 
coking coal 

Kondratevka  pit, 
Deremvka seam, 
lean coal 

Index 
of 

coals 
A 
V 

P 
R 

Yield of volatile 
substances  vg, 

% 

30.6 

18.2 

11.4 

~~~ ~ ~ 

Swelling of 
coal, 

% 

0.14 

0.17 

0.24 

Swelling stress 
PO, 
MPa 

21.5 

25.5 

42.3 

Relative free 
energy of 

stressed  state Fa, 
J/kg 

0.50 x 102 

0.88 x 102 

1 . 5 ~  1@ 

Table 2.6. Bulk swelling in  carbon  dioxide  at Pcm = 0.5 MPa 
(Ettinger,  1977). 

Specimens  of  coal CI 
Specimens  of  uncrushed  coal 

Swelling, FO, Po, Swelling, 
mm and pressed a1 

Po, 
% MPa J k g  % 

72.6 1.45 0.24 x 103 50.0 0.90 
52.5 1.11 - - - 
MPa 

0.44 21.8  0.58 x 103 1.66 83.0 
0.53 26.4 0.9 x 103 57.3 1.15 

0.30 x 103 
0.63 x 103 
0.81 x 103 
0.62 x 103 

This swelling stress results in very  high  free  energy  of  coal  and  which  when  released  even 
under  adiabatic  conditions  can  lead  to  very  high  velocities.  Ettinger  (1977)  has  calculated  that 
(under  vacuum)  ejection  distance of  2,600 m is  possible. 

The  development of high  swelling  pressures  over  long periods of  time  can  lead to metastable 
state of coal-gas  system  (Ettinger,  1977).  The  concept of metastable is not  new. It was first 
introduced by Oswald in  1897 (in  Ettinger,  1977) to denote such phenomenon as 
supersaturated solutions and  supercoated  liquids. A similar view  was  also  expressed by 
Riffand  (1940).  Metastable  state  has  the  properties  that  the  decay  occurs  spontaneously  in  the 
presence of a trigger. Ettinger is of the  opinion  that  this  high  swelling  stress  may be the  genesis 
of outbursts,  due  to the  following  factors. 
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The pore structure of the sorbent  coal  contains  mainly  'molecular'  pores, the small 
diameter  of  which is an  obstacle  to  the  egress of gas. 

For coal in a  seam  under  hydrostatic  pressure,  there is no  possibility of a  volume  increase 
during  sorption  of  gases. 

These two factors  have the result  that  most of  the  gas  in  the  coal is in the sorbed  (similar 
to  dissolved)  states. 

The presence of excess  sorbed gas in the coal  in  comparison  with  the  equilibrium  state 
and  the  'unrealised'  swelling  of  the  system  have  the  result  that  the  coal-gas  system in the 
seam is in a state of stress with a  large  reserve  of  energy. 

When  the  coal  seam is exposed,  it is possible  that  first  the  adsorbed,  then  the  sorbed  gas 
can change to the state of a free gas.  But  owing  to  the  small  number  of  'transport' 
channels  in  the  unbroken  coal,  this  transition  occurs  only  slowly  (especially for sorbed 
gas),  and  gas  emission  does  not  acquire  a  catastrophic  character  because new paths  for 
the  gas do not  arise. 

In  tectonically  faulted  crushed  coal  in a state of stress,  there is a  possibility of rapid 
emission  of  sorbed gas during  the  process of stress  discharge,  because  there  must  then be 
further cracking and  crushing of coal. 

If the seam contains a  burst-prone  zone,  i.e.  a bed or a  lens  of  broken  coal,  sudden 
breakdown  of  the  barrier of impermeable  coal by mine  workings or movements of  the 
surrounding rocks can  cause  a  catastrophic  change of  state of the coal-gas  system, i.e. 
discharge of the sorbed gas and  relaxation of  the  stresses. The  excess  energy  changes  to 
kinetic  energy of the gas-coal system,  and  work is done  to  crush  and  eject  the  coal.  (See 
also  Chapter 7.) For a  gas-coal  system  in a true  metastable  state, the 'trigger'  mechanism 
can be almost  anything. 



CHAPTER 3 

GEOGRAPHY OF OUTBURSTS 

3.1  INTRODUCTION 

The  phenomenon  of  outbursts  as  it  exists in various  countries  around the  world is described in 
this  chapter.  The  aim is to  highlight  the  extent of  the  phenomenon,  provide  general statistics 
and give concise information on  the  geological conditions operating in the areas  where 
outbursts  occur. Local experience on  the conditions  that  favour  outbursts  and  the  symptoms 
that  precede an outburst in a particular  region  are  given  wherever  possible.  The  information 
gathered  also  includes  data  on  the  distribution of outbursts in relation to  the  type  of  work  at  the 
face, the  type of excavation  and  the  control  methods  used.  It  is  important  to  examine  the 
conditions  and  relate  these to  the  control  methods  used.  By  understanding  the  variations  of  the 
phenomenon,  one  can  formulate  the  methodologies  for  control.  It  then  becomes  obvious why 
certain  control  methods  are  preferred in one  coal  field,  while  different  methods  need  to be used 
in other coal fields.  The  data  presented  also  gives  information on  the  gas  types  occurring  in 
different  coal  fields  and  the  amount  and  type of  gases  that are liberated  during  outbursts.  Table 
3.1 summarises statistics of outbursts  in  most  countries  where  these  have  occurred.  The  data 
summarised includes type of gas,  minimum  depth  of  occurrence,  information  on  the first 
outbursts  and  the  largest  outburst  to date together  with  the  number  of  outbursts.  Not  all  the 
information is available  with  the  authors,  however, it presents an interesting  overview. 

3 . 2  AUSTRALIA 

Outbursts of  gas  and  coal  have  occurred  in  both  the  major  coal  producing  basins  of  Australia, 
namely  the  southern  part of  the  Sydney  basin  (Illawarra  coal field) and  the  central  and  northern 
part of the  Bowen  basin.  In a sense,  the  two  basins  are  only  defined  from  the  point of view  of 
convenience.  The  two  are  joined  together  as  one basin extending  almost to a distance of over 
2,000 km from south of  Sydney  to  the central and  northern part of Queensland  (Fig.  3.1). 

Over 700 outbursts  have  occurred in  Australian  mines  in  the last  100  years.  The  first  outburst 
occurred  in  1895  at  Metropolitan  Colliery in  the  Bulli  Seam  in  the I l lawm- The  lowest  depth 
at  which an outburst  has  occurred  is 95 m (Moura Colliery) in  1980. The largest  outburst 
occurred  at  State #1 Mine,  Collinsville that ejected 1,000 tonnes of coal  and  roof  rock  and  an 
estimated  14,000 m3 of C02. 
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Table 3.1. Occurrence of outbursts, world-wide. 
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Table 3.1. Occurrence of outbursts, world-wide (cont.). 
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Table 3.1. Occurrence of outbursts,  world-wide  (cont.). 
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Table 3.1. Occurrence of outbursts,  world-wide  (cont.). 

Min. Largest  outburst experienced Outbursts First  outburst 
Country Size: depth of mined 
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Sydney Basin 

Fig. 3.1. Important coal  basins of Australia 
Top - Bowen  basin, bottom - Sydney basin. 
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Both  pure  methane  and  pure  carbon  dioxide  outbursts  have  been  experienced  in  Australian  coal 
mines.  Most  of the outbursts  have  occurred on structures, with the  exception of outbursts  at 
Leichhardt  Colliery  that  were  rock  stress  and  gas  pressure  induced.  Some of the  predictive 
techniques  used  have  been gas emission indices  (Hargraves, 1962) and  more  recently gas 
content as a threshold  value (Lama, 1991,  1995).  Control  methods  in  the  earlier  periods  were 
inducer shotfiing, destressing by medium  to large diameter holes  (Hargraves et al,  1964; 
Hardy  and  Hargraves,  1964).  In  the  last 15 years,  gas  drainage  has  been  extensively  used to 
control outbursts and  has  been  found to be very  effective  (Lama,  1980a;  Lama et al,  1980). 
More  details of the  geological  setting  and  outbursts  are  given  in  Tables 3.2 and  3.4. 

3 .2 .1  Bowen Basin, Northern Queensland - Collinsville Area 

Instantaneous  outbursts  in  the  Collinsville  area  have been confined to the  Bowen  seam.  The 
first outburst  occurred  in  1954 at a depth of 250 m in  an area with >92%  carbon dioxide 
associated  with a reverse  fault  structure.  (Report of  the  Royal  Commission,  1956, also  Biggam 
et al, 1980).  The  lowest  depth  at  which  outbursts  have  occurred is 215 m (Williams  and  Rogis, 
1980). Isotope work on carbon dioxide shows  that  this  gas  has  been introduced into the 
Bowen  seam  by igneous  activity in  the  area  (Gould  and  Smith,  1980).  Since  1954, a number 
of outbursts have  occurred. Unfortunately, every  time  the  frequency or the problems of 
outburst  increased,  the  mines were  closed  and  restarted  from  the  outcrop  next to the  old  mines. 
As such, four drift mines  have been opened  to  mine  the  Bowen  seam  in  this  area  over  the 
50 year period and  have  been  closed  after  reaching a critical  depth. 

The  geological  setting of the  area  has  been  described by  Reid (1929),  Webb  and  Crapp  (1960), 
Mengel  (1975),  Staines  and  Koppe  (1979).  The  coal  measures  are  confined  to,  and  crop  out 
around  the  northern  rim of the  Bowen  Basin  (Fig.  3.2).  Their  location  on  the  orogenic  margin 
of  the  basin has  resulted in a relatively  high  degree of tectonic  deformation.  Deformation is 
manifested in the nature and  frequency of faulting, the  high  rank of coal at  the present 
topographic surface, the attitude of the strata and the  widespread  Occurrence of igneous 
intrusions. 

The  dominant fault type is low  angle  reverse (thrust) faults, but bedding-plane and strike-slip 
faults  are  also  common.  Normal  faults  are  uncommon.  The  western  limit to mining in  No. 2 
Mine is formed by a thrust  fault  with a maximum  throw of 40 m (the ' " e e h e  Creek  Fault). 

The stratigraphic positions  and  names of coal  seams in the Collinsville Coal Measures  are 
shown  in  Fig.  3.3.  Extensive  underground  reserves  only exist for  the Garrick, Bowen  and 
Blake  seams.  The  Garrick  and  Blake  seams  have  been developed to a minor  degree by 
underground  methods.  The  Bowen  Seam  is  the  most  extensively  mined  seam  at  Collinsville. 
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Table 3.2. Outburst details for the  Collinsville  Coalfield  (Williams and Rogis, 1980) 

Locality 

State Mine 

State Mine 

State Mine 

State Mine 
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State Mine 
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Fig. 3.2. Locality map  of  Bowen  basin Fig.  3.3.  Collinsville Coal Measures 

(Williams  and Rogis, 1980). (Williams  and Rogis, 1980). 

The  seam  has  highly  variable  physical  and  chemical  properties,  and is therefore  difficult  to 
typify. 

Over  the  leases, the mineable  seam  thickness  averages 4.5 m. The  seam dips to  the  south at 
approximately 7' and  has  been  mined  from  outcrop  to a maximum  depth  of 280 m in the No. 2 
Mine.  The maximum depth  of  cover  over  the  Collinsville  mines is 480 m. 

The  coal  has  volatile matter of 26 - 28% and fixed carbon  of 72 - 74% @AF). The rank of coal 
increases with depth  and  under  the  influence of intrusions and varies with vitrinite  reflectance 
values of 1.07% - 1.27%.  Desorbable  gas  content  in  the  areas  varies  from 2 m3/t  to 24 m3/t. 
Table  3.2  shows  the  details of outbursts  that  have  occurred  in  this  area.  Studies  have  indicated 
that  outbursts  occur when  the  rank  of coal measured  by vitrinite  reflectance  exceeds 1.2% and 
desorbable  gas  content exceeds 7 m3/t. Since 1980, the #2 Mine  started  withdrawing  from 
deeper  levels  and  no  outbursts  have  been  reported. 

3.2 .2  Bowen Basin, Central Queensland - Leichhardt and Moura Collieries 

Leichhurdt Colliery 

Mine  workings  at  Leichhardt  Colliery  are  located 15 kms south of Blackwater  in  Central 
Queensland  in  the  Gemini  seam of the  Upper  Permian Rangal coal measures.  The  Colliery  has 
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a history of bursts  since  1974 when  the first burst was recognised. It is probable  that  smaller 
bursts occmed prior to 1974 but were  not  recognised  as  such. Since 1974,  more  than 200 

bursts  have  been  recognised  ranging  in size from less than one  tonne up to 1,000 tonnes of 
material  displaced (Wood and  Hanes,  1982). 

Leichhardt  Colliery  is  situated on the 3" dipping  eastern  limb of the  Comet  Ridge  and  western 
limb of  the  Mimosa  Syncline. Fifty kilometres  to  the  east  is  the  well  defined  folded  zone  that 
trends  approximately  150"  (Fig.  3.4). 

The  mine  workings  are  in  the  Gemini  seam  which  averages 6 m in  thickness  over  the 350 m to 
the  410 m depth of colliery  workings.  Vitrinite  reflectance (b m a )  of  the  seam  averages 
1.25%.  Fig. 3.5 gives representative Gemini  seam analyses and a graphic  section of the 
Gemini seam showing  roof  partings.  Below  the  Gemini  seam is the 2.5 m thick  Aries  seam 
which  contains  only  limited  drivage.  The  interval  between  the  two  seams is 15 m. 

The colliery is structurally complex with numerous faults of less than 10 m throw  striking 
predominantly  northwest. Three faults of significant  throw  were  intersected in  the colliery 
workings  (Fig. 3.6). Two are  steeply  dipping  normal faults with  throws  greater  than  10  m. 
The  third is a shallow  dipping  reverse fault with  throw 3.5 m and is associated with a 
sandstone filled  channel in the seam roof. Shallow  dipping slickenside planes striking 
approximately  northwest are common  over  the  western  side  of  the  mine. 

Fig. 3.4. Regional  geology 
(Moore  and  Hanes,  1980). 
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Fig. 3.6. Leichhardt  Colliery  workings  (Moore and  Hanes, 1980). 

Cleating is common. The high  frequency  face  cleat  strikes 040" to  100"  with  a  mean of 066". 
Cleats with strike  length  greater  than 1 m  (many  in  excess  of 6 m) occur at an average  spacing 
of less than 2 m  in  the  pit  bottom  area  with  decreasing  frequency in the nor$ and  east. 

Minor slip faults and  mylotinisation occurs on many  cleats.  Minor  ubiquitous cleat planes 
parallel the major  face  cleats.  Non-systematic  'butt'  cleats  are  confined  to  bright  coal  bands  and 
although their mean strike is perpendicular  to  the  face cleats, their  range is as  high as 180". 
They are invariably fded with a pink  mineralisation  of  kaolinite,  montmorillinite  and  dickite. 
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The  Gemini  seam contains up to 16 m3  of methane  per  tonne  of  coal. Kt values  measured 
underground  gave  values as high  as 1.25 and  Hargraves  emission  value  up  to 1.8 cc/g.  Seam 
gas  is  dominantly  methane with up to 15% carbon  dioxide in places. 

Mining strain is manifested at  Leichhardt  in  several  forms  which  include 

Induced  cleavage in the  coal  and  stone, 
Bursts of coal  and gas, 
Rib  'hardening', crush, spa11  and convergence, 
Roof sag  and  falls,  and 
Floor heave. 

In  the  eastern  part  of  the  mine,  headings  driven  to 102" typically  burst  and  the  roof  sags. 
Headings  driven to 012" rarely  burst and  the  roof  remains  flat.  However  headings  driven  to 
192"  have  small  bursts  but a flat  roof. Many roof falls  throughout  the  mine  and  some  coal  roof 
burst  cavities  have  ellipticaI  horizontal  sections with long  axes oriented to  the  northwest, 
approximately  perpendicular  to  the i n f d  maximum  principal  stress (01). 

Induced  cleavage  is  seen from almost nonexistent to  up  to 20 m outbye of the  outburst  site  and 
it  is most  intense  in  the  dull  coal. 

The  first  bursts  recognised  at  Leichhardt  occurred when  the  workings  were 175 m from No. 2 
Shaft  (Fig. 3.6). Although  some  small  burst-like  structures are recognised in earlier  workings, 
all  definite  bursts  occur  beyond  the  areas  enclosed by circles 155 m to 175 m radius  centred on 
the  two  shafts.  Redistribution of stress  about  the  shafts is inferred  as  the  cause. 

The  bursts  are  mostly  conical.  The  boundaries of the  bursts  are  defined by induced  fractures, 
separating  the  relatively  solid  coal  from  the  coal  within  the  burst  cone  which,  although  heavily 
fractured  and  bulges outwards into  the  opening, is not  necessarily  completely ejected (Fig. 
5.25,  Chapter 5). The  coal  in  and  immediately  around a burst  cone  is  intensely  cleaved  parallel 
to  the  face  cleat,  the  cleavage  is  induced by a high  induced  stress  differential (01 - 63) within 
the  region of the burst. 

Bursts  occur with their  cavity  axes  perpendicular to  the  most prominent  discontinuity in  the 
seam,  i.e.  the axes  are  parallel to  the  direction of least  constraint.  The  axes of  most  bursts  are 
perpendicular  to  the  face  cleat  direction  and  these  bursts  occur  from  the  ribs  or  face  generally  on 
the  side  which  first  encounters  the  cleat.  Many  bursts  occur  from  the  coal  roof  when  the 3 m, 
4 m or 5 m partings are used as  mine  roof.  Their  axes  are  perpendicular  to  bedding. In places, 
an  eIliptical cross section  is  developed  in  the  horizontal  plane  with the short  axis of the  ellipse 
oriented  northeast,  i.e.  parallel  to  inferred  virgin  maximum  stress (01). Some  bursts  also  occur 
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with  their  axes  perpendicular  to  intensely  induced  cleavage  in  the  coal.  The  majority of bursts 
occur at or within 2 m of  the  face. 

Out  of more than 200 bursts at Leichhardt,  three  involved 300 tonnes or more  of  material.  Two 
occurred in the east and one in  the  north  of  the  Colliery  (Fig.  3.6).  Of  the  eastern  bursts,  one 
occurred  when  mining  with a continuous  miner  and  one  was  induced by shotfiring.  The  burst 
in the north occurred when  mining with a continuous  miner  and  was  the  largest  experienced  at 
Leichhardt  Colliery. 

This largest outburst occurred  at a shallow  dipping  reverse fault (Fig. 3.7) with a minor 
displacement (-0.2 m).  Only 0.15 m reverse  fault  intersected  the  mudstone  roof. The 5 m 
parting  was used as a mining  roof in the  area.  Outside  the  fault,  the  coal  below  the 5 m parting 
was essentially  free of  any  shearing  except  that 0.5 m of brecciated  coal  was  seen  immediately 
below  the 5 m parting. At the  time  of  the  outburst,  100 mm diameter, 28 m long  holes  were 
drilled for destressing the  face  and  mining  was  done  using a continuous  miner. A couple of 
small outbursts 20 - 50 tonnes  have  occurred in  the  near vicinity  prior  to  this  major  outburst 
which  ejected 500 tonnes of coal and  approximately an equal  amount of rock. This outburst 
resulted in the  closure of  the  colliery. 

It is believed  that  outbursts  at  this  mine  were  stress  controlled  and  gas  induced.  Both  the 
cleavage  and  stress  played an important  role,  together with directional  permeability of the  coal. 
Much higher gas pressure  gradients  were  measured  at  right  angle to  the  cleat  plane  when 
compared  with parallel to  the  cleat  plane  (Truong  et  al, 1983). By changing  the  direction of 
drivage,  the  location of the  outburst  was  reversed  i.e.  the  focii  moved  from  the  right  hand side 
to  the  left  hand  side  except when  the  face is driven at right  angle to the  cleat. 

0 5 !O* - > 
VERY J U L L  t X L  
MARKER  3ANO 
HYLONITE 2R 
3REPClATE3 3Ai 

Fig. 3.7. Northern  outburst,  structural  details  (Moore  and  Hanes, 1980). 
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Mining  methods  were  varied  considerably in attempts  to  alleviate  the  outburst  problem.  Most 
drivage  was  made with a Joy  lOCM continuous  miner  cutting  rectangular  roadways 3 m high 
with  nominal  widths of 5 m to 6 m. Roadways  were  driven  at  various  levels within the 6 m 
thick  seam.  Some  drivage  was  made with an Alpine AM50 miner  cutting an arched roadway 
5 m high. Simultaneous  shotfiring was used  in late  1974 to induce  outbursts. 
Degassing/destressing  boreholes  were  drilled  ahead of faces from late 1975  to  1978 with 
questionable  success. Shof ing  was  introduced  in  1978  and  the  shotfired  roadways are free 
from  bursts  and  exhibit  minimal  mining strain. 

Moura Colliery 

Three  outbursts  occurred in #4 mine  mining  the D seam.  The  coal  seam is accessed  from an 
open  pit by driving  roadways  along  the  dip.  The  seam  is 5.2 m thick with a shale  band  and 
sooty  coal  (mylotinised coal) in  the roof at a distance of 1.8 - 2.0 m from  the roof level.  The 
seam  has  well  developed  cleat  plane.  Gas  pressure  measured  in  boreholes  gave a maximum 
pressure of 1.03 MPa (gauge) at a vertical  depth of  135 m with a possible  minimum  gas 
pressure of 0.72  MPa  (Truong et al, 1983) which gives a gas  content of about 8 - 9 m3/t. 
Permeability  of  coal is estimated  to be 2 - 5 mD. The  coal  is  fairly  strong. 

Two  out of the three outbursts  occurred  on a major joint and  pushed  out  solid coal and  some 
loose  material. The third  outburst  occurred on a zone  of  weak material.  The  problem of 
outbursts has  been of low  key  because  of  high  strength  of coal,  slow  desorption  rate  and low 
gas  content  (Truong et al, 1983,  p.  7.43). 

3 .2 .3  Southern Sydney Basin,  Illawarra  Coal Field 

The  Illawarra coal field is situated  about 60 km  south  west  of  Sydney  and covers an area of 
about 1,000 km*. The coal belongs  to  the  Permian  periods.  The  Illawarra coal measures 
belong  to  the  Shoalhaven  Group  and  consist  of  lithic  sandstone  with  subordinate  formations  of 
fine  sediments  and  coal.  The  regional  structure of this  area is a broad  syncline  with  additional 
synclinal  and  anticlinal  structures and with a general  dip of -5", but dips of less  than 2' are  quite 
normal  (Wilson,  1975).  The  coal  field  has been  traversed  with  minor faults  bending NW and a 
number of shear  zones.  Western  as  well  as  eastern  parts  have  experienced  volcanic  activity. 

Though a number of seams  occur in this  area,  the  most  extensively  mined  seam is the  Bulli 
seam  which is liable  to  outbursts when  gas  levels  exceed a particular  limit.  This seam is the  top 
most  seam  in  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 shallow  syncline  superimposed with additional  synclinal  and  anticlinal  structures  trending 

1 

62 

"" 



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 - 31% and  ash  content 8 - 23% with an average of 11.5%. The  seength 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  (Fig.  3.8).  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 CHq areas of 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.  3.9  shows 
changes  in  gas  composition  on  a  regional  basis,  Composition of  mixed  gases (C02 and  CHq) 
is very  difficult to measure.  Changes  in  gas  desorbed  occur  with  high CO;! released  first  from  a 
core, followed by increased % of CHq from the  samples.  In  boreholes, it may  be quite 
different, with a  decrease in  CHq  with  time.  The state of  the  core (fracture  density)  plays a 
dominant  role. Gas compositions  assessment  is,  therefore, not  easy. 

100 150  200 250 300 350 4 0 0  450 500 550 800 650 

SEAM  DEPTH - METRES 

Fig. 3.8. Comparison of desorbable  gas  content of seam  (Lama,  1995). 
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Fig. 3.9. Composition  of 
gases  in  the  Bulli  seam 

(Lama, 1991). 
(40% - Ca) 

Gas pressure measurements in  the  mines  vary  from  place  to  place.  Highest  gas pressure 
measured is 4,600 P a .  Table 3.3 shows gas property  data in various  mines on the  South 
Coast.  Fig. 3.8 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  outbursts  have  not  occurred 
at these  depths. 

3 .2 .4  The Occurrence of Outbursts in the Bulli Seam 

The f i s t  outburst  in  the  Bulli  seam  occurred  in 1895 at  Metropolitan  Colliery  (Hargraves  and 
Hindmarsh, 1964). The minimum  depth  of  occurrence of the  outbursts is reported  at  about 
200 metres though this figure is suspect (depth is possibly 450 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 Wsst 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 substantial gas drainage. Fig. 3.10 shows  the frequency distribution of the size of 
outbursts in  West  Cliff  and  Tahmoor  mines  where  together  about 70% of total  outbursts  have 
occurred. Table 3.4 shows  the  distribution  and  general  data on outbursts  in the Bulli  seam  till 
January, 1995. 
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Fig. 3.10.  Size distribution of outbursts  at  Tahmoor and West Cliff Mines 
(Lama, 1995). 

Table 3.3. Summary of gas pressure  measurements in the Bulli seam  (Lama, 1995). 

Ratio of Remarks on 
Colliery Permeability gas pressure (gas pressure/ Gas pressure Depth Dominant 

m MD measurement Hydrostatic head) 

APPh Undergrwnd 0.81 4200 520 Methane -2 - 5 
measurements 

West Cliff - 0.5 - 2.5 Underground 0.60 - 0.91 2800 -4200 465 Methane 
measurements 

North Cliff 
measurements & methane 

-2.5 Undergrotrnd 0.33 1530  460 Carbondioxide 

(25:75) 

Dadces -3 - 5 underground 0.46 1830 450 Methane 
Forest 

measurements & methane 
- 2.5 - 4 Underground 0.30 - 0.51 1285 - 2200 430 Carbondioxide Tahmoor 

measurements (90: 10) 

(4050) 

South Bulli u-d 0.59 2500 370 Carbon  dioxide 
& methane measurements 

( 8 0 : 2 0 )  

Tower 4 - 5 * Surface boreholes 1.1* 5800 450 - Methane 
500 

measurements 
**Underground 0.42** 2000 

Cordeaux -5 Undeqpund 0.2 900 450 Methane 
measurements 
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Table 3.4. Outbursts  in the  Bulli  seam,  Illawarra  coal  field  (Lama,  1995). 

Max. size 

outburst, 
C o a v t o n n e  

geological  structure 
of Association with Fatalities Type of gas 

100 All associated with Mostly  CHq 
(One with faults/dykes/mylonit, joinu 

Co;!  on  dyke 
cases no info. some (2% = 76%) 
polished coal,  etc.  In  two 

association  with  stress? 

80 All outbursts on mylonite - CHq 
except  one  on  jointed coal - 
suspect,  possibly a m k -  

Colliery No. of 
outbursts 

Gas drainage 
status 

~ 

22 Appin All at  no 
substantial 
drainage,  one 
suspect 

Tower All  at  no 
substantial  drainage 

I I I burst 

Tahmm 90 400 All associated with 1 c 0 2 + c H 4  
(1986) dykedfaults 

All at no 
substantial  drainage 

west cliff 252 MosycQ 1 (1: 1 zones or faulddyke 

but also some (1991) suspect,  perhaps  not 

All  associated  with  shear 

With thrust faults, 5 cases 

CHA outbursts 

All with no 
substantial  drainage 

No drainage South BuIli 13 

~~ 

30 Fault cm No drainage 

No drainage 

No drainage 

Old Bulli 

Commal 

2 

5 40 Mylonite  and  shear - CHq 

1 0 0  I CHq 1 - I Fault + thrust, depth 200 m 
I I 

2 

54 No drainage Dykedfaults on  thrust 
zones.  Also  associated  with 

(5-m%) blasting. 1925 = 2 
1954 = 2) 

Coal Cliff 20 

Dyke - CH4 + Co;! 10 

Dyke - CHq 

40 Fault CH4 + C@ 

No drainage 

No drainage 

1 

2 D a h s  
Forest 

Brimstone + 
oakdale 

2 No drainage,  non- 
violent  outbursts 

In workings to  date, West  Cliff Colliery, which  has experienced the largest number of 
outbursts, (55% of the  total)  had a gas  composition  basically  methane  which  in cdtain areas  has 
changed  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 
composition  varying  from 60% C& to  95% C02. In other  mines, in general,  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 with outbursts. 
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Analysis of outbursts  shows  that  these  have  invariably  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  outburst  occurred  during  pillar  extraction  (Metropolitan  Colliery - details  not  available). 
Most outbursts occur during  actual extraction of the face without  any  time  delay.  Some 
outbursts  have  been  reported  to  occur 3-4 minutes  after  stoppage of cutting.  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  (Lama,  1981).  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 C02), 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  are 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.  These  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)  odcurred  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. 

The  phenomenon of outburst occurrence in the Bulli seam is gas driven (high gas, low 
stress/strength  ratio). As a structure is approached,  high  free  gas  pressure  gradients  close  to  the 
structure  cause  bursting of  the  barrier.  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  with 
high  desorption  rate  due  to  the  presence  of  very  large  pulverised  material  and  high  permeability 
and  when intersected, they  result  in much  higher  gas flows (Lama,  1987). The dykes and 

> 

67 



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  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  (Lama,  1991).  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.  While  outbursts  at  Leichhardt  Colliery  were 
typical stress related  outbursts,  the  effect of stress is virtually  absent in the  Bulli  seam.  Some 
outbursts  that  have  been  reported at Tower  and  Appin  may fall into stress controlled  category, 
but these  are  suspect.  The  amount of material  thrown  out  in  these outbursts has  been  very 
small. 

The  phenomenon of discing has  been  observed in high  C@  areas  in  the  Bulli seam when 
coring  for  measurement of gas content  (Lama,  1995).  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.  Discing  has  not  been  noticed in areas with 
methane up to 13 m3/t. It is felt that  besides  high  desorption rates, the effect of  C@ on 
strength  of  coal  plays an important  role. 

It is 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. 

While  there  have  been a number  of  methods  used  in  the control of outbursts in  the  Bulli seam, 
gas  drainage  is  the  only  method  presently  being  used.  Threshold  criteria  have  been  established 
based upon gas  composition  and  the  absence or presence of geological  structures  in  the  seam 
(Lama,  1991,  1995). 
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3.3 BELGIUM 

Belgian coal fields  belong to  the  Carboniferous  period of Paleozoic  era  and are divided  into two 
coal basins,  Northern  and  Southern  coal  basins  separated by the  central  Brabant  anticline  (Fig. 
3.11). The  Northern  basin  extends  along the north-east  Brabant  massive.  The  length of the 
Northern  basin is 60 km long  and  covers an area of 600 km2. In the  south-east, it joins the 
southern  part of the  Limberg  coal  field  and  further  to  the  Aachen  coal  field.  The  coal seams are 
thin.  Out of over 80 coal seams, 20 have a thickness  varying  from 0.55 - 1.45 m. A few 
seams are 1.8 to 2.0 m thick.  Coal type varies  from  lean  to fat coal and coal reserves  were 
estimated  to  be 3.7 x 109 tonnes  to a depth of 1,500 m. 

The Southern  basin is about 100 km  long  and has a width  of 5 - 15 km with a surface  area of 
1,500 km2. The extension of this cod field  is  the  Nord-Pas-de-Calais  coal field of France. 
Almost 95 coal seams  occur  here  with a combined  thickness of 65 m. Average  thickness of 
coal seams is about 0.8 m.  Coal  type is lean and gassy  and  coal  reserves  were  estimated  to  be 
about 2.3 x 109 tonnes. 

Dominating  gas  in  Belgian  coal  fields is methane.  In 1960, coal  production  was 22.5 x lo6 
tonnes  and in 1988 it  dropped  to 2.5 x 106 tonnes. At present  there are no operating  mines in 
Belgium  (Gabzdyl, 1994). 

Outbursts  have  basically  occurred in  the  Southern  part  (LiCge,  Charleroi  and Centre,  Borinage 
coal  fields). The frst outburst  occurred  in 1847. Arnould  and  Robem-Lintermans  mention  the 
occurrence of outbursts in  the  period 1947-91. Outbursts during the  period 1892-1908 are 
described by Stassart and  Lemaire (1910) who also give statistical  data  about  the  outbursts  for 
the  period 1847-9 1. 

Outbursts in Belgium  occurred  at  depth  exceeding 250 m. Tables 3.5 and 3.6 give the statistics 
of outbursts for the period 1847-91 and 1892-1908. Table 3.7 gives the distribution of 
outbursts  depending upon the  type  of  excavation  (development or extraction),  their  geometrical 
relationship with respect  to  the  coal  seam,  together with the fatalities. Worth  noting is the 
number of fatalities per  outburst  which  dropped  from 1.64 during  the  period 1842-91 to 0.73 
during the period 1892-1908. Also a very  high percentage of outbursts on extraction 
(longwall)  faces  compared  to  development  roadways  is  worth  attention.  It js possible  that  these 
statistics include  the  number of outbursts  that  occurred  in  the  development of gate  roadways 
together  with  the  extraction  (longwall)  faces.  The  depth of  mining as  early  as 1910 had  already 
reached 1 ,100  m in Belgian  coal  fields. 

The  frequency of outbursts in roadways  driven  to  the  dip  and to the rise is more or less the 
same,  but  there is no  information  about  the  proportional  length  of  the  excavations. 
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During  the period 1957-63,  119  outbursts  occurred in  Belgian coal fields  (Vandeloise,  1964). 
Out of these,  39  were  induced  outbursts.  During  the  period  1954-65,  130  outbursts  occurred 
including two during the sinking of shafts (Vandeloise, 1966). A large outburst with the 
ejection of 1,600  tonnes  occurred in 1959 and  in  1962 with the  ejected  mass of 1,200  tonnes. 

Table  3.5.  Occurrence of outbursts of  methane gas and coal in  Belgian  coal fields 
during  the period 1847-1908 (Stassart and Lemaire, 1910). 

S .  No. 

1 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

(m) 
2 

<250 
250 - 300 
300 - 400 
400 - 500 
500-600 
600-700 
700 - 800 
800 - 900 

900 - lo00 
1OOo- 1100 
1100 - 1200 

I 

No. 

3 
0 
9 
44 
87 
65 
87 
28 
18 
4 
4 

11 

% 

4 
0 
2.6 

12.4 
24.5 
18.0 
24.2 
7.9 
5.1 
1.1 
1.1 
3.1 

357 I 100.0 

Table 3.6.  Number of outbursts of  methane  gas  and  coal 
in Belgian  coal  fields (Stassart and Lemaire,  1910). 

Coal  field 
2  1 

% Number 
4 3 

1 

100.00 A 
348 Total 4 

9.2 33 Liege 3 
21 .o 75 Charleroi  and  Centre 2 
69.8  240 Borinage 

Both these  outbursts  occurred  while  intersecting  the  coal  seams,  The  most  violent  outburst 
occurred  while  driving a rise  heading  in  Epuisoire  coal  seam in Agrappe  Colliery on 17th  April, 
1979  when 420 tonnes of coal  was  ejected  and  about  100,000 m3 of gas  was liberated.  The 
outburst  caused a massive  explosion  and  resulted in 121  fatalities  (see  Chapter 5). 

t 

In  the mid fifties, an enormous  amount of research  was  conducted in the  area of outburst 
prediction  and  control  methods.  V-index was  developed  to  differentiate  areas  with  low,  or  high 
risk of outbursts (see  Chapter 8) (Vandeloise, 1964). The main  methods for control of 
outbursts  used in the  fifties  (Anon,  1957)  were  as  follows: 
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Table 3.7. Number of outbursts of methane  gas  and  coal,  and  fatalities  in  Belgian  coal  mines 
(Stassart and  Lernaire, 1910). 

I I I 1 r~ I 1847 - 1891 I 1892 - 1908 I 1847 - 
I 

Type of Excavation 

2.3 Dip  rise  headings 
2.4 Other  places 45 20.4 - 

k 

3 Total 220  100.0 360 100.0  137  100.0 87 

908 I 



Destressing of coal  seams 
Inducer  shodiring 
Complete  extraction  without  leaving  of  pillars 
Destressing during  development by advance  cutting  in  rock 
Development of roadways  along  the  dip 
Limiting number of  workmen  at  the  face. 

Inducer shotfiing was  introduced  into  Belgian  mines  in  1920  (Vandeloise,  1966).  In  1950, 
medium  diameter (1 15 mm) hole drilling  techniques  were  developed  to limit inducer  shotfiring 
(Anon,  1957). 

3.4 BULGARIA 

Outbursts in Bulgaria  occur  only in the  Balkan  basin  which  has  coal  seams of thickness  varying 
from  0.1 - 0.6 m to  20 - 30 m dipping at 65 - 90".  Coal  seams  are of Mesozoic of the 
Cretaceous period with coal  rank  belonging  to  the  gassy,  semi  coking  to  coking  coal.  The  main 
gas occurring in the seams is methane. 

The geology of the coal field is highly  complex with normal  and reverse faults with 
displacements many  times  associated with large  changes in  the  dip  and  strike  of  the coal  seam 
as  well as seam thickness. 

The strength of coal seams is very  low  with  Protodyakonov  strength  index f varying  from 
0.12 - 0.16  to 0.25 - 0.37.  The  uniaxial  compressive  strength varies from 0.02 - 0.1 to 
0.35 MPa. Samples  taken from the  most  strong  parts  have  uniaxial  compressive  strength of 
0.7 - 2.5 MPa. 

Coal  seams  have  roof  and  floor consisting of mudstones  and  claystones of uniaxial  strength 
20 - 70 MPa  with  the  interval  between  coal  seams  varying  from 6 - 15 m to 20 - 45 m.  The 
properties  within  the  coal  seams  show  high  variability. 

Coal  seams  liable  to  outbursts  have  high  percentage of clarain  with  clay  bands  while  coal  seams 
not liable to outbursts have  high  percentage  of  durain with pyrite  and quartz bands.  Coal  seams 
liable to outbursts also show  high density of micro cracking with lee th  of cracks 7.5 - 
10.2 mm/mm2 and  spacing of 0.03 - 0.1  mm. Seams  not liable to  outbursts  have micro 
cracking  with  length of cracks 3.0 - 5.0 mdmm2 and  spacing  of  0.1 - 0.2 mm. 

Gas  pressure  in  seams  liable to outbursts  exceeds 0.5 MPa while  the  maximum  pressure  in  the 
seam  highly liable to outbursts  is 2.3 MPa.  In  seams  not liable to outbursts,  gas  pressures  are 
0.1 - 0.3 m a .  Desorption rate varies between 4 - 8 cm3/10g.  Mining  method  used is 
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advancing longwall with mining using pneumatic hammers  and blasting. Geological 
disturbances make mechanisation very  difficult.  Depth  of  mining  has  approached 500 m. 
During the period 1933-89, over 250 outbursts occurred  in  Bulgarian coal mines  with  the 
following distribution: 

Outbursts of gas and  coal = 50% 
Displacement of coal with increased  gas  emission = 30 - 35% 
Displacement of coal without  increased  gas  emission = 15 - 20%. 

Lowest  depth  of  Occurrence of outbursts is 130 m,  though  the  minimum  depth  of  occurrence  is 
different  in  different coal seams and it increases with increase in the  dip of the  coal  seams. It is 
normally  taken  that for seams  with dip <45", the minimum  depth  of  Occurrence  will be 130 m, 
and  for seams with dip >45", the  minimum  depth is 150 m. 

Tverhica Colliery has the  most outbursts and  the  maximum size of  an outburst Of 180 t 
occurred in 1967. 

About 57 - 80% of coal and gas outbursts  occur with sudden  change  in  the  thickness  of  the  coal 
seam,  through  many times, these are not  initiated  under  the  same  tectonic  conditions  as  at  other 
places.  Nanovska (1985) found no correlation  between  the  place of  Occurrence  of  outbursts 
and  geotechnical  disturbances with high  frequency of faults in the  Balkan  coal  field. 

Most  common method of control is destressing  with  camouflet  blasting.  Inducer shotfirng is 
rarely used. Destressing seams is possible  only  in 10 - 3% of the mining  areas due to highly 
variable  mining  conditions.  Advance  drainage,  hydraulic  washing  and  water  injection  under 
pressure  have  been  used  occasionally.  (Anon, 1964b; Nanovska, 1985; Nanovska et ai, 1988, 
1989). 

3.5 CANADA 

Outbursts  of gas and coal, and gas and  rock  in  Canadian coal mining  industry  occur in the 
following  coal  districts: 

Nanaimo  district,  Vancouver  Island,  British  Columbia 
Crows  Nest  district  of  South  Eastern  British  Columbia 
Canmore  district,  near  Banff,  Alberta 
Sydney coal field,  Cape  Breton  Island,  Nova  Scotia. 

The first three regions  above  are  located  in  Western  Canada  in  the  foothills of the  mountainous 
area  where  the coal seams are highly  disturbed by tectonic  movements.  Mining  methods  used 
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were bord and  pillar  system in seams of thickness  2.5 - 3.5 m. Virtually  all  outbursts  occurred 
during  the  drivage of  headings. A few  outbursts  occurred  during  the  extraction  of  exceptionally 
large  pillars.  The  mouth of  the  cavern  of outbursts  occurred at the  face  or on the  rise  comer of 
the  heading when driven to  the  rise.  All  outbursts  occurred with methane  gas.  Mining  in 
Canmore  district  was  discontinued by 1970.  (Ignatieff,  1954;  Patching and Botham, 1966). 

Sydney  coal  field is located in north-east of  Canada. Roof outbursts  occur  here in two mines  in 
the  area  where  sandstone  occurs  close  to  immediately  above  the  Harbour  coal  seam.  The first 

outburst  occurred in  1977  when  depth  reached  700 m below  the  sea  surface  (Aston  and  Cain, 
1985;  Cain,  1995). 

More  infoxmation  about  the  conditions  in  Canadian  coal  districts  where  outbursts  have  occurred 
is  given  below. 

3.5.1 Nanaimo District of Vancouver  Island,  British  Columbia 

Coal seams of this region  belong  to  the  Upper  Cretaceous  period.  These  are highly tectonically 
disturbed. Outbursts have  mostly  occurred  in  the  Cassidy Colliery, but  also  in  two  other 
collieries where  the  Douglas  coal  seam  had  been  mined  at  depths  from 200 - 67 m. The 
thickness of the  seam  varies  from 0.3 - 8.0 m with a mean  of  2.7 m and dip of 18'. 

Geotectonics shows horizontal movement  within  the  Douglas coal seam  which caused 
slickensided  structure  within  the  coal  seam.  The  roof of  the coal seam  is fairly  regular, but the 
floor has  undergone  high  deformation with shearing  and  protuberances. As a result,  the  seam 
does not show  normal  bedding.  Very  often  non-linear  slickensides  are  observed  sometimes  at 
right  angle to  the floor  (Wilson  and  Henderson,  1927;  Miard, 1950a). 

Prior to  1921,  no  record of outbursts was  kept.  During  1921-27,  about  268  outbursts  occurred 
in Cassidy Colliery (Wilson  and Henderson, 1927). The largest outburst occurred on 
5th  August,  1922  when  1,200 t was ejected with a very  large  emission of gas (Rice, G. S.,  
1927). 

3.5.2 Crows Nest District, British  Columbia 

Coal  deposits of this  area  belong to the  Cretaceous  period.  The  coal  beating  deposits in  the 
western  parts occur in  the  basin  which  is  covered  with a great  thickness of younger  rocks 
except where  these  have  been  cut by sharp  valleys.  There  has  been a variable  amount of 
faulting and folding which has  caused  the  coal  to be  often intensely  sheared and  very friable 
(Noms, 1958). The coal is of bituminous  coking  rank  and  methane  is  the  predominant  gas. 
The location  plan of Crows  Nest  district is given  in  Fig.  3.12  which  clearly  shows a number  of 
synclinal  features  and thrust faults. 
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Fig. 3.12. Coal areas and  related  major structures in  southeastern  Cordillera 
and Alberta  syncline (Noms, 1958). 
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The first outburst in  this  district  occurred  in  Carbonado  Colliery  in  1903  which  ejected  130 t of 
coal.  The  largest  outburst  occurred  in  1904 with the  ejection of 3,500 t of coal and an estimated 
gas  emission of  160,000 - 140,000 m3. This  outburst  lasted  for 30 minutes.  Outbursts  also 
o c c m d  in Coal Creek  Colliery  where  the first outburst  occurred  in  1917.  During  the  period 
1903-28, over 200 outbursts occurred in Crows  Nest area (Miard, 1950; Ignatieff, 1954; 
Norris, 1958;  Patching and  Botham,  1966). 

3.5.3 Canmore District, Alberta 

Coal seams here also belong  to  the  lower  Cretaceous  era.  Coal  bearing  deposits  have  formed  in 
a symmetric  syncline with the  south  western  limb  partly  overturned by the  thrust  of  the older 
Paleozoic  formations  from  the  south  west.  Upper  coal  seams  have  bituminous  coal  with  the 
rank  increasing  to  semi-anthracite in the  lower  seams.  Very  high  tectonic  activity  has  resulted 
in a very large number of thrust faults, normal faults and  small folds in  the  coal  seams  with 
changes  in  coal  seam  thickness. 

Outbursts occur in #4  and  the  Upper  Marsh coal seams, . The #4 coal seam exhibits 
remarkable  cleat  and  fracture  systems.  One  cleat  set  is  parallel  to  the dip (major cleat) and  can 
break  up coal into sheets of  1/8  inch (3 mm)  to  1/4  inch (6 mm).  The  seam  also  has a well 
developed  fracture  system  and joint system 1 - 2 feet (0.3 - 0.6 m) apart (Noms, 1958).  The 
seam has blocky  structure.  Polished  slickenside  surfaces  are  sometimes  present  which  conform 
with  up-dip  motion of the  roof  with respect to the  coal  seam. In contrast,  the  Upper  Marsh 
steam is intensely  sheared and  fractured.  Drag  folds  within  the  coal  and  polished  slickensides 
on the roof and  floor  indicate  extensive  riding of the strata up the dip over one  another. At 
places, its structure is not visible.  This  variation in the  shearing of one  seam  and  absence of 
shearing  in the other seams is due to the  presence of thick  competent beds in  the  vicinity  of  the 
Upper Marsh seam.  The  shale  members  close  to  #4  seam  have  protected  this  seam (Noms, 
1958, p. 23). 

Roof  and floor of both the  seams  consist of strong  shales  and  sandy  shales  with a very  large 
number of normal faults (90%) (1 - 4 feet) (0.3 - 1.2 m) and thrust faults (10%) of  throws 
varying  from 1 - 2 feet (0.3 - 0.6 m). 

The fist  outburst in this  area  occurred in #4  seam  in  1944  during  the s i h n g  of a shaft at a 
depth of 200 m. The first outburst in  the  Upper  Marsh  seam  occurred  in  1950  as  it  was  being 
exposed. 
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3.5 .4  Sydney Coal Field, Cape  Breton Island, Nova Scotia 

The  most  productive  seams  belong to the  Picton  group  and  are  highly  volatile A bituminous 
group.  The  Picton strata consists  primarily of silty and Carbonaceous  shales and lenticular 
conglomerates. 

The  Sydney coal field outcrops  along  the  eastern  coast  of  Cape  Breton  Island  (Fig.  3.13), and 
seams dip  gently  eastwards  between 4' and  10"  beneath  the  Atlantic  Ocean.  The  measures  have 
been  deformed  into a series of gentle,  open,  northeast-plunging  folds  10  to 13 h apart. There 
has  been  no  appreciable  interstrata  slippage  and  the  seams are little  deformed by faulting.  The 
cleat  systems  and  primary  sedimentary  structures in  the coal  are  intact.  The  immediate  roof 
throughout  the  areas is shaly  to  thin-bedded,  silty  mudstone,  variably  Carbonaceous.  Coaly 
stringers here  and  there  appear to  have little  affect on inducing  shears  although  they  do  favour 
scaling behind the  working  face (Noms, 1958). 

Significant  agents in  the formation of the  Sydney  coalfield  were  meandering  rivers  that  were 
present  during  the  deposition of the  upper  parts  of  the  coal  seams.  The  linear  and  the  parallel 
nature of these  sandstone channels suggests  that  the  streams  are  braided in  nature and not 
tributaries. This would  explain  the  apparent  independence  of  channels,  many  of  which  are only 

thin lenses.  The  main  channels  eroded  large  areas and completely  cut  the  seams.  The  resulting 
sandstone  channels  are  the  dominant  diagnostic  feature of the  basin.  There  are no distinct 
boundaries  between  the  sandstone and shale.  Mudstones  and  limestones are also  present  in  the 
sediments  that separate the coal seams.  Eleven  major coal seams are found in the basin, 
ranging in thickness  from 1 to 4.5 m. Methane  is  the  dominant  gas. 

Roof  outbursts  have  occurred in  the sandstone  roof  during  the  mining of Harbour  seam in 
development  headings in two mines, #26 and  Phallen  Collieries.  Outbursts  have  occurred 
when depths  exceeded  700 m. 

During  1977-84,  37 outbursts occurred in #26 Colliery.  The first outburst  occurred  at 703 m 
depth  and  the  last  on  6th  January,  1984  at  790 m depth. The largest  cavern  had a volume of 
316 m3. The mine  was  closed  as a result of fire when it was flooded. 

In  Phallen  Colliery,  the first gas  and  sandstone  outburst  occurred  on  28.09.1994.  The  outburst 
occun-ed in the  main  development at a depth  of  697  m.  Volume  of gas  emitted  as -1,350 m3. 
Eight  mine  arches  were  destroyed.  Outburst  occurred  during  drivage  with a Voest-Alpine AM 
75  Roadheader  which  was  cutting  out  the  face  prior  to  installing  steel  arches.  The  cutting  head 
was  in  sandstone  when the event  occurred.  The  machine  that  weighs  nearly 52 t, was displaced 
2 m by the  outburst  (Aston  and  Cain,  1985;  Aston  et  al,  1989,  1990;  Cain,  1995). No outburst 
had  occurred  when  mining  was  done  using  blasting. 
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Fig. 3.13. Coal areas in Nova Scotia,  Canada (Norris, 1958) 



3.6 CHINA 

In China  outbursts  occur in a  number of coal fields  and in a  large  number of  mines. In fact, the 
largest  number of outbursts  have been  recorded  in  China. The  most  important coal fields  where 
outbursts occur are in the provinces of Shanxi (Yangquan); Liaoning (Beipiao); Henan 
(Jiaozuo),  Sichuan (Nantang and  Chonquing)  and  Hebeio  (Kailuan).  Table 3.8 gives coal field 
and general outburst statistics. The mining conditions vary  widely  and so also the mining 
methods,  though  longwall is the most  common  method. 

Coal  and  gas  bursts are differentiated  in  China  into four categories: 

1. Coal  bursts  with  no  gas 
2 .  Gas bursts 
3.  Coal  and gas outbursts 
4. Rock and  gas  outbursts. 

In China,  classification of outbursts  is  based  upon  the  following  observations: 

Existence of a  cavity, its specific  shape  and  the  effect of gravity if any 
Particle  size  distribution of the  outbursted  coal 
Distance  to  which  the  coal  has  been  ejected  from  the  cavity 
Tonnage  of  material  ejected 
Volume of gas  liberated  and  direction of  flow  (in line or  against  the  ventilation  current) 
Violence of outburst 
Symptoms  preceding  the  outburst 
Location of  the  outburst 
Type of  work in operation  when  outburst  occurred. 

Most outbursts  occur  on  structures  like  sheared  coal,  faults,  dykes, places of splitting of coal 
seams, changes in the rank of coal due to contact with volcanics, sudden changes in  the 
thickness of the coal seams, etc. The danger of outbursts increases with increase in  the 
thickness of the soft coal  in  the  coal  seam. 

Outbursts  occur both in bituminous  as  well  as  in  anthracite  mines  in  China.  From  1950-81, 
9,485 outbursts had occurred in China  with  predominantly  methane  gas  though very minor 
quantities of carbon dioxide gas  have  been  associated  with it in these mines. The largest 
outburst ejected 12,780 tonnes of coal and liberated 140,000  m3 of gas. Till 1981, 69 
outbursts had occurred in China with ejected tonnage size greater  than 1,000 tonnes. The 
smallest  outburst  was less than  one  tonne.  The  shallowest  depth at which  an outburst occurred 
is 50 m. Outbursts  have  occurred  both  in  thin seam ( < O S  m) and  in  thick  seams. 
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Table  3.8.  Outbursts of gas in China  (Wen  Yongyan,  1995,  personal  communication). 

3. No. 

1 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

11 
12 
13 
14 

I - 
Mine District 

Baisha 
Feng  Cheng 
Hebi 
Huaibei 
Huainan 
Jiaozuo 
Kailuan 
Lianshao 
Liuzhi 
Nantong 

Tianfu 
Furong 
Songzao 
Yangquan 

No. of 
outbursts 

1177 
94 
13 
18 
89 

254 
52 

782 
337 

1123 

129 
164 
376 

1008 

Period 

4 

1950-91 
I t  

I t  

I t  

11 

I t  

I 1  

I t  

II 

II 

I t  

11 

11 

II 

Max 

5 

4500 
428 
200 
314 

1576 
1500 
255 

1910 
2078 
8765 

12780 
2777 
1624 
525 

- 
Ave  gas 
emission 
for mine - 

8 
31 
57 
19 
60 
20 
20 
10 
45 . 
26 

28 
89 
69 
67 

Name of Mine 

7 
Matian,  Hongwei,  Nanyang 
Pinghu,  Jianxin,  Bayi,  Shangyi 
Liu Kuang 
Lu  Ling 
Xieyi,  Xieer,  Panyi,  Paner,  Pansan 
All  nine  mines 
Zhaogezhuang,  Majiagou 
Niumasi,  Jinzhushan,  Hongshaidian,  Limin 
Liuzhi,  Dizong,  Huachu,  Sijiaotian 
Nantong,  Hong  Yan,  Yutianbao,  Yanshitai, 
Dong  Long 
All six mines 
Baijiao,  Furong 
Songzao,  Dafong,  Shihao,  Fengchun 
Yikuang,  Sankuang 

Minimum 

P 

75 
320 
339 
425 
392 
161 
876 
184 
280 
310 

246 
226 
335 
180 



Data  on outburst location and different  operations in 4 outburst  regions of China is given  in 
Tables 3.9 and Table 3.10. 

In 1981, there were 205 mines  facing outbursts and a total of 922 outbursts  occurred.  The 
intensity of outbursts has been  highest in mines owned by local  councils  in  spite of  the  fact  that 
these are undoubtedly  smaller  operations  with  possibly  less  mechanisation (Table 3.1 1).  Table 
3.12 shows the effect of  depth on the  occurrence of outbursts.  There is a marked  increase in 
the  average size of outbursts with  depth. This relationship is  also seen in outbursts on 
longwalls in Yangquan  mining  area  where  the  average  size of outbursts  almost  tripled  from 
14  tonnes  to 40 tonnes  (Qi  and Bang Guangde, 1989). 

There has been no relationship between  the  gas  content of the  coal  seam  and  the  size  of  outburst 
or  gas  emitted in an outburst.  The  outburst  size  is  however  related  to  the  size of  the excavation. 
Outbursts,  when  they  occur on a longwall  face  are  much  larger  with  higher  ratio of  gas emitted 
(Table 3.13). 

Control methods in China include  gas drainage (26% of pits 1982) (Li, 1983; Xigen  and 
Piliang, 1987), hydraulic fracturing,  water infusion, mining  of protective  seams (Yu Bufan, 
1985). Predictive methods  used  include  seismic  technique,  emission  values  and  complex 
indices  involving  more than  one  factor  (Wang  and Yang, 1987). I 

3.6.1 Liaoning and Henan Provinces 

Beipiao coal  field  is located in  the Liaoning  province  and  experiences  most  outbursts.  Six 
mines currently in operation are experiencing outbursts.  From 1951-86,  1,688 outbursts 
occurred  in this field (Wang, 1988). This  coal  field has  some  of  the  deepest  operations  with 
depths  approaching 800 m. 

In  the  Henan province,  outbursts  occur  in  the  Jiaozuo  mining  area.  The  coal  bearing  strata  here 
belongs to the  Permo-Carboniferous  period of the  Taiyuan  group  and Shanxi group.  The  coal 
seams  of  Taiyuan  group (top) are  not  outbursting, but the 21 seam  with a thickness of  up  to 
20 m belonging  to  the  bottom of  Shanxi  group,  which is the  only  mineable  seam,  and is liable 
to  outbursts  (Zhang  Guangde, 1995). 13 mines  operate in this  area  at  depth 300 - 450 m and 
11 are  liable to outbursts.  Till 1992,268 coal  and gas outbursts  had  occurred  with 9 Outbursts 
above 500 t. The largest outburst  ejected  1,500 t. The  average  size of the  outburst is 79 t. 
Outbursts  have  occurred  where gas pressure N . 6  - 0.7  MPa  and  gas content > 16 - 20 m3h. 
Statistical analysis of 166 outbursts  shows  minimum  safe  gas  pressure of 0.61 MPa. This  gas 
pressure is lower than  that in most other  outburst  mining  areas  in  China  where  the  minimum 
gas  pressure value is taken 0.74 MPa. 
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Table 3.9. Outburst statistics  depending upon location (Yu Bufan, 1988). 

Table 3.10. Outburst statistics  depending  upon  mining  operations (Yu Bufan,  1988). 

Location of outburst 



Table  3.1  1.  Distribution of outbursts  in  Chinese  mine  industry (Yu Bufan.  1988). 

Production, 106  Mg No. of outbursts No. of mines 
4 

Owner facing  outbursts 
Planned 

Mg x lo6 
No. of OB % of total No. VO No. % Actual 

Central  Government  owned 

17.0 - 100 922 100  205  92.8  561.19 604.8 Total 
157.8 31.8 292 29.2 60 91.1 18.50 20.3 Local  mines 

19.6 10.2 96 17.1 35 73.5 47.98 65.8 State  owned  mines 

16.6 11.5 106  11.7 24 84.0 63.97 76.2 Large  corporations 

10.4 46.5 428 42.0 42 92.2 430.74 443 

Table  3.12.  Effect  of  depth on Occurrence  of  outbursts  in  four  coal  fields  of  China (Yu Bufan.  1988). 

Chongquing Liu  Zhi Beipiao Huainan 

Depth, 1964 - 1976 1951 - 1974 1959 - 1975 1951 - 1973 
m 

size, Mg size, Mg size, Mg size, Mg 
Average No. Average No. Average No. Average No. 

<lo0 8 1 - * 83.6 3 48.4 93 
100 - 200 154 

- 418 17 301 - 40 

115 56 28.1 156 2552.5  2 115.2 101 201 - 300 
180 27 12.4  24 111.0 206  59.2 

- 253 46.5 1 

- - 42.5  20 - - - - >700 

- 83.2 64 - - - - 601 - 700 

- - 55.7  176 - - - - 501 - 600 
- - 26.8  267 - - - - 401 - 500 

1700 



Table  3.13.  Gas  emitted in outbursts  in  relation  to  location 
(Zhou  Shining,  1979, p. 61). 

smo. 

1 

1 

- 

2 

3 

4 

5 

6 

- 

Type of  location  and  mine 

2 

Rock cross cuts 
a)  Liwang  Mia 
b)  Tang  Jia  Tung -50 m 
level 
c)  Beijing  +280 m level 
d) Nangi +110 m level 

Heading:  in coal 
a)  Liwang  Mia  +30 m level 
b)  Tang  Jia  Tung  +32 m 
level 
c) Beijing  +350 m level 
d) Nangi  +270 m level 

Rise  heading in  coal 
d) Nangi  +270 m level 
c> Beijing 4 1 0  m level 

D m g  
Nmgi 

Lonpwall  face 
Liwang  Mia 

Drilling 
Nang  Ji 270 m level 

Gas  emitted 
m3/t  of 

coal  ejected 

3 

324 
480 

41 
42 

239 
110 

105 
140 

85 
145 

917 

3750 

435 

Gas 
content 
of coal 
m3/t 

4 

15 
15 

16.5 
18.5 

15 
15 

16 
18 

16 
15 

16 

15 

15 

Ratio of 
gas  content / t 
gas emitted/ t 
of  coal  ejected 

5 

21.6 
32 

2.5 
2.3 

10.3 
7.3 

6.6 
8.8 

5.3 
9.7 

57 

250 

27 

Three categories of outbursts have  been  recognised. In the first category, 213  outbursts 
occurred  under  the  influence of  the fault  system.  139 (65%) outbursts  out of 213  occurred 
within 0 - 250 m of the  series of fault system  with a throw  of 50 - 150 m. 67  (31%) out of 
213  outbursts  occurred  within 250 - 500 m of the  fault  and  only 7 (4%)  occurred  beyond 500 m 
distance.  The main reasons are as  follows. 

These large strike  faults have  cut off gas  emission  which  has  remained  high  (>20 m3/t, 
maximum  30.7  m3/t). 
The  dip faults have  produced  torsion along the strike  resulting in rapid  changes in stress 
concentration. 
Torsion also caused  rapid  changes in seam  thickness. 



In areas where normal faults, tensional  faults  with  shearing  even  with  high throws (800 - 
1,200 m)  have occurred,  the  gas  content  has  dropped ( 4 0  m3/t) in regions of width of 500 - 
1,500 m. There  are also areas (North West dip  fault)  where  tensile hctures have  developed 
which  open  (0.1 - 0.5 mm) when  mining  underground  has  released  most  of  the  gas.  Outbursts 
have  not  occurred  here. 

Comprehensive indices to  predict  danger of outbursts  have  been  developed  which take into 
account  depth,  strength  and  gas  pressure, as well  as  speed of initial desorption. Studies also 
show  when  gas  content  is  dropped  to  15 m3h, outbursts  do  not  occur  even  when  coal seams are 
opened by cross  cuts. 

3.6.2 Shanxi Province 

Yangquan coal field of Shanxi province,  belongs  to  the  middle Carboniferous (Taipan 
formation) to early  Permian period (Shanxi  formation).  The  Taiyuan  formation  has 5 (#s. 7,8, 
9, 10  and  11)  coal  seams  and  claystones  and  siltstones  interbedded  with  sandstone  deposited  in 
shallow  marine,  lagoono-tidal  flat  deposit.  The  Shanxi  formation  has a number  of seams with 
sandstone  forming  the  main body with 4 coal  seams.  The #4 seam  (6 m thick) is most  mined 
with other  seams ##2 and #3 mined  locally.  The  Shanxi  formation  is of  upper deltaic  plain  and 
lower alluvial  plain  deposit  (Shao  and  Chen,  1988).  These  seams  have  low  vitrinite  contents 
(26 - 27) and  high  mineral matter (28%). 

Yangquan  mining area of Shanxi  province  where #3 seam  is  mined  has experienced 466 
outbursts during  1982-86.  The  seam is 1.4 - 2.2 m thick,  fairly  stable,  strong  anthracite coal 
with  Protodyakonov index of 1. Gas pressure is 1.23 MPa.  Roof is strong and breaks 
suddenly. 80% outbursts  occur on the  longwall  face.  The  largest  outburst  ejected  525 tomes 
of coal and  18,750 m3 of  methane  gas.  Water  injection  is  used  to control outbursts (Qi and 
Zhang  Guangde,  1989). 

3.6.3 Sichuan and Hebei Provinces 

Nantong  coal  field  (Sichuan  Province)  covers an area  110 km long, 5 - 10 km wide  with a very 
large number  (731) of coal seams. This coal  field  has 3 regions,  Nantong,  Nanchuan  and 
Songzao. The coal belongs  to  the  Mesozoic  era.  The  area  is  highly disturbed with the 
occurrence of high  stress,  magmatic  intrusions,  folding and faulting.  Till 1983,73 1 outbursts 
occurred in the  Nantong  region  which  is almost 64% of the  total  outbursts in Sichuan  province. 
The  other two regions,  Songzao  and Nanchuan  also  experience  outbursts. 

In  Nantong  region,  most  outbursts  have occurrd in  coking,  lean  and  semi  anthracite  coal  and 
no outbursts have  occurred  in  the low rank  fat  coals. The vitrinite content of coals from 
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Nantong  has 80 - 90% vitrinite  (av. 85%). Exinite  is  non  existent.  Outbursts  occur in areas 
when  coal  during its metamorphic  history  has  increased  in rank ROmax = 1.5% and has  specific 
emission of 90 m3/t  of gas. Rank of coal  is used as a  predictive  technique  to  classify  areas 
from  the  point  of outbursts  (Huang  and  Xian,  1988). 

In  the  Kailuan Coal Administration  (Hebei  Province),  Kaiping  coal  field  gas  and  coal  outbursts 
occur in a number of mines - mining  bituminous  coal  from  a  number of coal seams.  In 
Zhaogezhuang  mine,  the f is t  outburst  occurred in 1955 at 600  m  depth.  The  largest  outburst 
occurred in 1973 with  the  ejection of 100 tonnes of coal and  liberated 3,000 m3 of gas.  In 
Majcagou  Colliery  the  first  outburst  occurred  in  1964  at 500 m depth  and  the  largest  outburst 
o c c d  in 1976  during  the  opening of #6 seam  displacing  255  tonnes  and  emitting  18,387 m3 
of gas.  Some of the  characteristics of  the  outbursts  in  this  area are as follows: 

Outbursts in this area  occur in the  form of 'bursts',  'press  outs',  'flow  out' and 'gush 
outs from drill holes'. 

These  are  frequently  accompanied by  loud  noise  causing  roof  and  side  falls. 

The outbursts have close relationship with the geological structures. These are 
concentrated  near  faults,  folds,  changes in dip of seam.  Stress  as  a result of geological 
structures  intensifies  outbursts. 

Outbursts  occur  in soft coal of sub-seam  in  tectonoclastic  zone  where  the  Protodyakonov 
strength  value f C O S  (Zhang  Guangde,  1995). 

Preventive  measures  include 

Gas drainage  with  gas  pressures  reduced  to  0.6  MPa. 

Resin  injection  into  boreholes  in cross cuts  when meeting coal  seams in very  soft  coal 
with  closely  spaced  holes  with  effective  radius of  1.5  m. 

Release of gas  pressure by drilling relieving  holes  of  100 mm diameter  ahead  of  the  face. 

3 .6 .4  Heilongjian Province 

In  Nan  Shan coal mine,  Hegang  Coal  Administration,  outbursts  started  occurring  in 1983, 
when  627  tonnes  of  coal with 11,830 m3  of methane  was  liberated.  The  gas  content  of  coal is 
16.3 m3/tonne,  gas  pressure is 27 MPa and  specific gas emission  is  87  m3/tonne. The strength 
of coal f = 0.24 - 0.82  and AP values vary from  1.4  to  112.0.  Outbursts  have  occurred  when 
opening  of  coal  seams. As a  preventive  measure,  the  cross  cut is stopped  to  a  distance of 10 m 
(minimum) and  advance  boreholes  are  drilled and gas  pressure is lowered  to 4 MPa. Full  face 
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blasting is used with  milli-second  delays  with  a maximum  delay  of 30 s. Waiting time after the 
blast is 8 hours  with face inspection  every 2 hours  (Xiao  and  Xu, 1995). 

Didao  Colliery (Jixi city) experienced 713 outbursts during 1950-92. 11 out of 17 coal seams 
mined are liable to outbursts. The mine is situated on  an  anticline  dipping at 8 - 10'. The coal 
belongs to the Chengziha group  and Mu Ling  group of Jurassic period, intersected by almost 
46 faults with throws more than 30 m  with  many  igneous  intrusions  (Hongpo  and  Yongxiang, 
1995). 

The largest outburst that occurred in this area  ejected 800 t. The  average  intensity of outbursts 
is 22.5 doutburst. Small outbursts account for 82.5%, medium 8.4% and large account for 
0.6% and  unrecorded outbursts 8.5%. Outbursts  have  occurred during extraction, opening out 
of the seams, in rock cross  cuts and during drilling for advance drainage. Out of 713 
outbursts, 413 occurred during drivage and  with  an  average size of 28 tonne/outburst; 300 
outbursts occurred during extraction  with  an  average  size of 15.3 t. Predictive  methods  used 
are desorption tests and flow  measurements in boreholes,  gas  pressure  measurements in holes 
ahead of the face (Hongpo and  Yongxiang, 1995). In  development  headings gas pressure in 
6 m  holes is 0.4 MPa and gas content is 16.9 m%. Outbursts  occur  when emission rate in 
boreholes exceeds 7 Vm and AH >200 Pa. Control  method  used is gas  drainage  using  advance 
longholes. 

3.7 CZECH REPUBLIC 

Ostrava-kina coal field of Upper  Silesian  basin 
Slany coal field of Kladno-Rakovnik basin 
Rosice-Oslavany coal field 
Zacler-Svatonovice coal field of  Lower  Silesian  basin. 

Fig. 3.14 shows the location of the  various coal fields of Czech  Republic.  Ostrava-Karvina is 
an old coallield and also where  most  outbursts  have  occurred.  Slany  coal field is relatively  new 
and  outbursts have already o c c d  during  the  sinking of the  first  shafts  which is an indication 
of this hazard in the  opening of coal seams in this area.  Rosice-Oslavany  coal  field  is small and 
also  new. In Zacler-Svatonovice coal field,  only  three  outbursts had occurred  till 1988 (Rocek 
et al, 1988; Srnid et al, 1985,1989). 
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Fig. 3.14. Location  of  various  coal  fields  of  Czech  Republic. 

3.7.1 Ostrava-Karvina Coal Field of Upper Silesian Basin 

Ostrava-Karvina  coal  field is an integral  part of  the  Upper  Silesian  basin  that  extends into Czech 
and  Polish  Republics.  The  Czech  part of this  coal  field  covers an area of 1,600 km2. The  coal 
bearing rocks are of Paleozoic  period of the  Carbon  era of the  Ostrava-Kaxvina  formation.  The 
thickness  of  the coal bearing  deposits of Ostrava  formation  varies  between 600 - 3,000 m.  The 
area is highly  tectonically  disturbed  with  seams of high  gradient and overturned  at  places.  Coal 
seams also have very irregular  structure of varying  thickness.  The  average  thickness of coal 
seams  mined is 0.8 m. Karvina  formation is much  younger  and  the  average  thickness  of coal 
bearing deposits is 800 m and  average  coal  seam  thickness  is 2.30 m. Coals in the  Ostrava- 
Karvina  coal  fields  are  well  matured  and  mostly of coking  quality.  Dominating gas is methane, 
though  at  places  carbon dioxide and  methane  mixtures  occur with a ratio of 2:l (J. Sverna 
Colliery, now  closed).  The  method  of  extraction  used is longwall with caving.  The  depth of 
mining  varies  from 600 - 1,300 m (Pavelek  et  al, 1989; Martinec  et al, 1989). 

The first outburst in this  coal  field  occurred  in 1884 in Ignat  Colliery  (now J. Sverna  Colliery) 
in Anna coal seam  at a depth of 226 m that  ejected 50 tonnes of coal  (Anon, 1964d). The 
largest  outburst  occurred in 1983 and ejected 580 tonnes  of coal,  also in 9 s  mine,  and in both 
these  cases  the  gas  was a mixture of  CHq  and C02. 

During  the  period 1894-1988,469 outbursts  occurred in the  coal field (Table 3.14). Till  the 
year 1989, only 3 outbursts of gas  and  rock  had  occurred  and all these  occurred in Staric 
Colliery.  Most of these  outbursts  occurred in development  headings  where  blasting  is  the 
common  method for  advance, or as a part  of  control  method  in  their  initiation.  Studies  indicate 
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that  outbursts  have  occurred  only in coal  seams with volatile  matter  in  the  range of 14 - 32% 
and  in  seams  of  low strength,  increased  fracturing and  high sorption capacity.  Analysis also 
showed that almost all these outbursts have  occurred  in mines west of the  major fault 
(Michalovicki)  that splits the  coal  field  almost  into  two, at places  of  tectonic  disturbances or 
deformation of the  coal  seam at or in its  close  vicinity  (Cwik and Swidzinski,  1980). On the 
rise  side of this  fault, many  mines  experience  rock  bursts  (Skorbis  and  Janas,  1989). 

Outbursts  occurred also when  the displacement of the  fault  was  about 0.1 m.  As such, the 
amount  of  displacement  of  the fault is  not  important  in  an outburst. It is also  found  that  the 
liability of outburst of different  parts of the  same  coal  seam is different.  Studies  have  also 
shown  that  the  contact  surface  between  the  coal  seam  and  the  magmatic  intrusion  has  very  low 
permeability. The frequency of outbursts  decreases with increase in the  distance  from  the 
magmatic  intrusion. 

3 .7 .2  Slany Coal Field of Kladno-Rakovnik  Coal  Basin 

The  Slany  coal  field  covers  the  northern part of the  Kladno-Rakovnik  coal  basin.  Coal  deposits 
of all  the  four  series of middle  Carbonaceous  period  occur  here.  The  seams  are  rather  flat -5'. 
The  coal  field  has  cascade  structure  and is cut  across by two systems of faults.  The  older  faults 
run NEE - SWW and  the  younger  faults N N W  - SSE. Slany  coal  field is located in the  region 
of volcanics  and  basaltic  intrusions with C02 emission. 

A new  mine (Slany)  has  been  developed with a surface  property of 56 km2  with 83% of coking 
coal  reserves.  Two  shafts with depths of 1,202  m  (Gestellschacht) and 1,292  m 
(Gefasschacht)  were  planned. CHq  and CO;! gases  were  measured  at 80 - 120 m depth  below 
the  water  table  and  above  the  Carboniferous  rocks. 

During  the  sinking of the  first shaft (1986-88) six outbursts of C02 occurred in  the  sandstone 
bed  in  the Mirosover  horizon at depths of 814 - 909 m. All  these  outbursts  occurred  during 
blasting.  The outbursts occurred  in  medium-coarse  grained sandstone and fine grained 
conglomerates.  These  rocks have  low  uniaxial  compressive  strength  14 - 21  MPa  and tensile 
strength of 1.3 - 2.3 m a .  The  porosity is fairly high  12 - 17%  and  very  low  permeability 
10-17 - 10-18 m2/s. Gas pressure  measured in boreholes gave a value of 5.5 MPa  and 
horizontal stress component in these  beds  is  four  times  the  vertical  stress  component  due  to 
depth. Rocks  that are not liable to outbursts in  the area have a much  higher uniaxial 
compressive  strength  (average of 40 m a )  and  tensile  strength (average of 4.5 MPa)  and  lower 
porosity (-7%). Sinking of  the  second  shaft  (Gestellschacht)  started in 1986 and two  outbursts 
occurred  here. The characteristics of these  outbursts  are  given in Table  3.15 (Klepis and 
Minol,  1988;  Schreiber  et al, 1988;  Rocek  et  al,  1988;  Martinec  et al, 1989;  Smid  et al, 1989; 
Exner  et  al,  1991). 
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Table 3.14. Distribution of outbursts of gas and coal and  rock  in  Ostrava-Kawina  coal  field 
of Czech Republic (1894 - 1988) (Smid et al, 1989) 

Type of 
Excavation 

2 

Shafts 

Cross  cuts  in  rock 

Roadway  in  coal 

Rise  headings 

Longwalls 

Total 

J. Sverma 

3 

A 

- 

12 

92 

39 

37 

180 

Paskov 

4 

B 

- 

6 

86 

24 

20 

136 

A -  
B -  
c -  

Collieries 

St; 

5 

B 

- 

3 

87 

31 

9 

130 

6 

C 

Rudy  rijen 

7 

B 

Outbursts of coal, CHq,  CO;? 
Outbursts of coal, CHq 
Outbursts of sandstone, CHq 

Vitczny unor 

8 

B 

- 
7 

5 

1 

13 

Total 

9 

- 

22 

276 

103 

68 

469 



The  material ejected was fine grained. The outbursts  resulted in  the formation of a cavern, 
asymmetrically  placed in relation  to  the  shaft  axis,  below  the  excavated  level with a diameter of 
12 - 25 m (Lat  and  Kasparek, 1990). The  damage  to  the  shaft increased with increase in the 
volume of material  ejected. In the  outburst  that  occurred on 27.10.1986, the  shaft  was filled up 
to 50 m height with the  ejected  rock  that also damaged  the  sinking  gear  and  the shaft lining. 

Table  3.15.  Outbursts of rock in Slany  Colliery,  Kladno-Rakovnik  basin, 
Czech  Republic  (Exner  et al, 1991). 

Date of 
sandstone  outburst S. No. 
Weight  of Depth 

(m) 
4 3 2 1 
(0  

Gefhschacht - skip  shaft 

1 

3,100 908.7 10.08.1988 6 . 

600 897.2  4.05.1988 5 
1,700 886.0 13.01.1988 4 
4,000 856.0 21.10.1986 3 
2,500 83 1.5 24.06.1986 2 

120 8 14.5 9.04.1986 

Gestellschacht - main transport.shaft 

1 

4,310 901 .O 15.03.1990 2 
3,3 10  855.0 16.02.1989 

outburst 

62,000 24 
105,000  24 
72,400 7 
11,100  7 
82.000 6 

79,200 

3.7.3 Rosice-Oslavany Coal Field 

The  coal  formation  is of  the  Permian-Carboniferous  era.  Mining is being  conducted  at 1,400 m 
depth.  Only  one  seam, #1 with a thickness of 1.5 - 14 m with a dip of 28 - 40' is  mined. 
Large  changes in seam  thickness  create  difficulty in defining  the  outburst  probability  index. 
Strong,  but thin stone  beds  occur in  the coal  seam.  The  average  strength of coal is 4.5 MPa. 
At places  coal is much  stronger.  Low  strength of coal  and  strong  stone  beds  make  drilling  very 
difficult.  Till 1987, 5 outbursts of gas  and coal had occurred, 4 of these occurred in 
development  headings  in coal and  one  in  the rock (Rocek et al, 1988). 
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3.8 FRANCE 

Outbursts of gas  and  coal in France  have  occurred  in  the  following  coal  fields: 

Nord-Pas-de  Calais  (methane) 
Lorraine  (methane) 
Loire (methane) 
Dauphine  (carbon  dioxide) 
Centre  (carbon  dioxide) 
Gard (des  Cevennes)  (methane  and  carbon  dioxide) 

The  last  four coal fields are  located in different  parts of the  Central  French  massive.  The first 
outburst of carbon  dioxide  in  the  world  occurred  in  France in 1856 in Centre  coal  field  (Loiret, 
1910).  Also  the  first  recorded  outburst of methane  in  France  occurred  in  1843  in  Issac  Colliery 
in Loire coal field.  The  size of outbursts of gas  and coal  that  have  occurred in Gard  coal  field 
has varied in wide  limits.  This  prompted  the  formation of a 'Committee for Research in 
Outbursts' in 1913.  This  was  the first attempt to integrate the effort to control outbursts 
(Laligant, 1913). In  spite of enormous  research  conducted  in  France  in  the  area of outbursts, 
mining of coal  seams  liable  to  outbursts  was  discontinued  in  the 1980s in France. 

3.8.1 Nord-Pas-de Calais Coal  Field 

Nord-Pas-de  Calais  coal  field  is a continuation of the  Southern  coal  field of Belgium.  The coals 
belong  to  the  Permian  period of the  Paleozoic  era.  The  coal field forms a shallow  arch of 
100 km length  and 20 km width;  with a total  area of 1,000 km*. The  dominating  gas  is 
methane.  Coal seams are  thin  and  rarely  above 2 m thickness.  The  total  thickness of  about 50 
coal seams classified as industrial reserves is about  40 m. Coal is of wide  types,  from 
bituminous  to  highly  metamorphosed  and  right up to  anthracite.  Coal  reserves  were  estimated 
to be about  3.5 x 109 tonnes  to 1,200 m depth, and  at  places  mining  had  reached 1,200 m.  In 
its heyday,  this  was  the main production  coal  field in  France with most  reserves.  In  1990, 
production was only 200,000 tonnes and at present,  there  are no operating  mines  (Gabzdyl, 
1 994). 

During  the  period 1912-59,344 outbursts of methane  were  recorded  in thiicoal field. In 1938, 
the  largest  outburst  occurred in  Ricard  Colliery  at  240 m depth  where  1,270  tonnes of coal  was 
ejected  and  140,000 m3 of gas  was  liberated  (Belin  et  al,  1969). 

93 



3.8.2.  Lorraine Coal  Field 

Lorraine coal field is an  extension of  the Saar  coal  field of Germany. The coals belong  to  the 
Carboniferous period of the  Paleozoic  era.  The  depth in the  French  part of the coal field 
increases.  The  dominating  gas  is  methane. 70 coal  seams  had  been  classified  as  industrial 
reserves  and  have  thickness  varying  from  1.5 - 2.5 m. The  coal  reserves  are  estimated to be 
about 4 x 109 million  tonnes. A couple of  mines  are still operating (Gabzdyl,  1994).  40 
outbursts of gas  and  coal  occurred  in  this  coal  field  during  the period 1919-64  (Lama,  1991). 

3.8 .3  Loire Coal Field 

This coal  field is located in the  eastern part of the  French  massive.  It  has an elongated  shape in 
the NE-SW direction.  The  dominating  gas is methane. The first outburst  occurred  here  in 
Issac Colliery  in  1843  and  till  the  year 1980,26 outbursts had occurred in this  coal  field  (Lama, 
1991). 

3.8.4.  Dauphine Coal  Field 

Mining  in  this  coal  field  is  limited  to a single  thick  anthracite  coal seam with  high  dip  of 60 - 70" 
and  at  places 90". The  seam is highly  irregular  with  thickness fiom almost  zero  to 40 m, in 
general  15 - 20 m. A number of faults occur in this  area,  and  variable  stress field has  been 
noted.  Dominating  gas is methane. 

The first outburst occurred  here  in  1940 and till  1985,  275 outbursts were  recorded. The 
largest  outburst  occurred in  1983  when 3,330  tonnes of coal  was  ejected  with  130,000  m3 of 
carbon  dioxide gas (40 m3 of Codtonne of coal  ejected). Most  outbursts  have  been  induced by 
blasting  and  have occurred in development  roadways  driven  to  the  rise. 

Besides outbursts, pushing  out of coal, collapses of coal  from  20 - 70  tonnes  size  occur  in 
mines.  These  are  associated  with  high  carbon  dioxide  gas  emissions.  These  are  basically  the 
result of gravitational  force.  This  phenomenon is differentiated  from  small  outbursts  basically 
on  the dynamics of ejection of coal  mass.  Mining  was  discontinued  in  1985  in  this  coal  field 
(Belin  et  al,  1989;  Josien  and  Luneau,  1989). 
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3.8 .5  Centre Coal  Field 

The  first  outburst of carbon  dioxide  occurred in this  coal  field  in  1856  (Loiret,  1910)  and  till 
1986,  172  outbursts  were  recorded. 



3.8.6 Gard Coal Field 

G d  (des  Cevennes)  coal  field is located  in  the  south-east  part  of  the  French  massive.  The  coal 
belongs  to  the  Carboniferous  period of  the Paleozoic  era.  The  coal  field  is  divided  into two 
parts by a magmatic mass. The  western  part  'Grand  Combe' is of autochthonic  origin  while  the 
eastern  part is  fomed of  transported  material. 

In 1967, coal production  was  1.5 x lo6 tonnes, but during  the period 1955-63,  production of 
the  seams liable to outbursts was  stopped. In 1963 a new area,  de  Panissiere,  was  opened  and 
till 1969,51 outbursts were  noted  (Belin  et  al,  1969). 

The largest outbursts of  carbon  dioxide  occurred  along  tectonic  disturbances  in  Rochebelle, 
Fontanes,  Nord  d'Alais  and Tdlys Collieries.  Outbursts of methane  and  coal  basically  were 
limited  to  Bess&ges  region  in  Besskges,  Molikrs,  Gagnikres  and  Trklys  Collieries  (Fig.  3.15). 

The frst outburst  in  this  coal  field was  associated  with  carbon  dioxide  and  occurred  during  the 
sinking of a shaft  at a depth of 323 m in  Fontanes  Colliery on 1.04.1879  when 4,000 tonnes of 
coal  was  ejected.  The  largest  outburst  also  occurred in this  mine in 1921  with  5,200  tonnes of 
coal and 100,OOO m3 of carbon  dioxide.  Tables  3.16,  3.17  and  3.18  give  statistics of outbursts 
that  have  occurred  in this coal  field  during  the  period  1879-1921.  Outbursts  associated with 
carbon dioxide are  most  serious  both  in  terms of their size as  well  as  in  fatalities.  With  the 
introduction  and  extension of inducer  shotfiring on a larger  scale in collieries in this  coal  field 
from the  year  1900,  the  number of fatalities  per  outburst  and  per 10,OOO tonnes of production 
and  workers  employed  decreased  substantially. 

Table  3.16.  Outbursts  of CO;! gas and coal in Gard  coal  field  during  the  period  1879-1921 
(Loiret  and  Laligant,  1923). 

S .  No. 

1 
1 
2 

3 

4 

5 

' Description 
I 
I 

2 
No. of outbursts 

~ Total amount of 
' coal  ejected, 
1 tonnes 
~ No. of outbursts 
1 with fatalities 
i % of outbursts 
~ with fatalities 
No. of fatalities 

Period 
1879-99 

(43  years) (2 years)  (10  years) (10 years) (21  years) 
1879-1921  1920-21  1910-19 1900-09 

3 4 5 6 7 
I - I * - I - I 

23 
250321  39599  145753 63755 1214 

1107 110 . 523 45 1 

z 

5 

100 - 35 31 34 

1.3 0 0.9 0.9 21.7 

14 - 5 4 



Fig. 3.15. Gard coal field (Loiret and Laligant, 1923). 



Table 3.17.  Outbursts  of a and  coal  in Gad coal  field  during the period 1886-1921 
(Loiret  and Ldigant, 1923). 

S. No. 

1 

Description 

4 3 2 
(10  years)  (14  years) 
1900-09 1886-99 

No. of outbursts 
Total  amount of 
coal  ejected, 
tonnes 
No. of outbursts 
with fatalities 
% of outbursts 
with fatalities 
No.  of fatalities 

77 
51  19 1075 

170 

1 

16 2 

4.1 1.3 

7 

(10  years) 
7  6 5 

(36  years) (2  years) 

I Period 
1910-19 I 1920-21 I 1886-1921 

" 

" 

- 

240 
4676 

2 

0.8 

3 

12 
327 

1 

8.3 

1 

499 
1  1197 

11 

2.2 

22 

Table  3.18.  Characteristics of outbursts of C02 and C& in  Gard coal  field 
during the period  1879-1921  (Loiret  and  Laligant,  1923). 

Description 

2 
Total number  of 
fatalities 
Underground 
workers 
Production 
(x 103 tonnes) 
Ratio of fatalities 
to  number of 
outbursts (%) 

Number of 
fatalities  per 
loo00 workers 
per Year 
Fatalities per 
million  tonnes of 
production 

T Period 
1879-99 

(21  years) 
3 

36 

7000 

39698 

6.0 

2.2 

0.9 

1900-09 
(10 years) 

4 
47 

7700 

19441 

1.7 

6.1 

2.4 

1910-19 
(10  years) 

5 
38 

8OOO 

21  145 

0.9 

4.7 

1.8 

1920-2 1 
(2  years) 

6 
1 

8300 

3339 

0.8 

0.06 

0.3 

1879-  192  1 
(43  years) 

7 
122 

- 

83623 

1.5 

3.7 

1.5 

1 

c 
Over  the  period  April  1878  to August 1968,6318 outbursts  occurred  in  Gard coal field (Belin 
et al, 1969). This included  350  outbursts  that  occurred  during  normal  working  and  these 
caused  171 fatalities. The  amount of material  ejected  in an outburst  varied  from 20 - 5,500 
tonnes  with  carbon  dioxide  as  the  most common gas.  Methane  associated  outbursts were rather 
rare (Josien  and  Lurneau,  1989). 
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3.8.7. Control Methods used in France 

As in  the UK, the  French  were  quick to correlate  the Occurrence  of outbursts  to  regions of 
tectonic  disturbances.  They  also  noted  that  advance  drilling  ahead of  mining is  not  always 
reliable and  at times can initiate outbursts. By the  end of the  19th  century  (Lange,  1892) 
propagated  inducer  shotfiring in France  as a method  for  initiation of outbursts. In spite of a 
number  of  negative effects, this  method  was  widely  used in virtually  all coal fields in France 
and  was also introduced in most of the  coal  fields of the  world  facing this problem. 

The French  were also quick to  recognise  that  outbursts of  gas  and coal is one of the  dynamic 
phenomena  that  occur  in  coal  mines.  The  other  such  phenomenon  is rock bursts  and  they  used 
destressing  and  degassing  by  prior  extraction of coal  seams  that  are  less  liable  to  outbursts. 

The  other  method  used  in  the  control of outbursts was  to  develop  roadways  in  thick seams just 
under  the  roof. 

Methods  used  for  the control of outbursts  also  included  the  following  (Anon,  1957;  Belin, 
1969): 

Removal of remnant  pillar 
Mining of coal with straight  faces 
Support of roadways with chocks in seams  liable  to C02 outbursts 
Reduction of development  rates. 

3.9 GERMANY 

Outbursts in Germany  occur  in  Aachen  and  Ruhr  coal  fields.  Because  of  special  geotechnical 
conditions and liability to outbursts of coal seam, Ibbenbiiren  coal  field,  though  it forms a part 
of the Ruhr, is  usually  stated  as a separate  coal  field and is treated  separately.  Outbursts in 
Aachen  have  been  very  sporadic  (Noack et al, 1983).  Presently no coal seams liable to 
outbursts  are  mined  in  Aachen  and  Ruhr  coal  fields, with  the  exception  of  Ibbenbiiren. The gas 
associated with the  mining of coal  seams  in  Germany is only  methane  and  the  depth  of  mining 
now exceeds  1,400 m (at  Ibbenbiiren). 

> 
3.9.1 Ruhr Coal Field 

Coal  deposits of  Ruhr coal field  belong to  the  Paleozoic-Carboniferous  era.  The  Westfalia is 
the  main  period of deposition of these  rocks.  The  number  of  coal  seams is almost 300 with 
thickness  from a few  cm to -5 m and  varying  dip  (from  almost flat to  steep -45"). The 
formation of gas and  the maturity of coal  seams  ended  virtually  with  the  Upper  Westfalia 
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periad. This was followed by a period  of  degasification of the coal fields. As a result,  the 
minimum gas content of 8 m3/t exceeds  only  at  fairly large depths.  The  exception  to this 
general  rule is in areas  where  the  Carboniferous rocks formed a low  permeability  capping  or  in 
coal  seams of later coalification  period.  The  oragenic  processes  created a complex  structure. 
The  macro  folding (6 anticlines and 7 synclines)  as  well  as a large  number of faults  divide  the 
coal  field into a series of blocks.  Gas  and  coal  outbursts in the  Ruhr  coal  field  have  occurred  in 
Hugu,  Nordstern and Haard  Collieries. 

Outbursts of gas and coal started in Ruhr coal field  in  1903. These early outbursts were 
dispersed,  sporadic  with no inter-relationship with each  other.  For  example,  during  1956-70, 
21 outbursts occurred in the  Ruhr  and  Aachen  coal  fields.  During  this period, the  largest 
outburst  ejected 220 tonnes  of  coal  and 66,000 m3  of methane  gas  and  it  occurred in the  main 
'Maria Hauptschacht' Colliery on  26th July, 1958 (Palm and  Menneking,  1977;  Kowing, 
198 1). 

Most recent data on  outbursts in Ruhr  coal  field  and  Ibbenbiiren  coal  field is given by  Noack 
(1955)  together  with  their  classification  (types)  as  applicable in  Germany  (Table  3.19). 

A major  part of the Ruhr  coal  field is free  from  outbursts of gas  and  rock,  but  outbursts of gas 
and coal,  high  gas  emissions  and  other  sudden  liberation of large  amounts of  gas  have  occurred 
frequently  over  the  period  without  any  dominant  years. During 1970-93,98 outbursts  occurred 
in the  Ruhr. 

It is  worth  noting the occurrence of heavy  floor  emission  i.e.  outbursts of floor in German  coal 
fields.  During 1979-83,26 such  Occurrences  took  place  in  Ruhr  and Saar  coal  fields  (Noack  et 
al,  1995).  According to Hinderfeld  et al, (1991),  these  were also noted  since  1969. At times 
these floor bursts emitted up  to 100,000 m3 of gas  within 72 hours  (Ewald Colliery, 26th 
February,  1985).  Maximum  average  emission of 0.58 m3/s  was  noted in Monopol  Colliery  on 
29th  August, 1973 in which 50,000 m3  of gas  was  emitted  in 24 hours.  It is worth noting  that 
a large number  of  rock  bursts  occur in Ruhr  coal field, a phenomenon  associated  with  high 
stress and strong rocks.  Floor  burst is a phenomenon  associated  with  strong  floors.  Most 
outbursts  in  Ruhr coal field  have  occurred  in  development  roadways.  Most of  the  mines  are 
now closed. In 1995,  only 9 mines  are  operating  and  none  of  these  mines  has  outbursts. 

c 

3.9.2 Ibbenburen Coal Field 

Ibbenburen  coal field is located  about 90 km north  of  the  Ruhr  Valley. The Ibbenburen  coal 
measure  is  an  elevated  carbon  horst of about  2,000  m,  and is an isolated  block of 15 km length 
and 5 km width  with a total  area of 60 km*. The block has  been  divided into several  panels by 
transverse  faults.  Some  seams  outcrop at the  surface  (Paul,  1974). 
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Table 3.19.  Gas outbursts in North  Rhine-Westfalia 
from  1970-1993  (Noack et al, 1995) 

I Year Outbursts of I Outbursts of I Heavv floor I Other sudden I Total I 
gas and coal 

* Figures  in  parentheses  represent  occurrences  at  Ibbenbiiren; figures not in 
parentheses  indicate  occurrences in North Rhine-Westfalia  without  Ibbenbiiren. 

During  Upper  Cretaceous,  this  coal was  subjected  to  secondary  coalification  which  resulted  in 
the  build  up of methane  gas to a fairly  high  value  and  increased  the  degree of coalification from 
bituminous  to  anthracite  (Kowing,  1977,  1981).  This  also  caused  changes in the surrounding 
rocks particularly  the  porous  sandstones which  were  enriched  with  methane.  These  must  have 
had  high  permeability  to  allow  migration  of  gas. At later  stages,  the  porosity of sandstone  beds 
decreased,  resulting in closure of pores.  As a result,  outbursts  in  Ibbenbiiren  occur  not  only in 
the  coal seams but also in the sandstone  rocks  occurring  in  the  area. 

c 

The two coal seams  that  are  most  liable to outbursts  are  #53  and  #54. In  seam #59  only  one 
outburst occurred  till  1982  (Noack  et  al,  1983)  with  the  occurrence of subsequent  outbursts  in 
later years  (Noack  and Pollack, 1987).  Seams #53 and #54 have  thickness of 1.0 - 1.1 m and 
1.5 - 2.0 m respectively  and  are  mined  at  depths of 1,150 - 1,400 m. The  dip of the  seams is 
18' and have a separation of 20 - 30 m. The  rock  temperature  at  1,400 m depth  is 45OC. The 
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desorbable  gas  content  is  18 - 22  m3/tonne  and specific gas emission is 100  m3/tonne with a 
maximum  value of 160 rn3/tonne  (Paul,  1980). 

During the  period 1970-93, 240 outbursts occurred in this coalfield which included 84 
outbursts of gas  and coal  and 55 outbursts of gas  and  rock.  There  have  been  no  outbursts of 
gas  and  rock  since  1983. No outbursts of floor have  occurred in this  coal  field.  Table  3.20 
shows  the  variability of outbursts in these two coal seams. Paul  (1980)  associates  this  with  the 
difference in the  structure of two  coal  seams.  Seam  #54  has  stronger  coal  bands  compared  to 

Table  3.20.  Characteristics of outbursts of methane  gas  and  coal 
in  Ibbenbiiren  coal  field 

smo. 
1 
1 

2 

3 

4 

5 

6 

Coefficient 
2 

Length of roadway 
driven/outburst, m 

Area  of  seam mindoutburst 
(m2) 

Frequency of occurrence of 
outbursts 
Roadways  and rise  headings 
Longwalls 
Tectonic  disturbance - 
Size of outburst (t) 
Roadway and rise  heading 
Longwall 

Volume of  gas (m3) 
Roadway  and  rise  heading 
Longwall 
Occurrence of outbursts 
depending upon type of work 
(from a population of 172 
outbursts) - 
Shearer  operation 
Face  operation  of  the  seam 
Continuous  miner  operation 
Stress relief  boring 
Loading  with a side tip loader 

Longwall  operation 
Ploughing 

Blasting 
Drilling 

12% 

9 66 

140/172 
28/172 
1/172 
2/172 
1/172 

In developmenr 
Blasting 
Drilling of destressing  holes 
Loading 
Other  ouerations 

101 

132 
2 

21 
5 

1 
- 

10 

1 
- 

14 
1 
1 
1 

Reference 
5 

Noack et al(1983) 
(Status till 
30.06.1980) 
Noack  et al, 1983 
(Status till 
30.06.1980) 

Noack et al, 1983 
(Status till 
30.06.1980) 

Noack  et al,  1983 
(Status  till 
31.12.1982) 

Paul,  1980 

:statu6 till 
1.07.1983) 
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#53 which is slightly softer  and  has finer micro  structure.  Seam #53 is used as a destressing 
seam  wherever  possible. 

It is worth noting  that  the  strength of coal in Ibbenbiiren  coal fields in the  two  seams  liable  to 
outbursts  is  comparatively  high -15 MPa.  High  depth  and  high  gas content is the  major  cause 
of outbursts  in this coal  field. 

Mining  of  longwall is done  using both shearers  as  well as ploughs.  Roadways  are  driven  with 
blasting  and  using  continuous  miners.  Control  methods  include  gas  drainage,  destressing  holes 
and  control  blasting. In #59, one  outburst  occurred  during  the  drilling of destressing  holes. 

3.10 HUNGARY 

Outbursts of gas  and  coal  occur in the  Mecsek  coal  basin  which  belongs  to  the  Jurassic  period 
of the  Mesozoic  era.  The  coal bearing deposits have a thickness of 600 - 800 m. The  floor 
rocks  are of sandstone and upper  lying  rocks  are  marls of lower  Triassic  era.  The dip of the 
seams  varies  between 30 - 60". In one of  the regions (Komlo), dip  increases to 80". Fig. 3.16 
shows  the  location of Mecsek coal deposits  in  Hungary.  The  coal  deposits  are  highly  deformed 
tectonically.  The  basin  has  high  thermal  gradient. At 550 m,  the  rock  temperature is 42OC and 
this increases  to 51°C at 750 m. 

A large  number  of  coal  seams  exist.  Out of 175 coal  seams  that  have  been  recognised,  only 
19 - 26 seams are economically  viable.  The  geological conditions of these coal seams  can 
change  within a few  metres  and  this  reflects  the  effect  of  enormous  tectonic  forces.  The  eastern 
part of the  coal  field is interrupted  both  on  the  strike  and  dip by eruptive  intrusions.  Starting 
from the centre is a tertiary  wash  out  that  has  gradually  enlarged  to  the  west  and  has  removed a 
part  of  the  coal  measures  and fdled it with conglomerate,  sand  and  limestone  sediments. 

The  dominating gas is methane  and the gas content of coal  seams  is  variable.  Almost  half of the 
coal  seams  are  liable  to  outbursts.  Coal with high  gas content is weak  and  deforms  showing 
time-dependent  deformation  when  exposed. 

The  first  outburst  occurred  in  Mecsek  coal  field in 1894 and a secondary  outburst  occurred at 
the  same  place  the  next day, killing  two  miners.  Since  that  time  about 600 optbursts have 
occurred in this  coal  field  till 1989. 

On 4th  November, 1957, at a depth of 480 m, an outburst  occurred with a delay of 36  hours 
after  inducer  shotfiring.  This  outburst  ejected 1,400 tonnes of coal and  released 273,000 m3  of 
methane,  but  did  not  result in any casualties.  The  largest  outburst in this  coal  field  occurred  in 
Zobak Colliery  in 198 1 which  ejected  1,800 t of coal. 
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Fig. 3.16. Location of Mecsek Coal Basin, Hungary (Szirtes, 1964). 
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Because of a large number of delayed  outbursts,  inducer  shotfiring as a control method  has 
been  greatly  limited.  Hydraulic  washing  away of the  coal  seams  ahead of the  face is the  most 
common  method  when  developing  headings  or  when  cross-cuts  are  to  be  intersected  (Szirtes, 
1964,1971; Kovacs,  1974;  Janositz  et  al,  1989). 

3.11 JAPAN 

In Japan  outbursts  have  occurred in two coal  fields  located in Hokkaido  and  Kyushu  Islands. 
Both gas and coal, and  gas  and rock outbursts  have  occurred in Japan  and  the  dominating  gas is 
methane.  Sugawara et  al(1995) have  presented  an  analysis  of  outbursts  in  Japanese  coal  fields 
with some details  provided by  Ujihira  and  Higuchi  (1986). 

The coal  measures  in  the two coal  fields  belong  to  the  Eocene  and  middle  Oligocene  age.  Most 
parts are of lacustrine origin although  intercalated by marine or brackish facies in  several 
horizons.  The coal seams in  the  basin  have  surrounding  rocks  consisting of shales  while the 
basement  consist of fine and  coarse  grained  sandstone.  Coal  seams are rich in vitrinite (-60/40- 
40/6Q vitrinitelclarite  ratios)  (Shibaoka,  1971).  These  are  highly  disturbed,  faulted  and  folded 
and  intruded with volcanics and  with  the  presence  of  slickensides  and loss of structure  with  low 
strength  cause  outbursts. 

The characteristic  geological  conditions  that  favour  outbursts in  the  Japanese  coal fields have 
been  described  as  follows: 

Regions  with  tectonic  disturbances 
Regions  disturbed by  volcanics 
Changes  in seam thickness 
Changes in direction of strike  and  configuration of surrounding  rocks 
High gas content and  brittle  coal  with  low  strength. 

3.11.1 Hokkaido and Kyushu Coal  Fields 

During  the  period  1926 - 86,920 outbursts  were  registered  in both the  coal  fields.  Out of these 
525 occurred in Hokkaido and 395 in  Kyushu.  All  outbursts  that ejected more than 1,000 m3 
of coal or rock took  place  in  Hokkaido  coal  field. > 

The first outburst occurred in  Miike  at  Suyama Colliery at a depth of 573 m. The largest 
outburst of coal  and  gas  occurred in  Yubari  Colliery  in  1981  at a depth of 1,138 m. There  have 
been  no  outbursts after this last  outburst in Sunagawa  Colliery  till  1986.  The  distribution of 
outbursts  in  the  two coal fields in  the  period  1941-87 is given  in  Fig. 3.17. The  maximum 
number of outbursts  occurred in 1962 and after  that  the  frequency  has  dropped  due  to  closure 
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of some mines in Kyushu  region with high  danger of outbursts and  the introduction of 
preventive  measures  such as gas  drainage  adopted  on a wide  scale  in Hokkaido region. 

Outbursts of gas  and coal also  occurred in Ishikari  coal field which is a part of the  Hokkaido 
coal field. Outbursts occurred  here in sandstone associated with  three coal seams.  The 
distribution of these  gas-rock  outbursts is shown  in  Fig.  3.18. 98 outbursts  occurred in 1968 
and  most of these  occurred in  the  cross-cuts  intersecting  the  coal seams at  1,100 m depth. 

Fig.  3.19  shows  the  location,  distribution  and  size of the  caverns in these  gas-rock  outbursts. 

Figs.  3.20  and  3.21  show the relationship  between  coal  and  gas,  and  rock and gas in outbursts 
in Japan  plotted  on  logarithmic  scale. A log  linear  relationship  seems to exist  between  the 
ejected  mass of coal/mck and gas  emitted  associated with them. 
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Fig. 3. 18. Statistics of 
gas-rock  outbursts 
(Sugawara  et  al,  1995) 

l a  

16 

14 

a K y u s h u  Hokksid~ 
Y e u  

105 



Fig. 3.19. Condition of field where  gas  outburst  generated 
(Hombetsu Coal  Mine)  (Sugawara et al, 1995). 
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Fig.  3.20.  Relationship 
between  quantity  of 
outbursted  coal  and  quantity 
of outburst gas at  generation 
of gas outburst 
(Sugawara  et al, 1995). 

Fig.  3.21. Relationship 
between  quantity  of 
outbursted  rock and quantity 
of outburst gas at  generation 
of gas outburst 
(Sugawara et al, 1995). 
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3.12 KAZAKHSTAN 

Karaganda coal field that  lies in Kazakhstan, is 120 km long  and 30 - 60 km wide  (Fig.  3.28). 
It covers an area of 3,000 km2. Coal  seams in this coal field belong  to  the  Carboniferous 
period  and cover the central  part of a wide  synclinorium  dominated by three  synclines. The 
Carboniferous rocks have a combined  thickness of 4,500 m. 80 coal seams  occur  here  with a 
total  thickness of 110 m. 30  coal  seams with a thickness  varying  from 0.6 - 8 m are  mineable 
with coal  rank  varying  from  bituminous-gassy  to  anthracite.  Total  coal  reserves  are  estimated 
to be about  25 x 109  tonnes. 

Most mines are operating at depths exceeding 600 m and some have reached 750 m. 
Dominating gas is methane.  With increasing depth, the number of coal seams liable to 
outbursts  has  increased,  from 18 in 1980  to  21  in  1988.  The  minimum  depth of occurrence of 
outbursts is 400 m. The distribution of outbursts is given  in Table 3.21.  According to 
Vylegzhanin et a1 (1990, p. 229), in  Kazakhstan, all the 38 methane  and coal outbursts 
occurred  in  development  workings. 
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Table  3.21.  Distribution of outbursts in  Kazakhstan  (Smorchkov  et  al,  1989). 

Period 
1946-50 
1951-55 
1956-60 
196  1-65 
1966-70 
1971-75 
1976-80 
1981-85 
1986-88 

No. of outbursts 
- 
- 
5 

14 
10 
8 
4 
4 
- 

Control  methods  include  inducer  shotfiring, gas drainage  and  hydraulic  perforation  (Zabigailo, 
1978;  Morozov  et al, 1979;  Smorchkov  et  al,  1989;  Airuni  et al, 1989). 

3.13 POLAND 

There are two coal  fields where  outbursts  have  occurred: 

Lower Silesian  coal basin 
Upper  Silesian  coal  basin. 

3.13.1 Lower Silesian Coal Basin 

Most  outbursts in Poland  have  occurred  in  the  Lower  Silesian  basin  located  in  the  south  west  of 
Poland which covers an area of 600 km2. The coal  seams  are of Carboniferous  period 
belonging  to  the  Westfalia  and  Namur  series. A total of 80  seams  occur,  mostly of high  grade 
coking coals, semi anthracites and  anthracites  (Type  31/12  and  42 of Polish classification) 
(Lipiarski,  1990). 

The  coal  field  has  been  invaded by volcanics  which  penetrate  the  coal  seams  as  sils  and  dykes. 
High tectonic  activity  has  occurred in this area  with a large  number  of folds and faults  that  have 
greatly  deformed  the coal seams. As a result,  the  whole of the coal field has  very  complex 
structure. The main  gases  are  methane  and  carbon  dioxide.  Carbon  dioxide is of endogenic 
origin  (Kotarba,  1990;  Kotarba and  Rice,  1995)  which  has  been  injected  into  the coal seam 
from the volcanic rocks through a system of faults and joints and porous sandstone 
(Suchodolski, 1957). Methane  is  mostly of thermogenic origin. Some  mines also have 
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nitrogen  which  at  places  reaches  15  m3/tonne  and is comparable  to  the  methane  and  carbon 
dioxide  content of coal (Cyrul,  1992). 

Coal  mining  is  done in two districts, Walbrzych  (Victoria,  Walbrzych and Thorez  Collieries) 
and  Nowa  Ruda  (Nowa  Ruda  Colliery  which  has a number of districts). 60 coal seams  occur 
here  with  the  thickness of the  seams  varying  between 0.6 - 3 m and dip from 15" - 90" in 
Victoria  and  Nowa  Ruda  Collieries  and  18" - 30" in other  mines.  The  depth of shafts had 
reached 800 m. Method of mining  is  longwall  advancing.  Specific  gas  emission  at places 
reaches  12  m3/tonne of methane  and  38  m3/tonne of carbon  dioxide (Polak, 1990). 

Outbursts of gas and  coal  are  not  associated  with  any  stratigraphic  level, but are  associated  with 
the  tectonics  (Cis  and  Suchodolski,  1964).  Figs.  3.22  and  3.23  show  the  main  structures  and 
dispersed  outbursts  and  outburst  clusters. 

In the  Nowa  Ruda  coal field, outbursts  have  occurred  across  the  field  (Suchodolski,  1977), 
with  the  horizontal  thrust  movements  playing a dominant role where coal had  undergone 
shearing  and  pulverisation.  Coal seam  410/412  also  called  'Roman'  seam is a typical  example 
where  the  structure of coal  has  been  completely  destroyed  at  places. 
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7. a gneiss 
3 porphyry 
4. JzO contour line * o 
5. ' single  outburst 
6. 0'. occurnulotion of out- 

7 * outburst ctusteFbU'3tJ 
8. ,/ boundary [edge) 

foult down 
9. u.Z .G. Zamkowo Gdra 

fault down 
1O.u.  V. i c .  Victoria foult 

down 
I1.u.W. Wokowice fault 

down 
12. u .  L. Lisionki foult 

down 
13. I Zochodni foul? 

down 
14. I I  system o f  parollel 

foul[ downs 
15. u.Vl, u X V I I  fault downs 

with numeration 

Fig.  3.22.  Outbursts  and  tectonics  in  Walbrzych  coal  field 
(Suchodolski  and Hardygh, 1995) 
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Fig. 3.23.  Outbursts  and  tectonics  in  Nowa  Ruda  coal  field 
(Suchodolski  and  Hardygdra,  1995) 

Main characteristics of outbursts have been carefully  published by the 'Commis&on on Safety 
against Outbursts of Gas and Coal'; Kruk et a1 (1963)  for  the  period  1894-1960; Jaros (1969) 
for the period  1961-67; Szewczyk (1976) for the period 1968-71;  Szewczyk  (1978) for the 
period 1972-76;  Szewczyk (1983) for the period 1979-82;  Janczykowski  (1985) for the period 
1983-84;  Szewczyk  and  Kolecinski  (1987) for the period 1985-86;  Szewczyk and Kaczkowski 
(1992)  for  the  period  1987 - till 31st August,  1992. 

110 

- " " ~ ~ _" _"_ ""_ """""""" 



Szewczyk  and  Kaczkowski  (1992)  have  classified  the  outbursts  that  have  occurred  from  1894 - 
31st August, 1992 as follows: 

Outbursts  in main development  roadways - 10.1% 
(in  that shafts and subshafts - 0.9%,  cross cuts - 9.2%) 
Development  roadways  in  coal - 79.7% 
(in that  roadways on strike - 56.4%, dip  rise  roadways - 11.7%) 
Longwalls  and  shortwalls - 10.2%. 

From 1894-1981,447 fatal  accidents took  place.  Out  of  these,  243 fatalities occurred  in  main 
development  roadways. Absence of advance knowledge of geotectonic conditions is 
considered as the  main  cause  of  these  fatalities  (Polak  and  Szewczyk,  1983)  and  the  occurrence 
of outbursts. 

Based  upon  the  analysis of 1,729  outbursts,  Szewczyk  and  Kaczkowski  (1992)  have  classified 
outbursts  based upon the  type  of  work at the  face. 

Cutting - 1,559  (90.2%) 
In that  Blasting - 1,547 (89.5%) 

Hand  pick  work - 8 (0.46%) 
Pneumatic  pick - 1 (0.06%) 
Undercutting  with a coal  cutter 

Drilling of hole - 7 (0.40%) 
Face  and  roof  dressing - 12  (0.69%) 
Opening  of  shot  firing  barrier - 1 (0.06%) 
Reasons  unknown - 150  (8.68%) 

3 (0.17%) 

The first outbursts associated with  carbon  dioxide  occurred  at 80 m depth in 'Zofia'  Colliery 
close to  Walbrzych  and  this was the  shallowest  outburst  in  Poland.  Two  outbursts with the 
most  tragic  catastrophic  consequences  were: 

Delayed  outburst in Waclaw  Colliery  (closed)  that  occurred on 9th  July,  1930  and  caused 
15 1 fatalities. 
Outburst  that  occurred in 'Piast' region  of  Nowa  Ruda Colliery on \Oth May,  1941 that 
killed 187  miners. 

The biggest outbursts in this  coal  field  occurred  in  'Franciszek'  coal  seam  in  'Piast'  region of 
Nowa  Ruda  Colliery on 22nd  October, 1958. This  outburst  ejected 5,000 tonnes of coal  and  it 
is estimated  that  about  750,000 m3 of gas  was  liberated  (Kruk  et al, 1963). 
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Control  methods in this  coal  field  include: 

Use of destressing  seams 
Inducer  shotliring. 

Since 1990,  most  mines  in  this  area  are  being  closed.  Further  mining  will  continue  only in 
anthracite  parts of Walbrzych  Colliery. 

3.13.2 Upper Silesian Coal Basin 

The Rybnik coal field of  the  Upper  Silesian  basin  has  experienced  outbursts  but  to a much 
minor  scale. This coal field  has an area of 1,300 km2  and is located in the  southern  part of 
Poland, on the  border of  Czech  Republic  (Fig. 3.24). Coal is of upper  Carboniferous period of 
Westfalen  and Namur formations.  Almost 60 m of coal  in a large  number of coal seams  with 
thickness M.8 m occurs in these  formations  (Lipiarski, 1990). The coal field  has  also  shown 
volcanic  activity with the  Occurrence  of  andesite  and  basalt  intrusion.  Coal,  when  in  contact 
with volcanics, suddenly increases in rank and  in coking properties, from coking to 
anthracisation and graphitisation. The  western part of this coal field has  undergone  high 
deformation with a number  of  dislocations  and  faulting  with  throws from 400 - 1,200 rn 

Dominating  gas is methane (86 - 99.6%) (Kotarba, 1990) with  nitrogen  up.  to 14%, carbon 
dioxide up to 1.4% and  higher  hydrocarbons  up to 6%. Methane is of thermogenic  origin  that 
is generated  during  coalification  process.  Maximum gas content  reaches up to 32 m3/tonne 
(Kobiela  et al, 1984). In the  whole of  the Upper  Silesian  coal  basin,  Hilts  law  seems to be 
fairly  applicable, i.e. the  gas  content  increases  with  depth.  However, in the  Rybnik coal field, 
there  is no relationship of gas  content with depth  (Borowy  et al, 1988; Cyrul, 1992). 

The  thickness of  seams varies from 0.9 - 4.2 m and  dip  from 0 - 30' and  at  places  in  the  vicinity 
of faults up  to 90'. 16 mines  are  in  operation  and  in  some  mines  shaft  depth  has  reached 
800 m. The  method  of  mining is both  longwall  advancing  and  retreating. 81% are caving 
longwalls  and 11 % use  stowing.  Length  of  longwall  faces  varies  from 160 - 200 m and  mining 
sequence is from top to bottom  (Polak, 1990). 

Borowski (1971) based  upon  the  dynamics of gas  emission,  predicted  that  outbyrsts  are  very 
likely in the  Rybnik coal field  as  these  are  quite  common  in  the  Ostrava-Karvina  coal field 
across  the  border in Czech  Republic.  Gas  drainage is a common  practice  in  the  Rybnik coal 
field and  this  has  helped  reduce  the  danger  (Kobiela  et al, 1988). As such,  outbursts  that  have 
occurred  are either sporadic  or  dispersed  (Borowy  et  al, 1988; Struminski and Suchodolski, 
1993). 
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Fig. 3.24. Tectonics  outline of  the  Upper  Silesian  Coal  Basin  and 
localisation of CHq  and  rock outburst  hazards  (Suchodolski  and  Hardygbra,  1995). 

Kobiela et al(1988) have  noted  four  outbursts in the  Upper  Silesian  coal  basin.  Out  of  these 3 
occurred in the  Rybnik  coal  field.  The  largest  outburst  ejected 90 tomes and  about 5,000 m3  of 
gas  and  this  occurred  in 1985 in 'Zofi6wka'  Colliery in the  exploration  heading  driven  towards 
a fault. 

3.14 REPUBLIC OF SOUTH AFRICA 
> 

Outbursts in South Africa  have  occurred  only  in  Twistdraai  Colliery  (Secunda  coal field) in the 
main Karoo coal basin,  Eastern Transvaal Province  (Anderson,  1995).  The  sedimentary 
deposits  in  this  area  belong  to  the  Dwyka  formation  diamictices  at the  base  of  the  Karoo  basin 
to the coal bearing deposits of  Vryheid  formation of the  Ecca  group.  The  Ecca  group  rocks 
comprise of various  gritstones,  sandstones,  siltstones and  shales. 
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Four  coal seams occur in the  Twistdraai  Colliery.  The #4 coal  seam is the  only  seam  mined in 
this  area with methane  as  the  dominant  gas.  Dolerite  sills  related to the  Drakensberg  volcanism 
occur  regularly  throughout  the  entire  coal  field.  Dolerite  sill #B8 cuts  into  the  coal  at  numerous 
places  in an erratic manner (Fig. 3.25). 

The  mining  method is bord  and  pillar  and  thickness of the  seam  mined  varies  between 2.8 - 3.1 
m. Seam dip is almost  horizontal.  Outbursts  have  occurred  where the excavations  intersect  the 
dyke.  The fist four outbursts occurred when a roadway  intersected  the  dyke  from  the rise 
side.  The  fifth  outburst  occurred  when  the  dyke  was  intersected from the  dip  side.  The  size of 
outbursts  seems to be less than 200 tonnes. 

The  first  outburst (18th February, 1993) occurred when a diesel  driven LHD was  loading  the 
coal.  Another outburst occurred when  the  heading  was  being  brushed.  Advance drilling is 
practised to locate the  dykes  and  blasting is done  to  control  unexpected  outbursts  (Figs.  3.26 
and  3.27). 
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Fig.  3.25.  Section  through  disturbed  zone  between 10 and 11 crosscuts 
in Panel FU 70 West,  Twistdraai  Shaft  (Anderson, 1995). 
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Fig. 3.26. First Outburst 18.2.1993, Twistdraai  Shaft  (Anderson, 1995). 

d 

Fig. 3.27. Fifth Outburst 3.3.1994, Twistdraai  Shaft  (Anderson, 1995). 
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3.15 RUSSIA 

The  five  most  important  coal  basins in  which  outbursts  occur are (Fig. 3.28): 

Kuznetsk  coal basin, 
Pechora coal basin, 
Yegonhinsko-kamenski coal field  and 
F a  East  coal  basins, 
Donest  coal  basin - Rostov  coal  field. 

The  eastern part of the  Donetsk  coal  basin  which forms a part of Russia  and is called  as  Rostov 
coal field  has six mines  which  are  liable to outbursts. This has  been treated  together  with  the 
main Donetsk  basin  which  lies  in  Ukraine. 

Fig. 3.28. Principal  coal  basins of Russia,  Kazakhstan  and  Ukraine  (Walker, 1993). 
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3.15.1 Kuznetsk Coal Basin 

The Kuznetsk  coal  basin  covers an area of 23,000 km2. The  coal  bearing beds belong to the 
Carboniferous, Permian,  Triassic  and Jurassic periods. About 90%  belong to the Permian 
period.  Coal  reserves  to a depth of 1,800 m are estimated to be about  800 x 109 tonnes,  and  to 
600 m depth  288 x 109 tonnes  including 73 x 109  tonnes  of coking  coal. 41.5%  of reserves  are 
in thick  seams  (>3.5  m)  and  27.3% of reserves  are in thick  and  steep  seams.  Over 100 seams 
occur here with a total  thickness of 200 m and  are  considered as mineable.  Mining is done in 
14 regions  (coal  fields) in  seams  of  thickness  varying  from  0.7 m to  more  than 20 m. The dip 
of seams varies  from  horizontal  to  vertical.  Dominating  gas  is  methane. 

Most coal seams  have a complex  geological  structure.  These  contain  rock  partings  and  hard 
bands. The coal seams  are in general  folded  and  flanks of large  folds  have  secondary  folds. 
Faults with  large  throws  occur.  Roof  and  floor  rocks  are  argillites  and  sandstones. 

Most outbursts (and  rock  bursts)  occur  in  Kemerovo  and  Prokopensko-kiselevski coal fields 
where  inclined and steeply  inclined  seams are mined  (Vylegzhanin  et  al,  1990).  The  number  of 
mines experiencing outbursts has  increased  from 14 in 1980 to 23 in 1988  and 26 in 1995 
(Smorchkov  et  al,  1989;  Vasilchuk,  1995).  Almost 90% of  the coal seams are  considered  liable 
to outbursts.  Most  outbursts  occur  in  development  headings,  and  only 4%  of outbursts  occur 
on longwalls  (Vylegzhanin  et  al,  1995). 

The first outburst  occurred  in  this  coal  field  in  1943 in #9 Colliery  during  development. The 
minimum  depth of Occurrence  of outbursts  is 150 m at  gas  pressure of 12 - 15 MPa. The 
frequency of  Occurrence  of outbursts  for  the  period  1946-88 is given  in  Table 3.22. Roof  and 
floor  outbursts also occur  in  this  coal  field. 

Table  3.22.  Distribution  of  outbursts  in  Kuznetsk  coal  basin  1946-88. 

Period No. of outbursts 
1946-50 

5 1986-88 
1 1981-85 
8 1976-80 

12 1971-75 
19  1966-70 
11 196  1-65 
23 1956-60 
27 1951-55 
26 

> 
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Control  methods  include gas drainage  and  use of destressing  seams  (Khodot, 1961a; Morozov 
et  al, 1979; Smorchkov et ai, 1989; Airuni et al, 1979; Egomv et  al, 1995). 

3.15.2 Pechora Coal Basin 

Pechora coal basin is located in  the  extreme  north-east of the  European  part of Russia, in the 
Republic of  Komi.  It covers an  area of 90,000 km2. The coal deposits  belong to  the  Permian 
period of Paleozoic era and  can be divided into Vorkutskaya  formation (500 - 2,400 m thick) 
and  Pechorskaya  formation (-3,400 m thick).  Vorkutskaya  formation  has 11 - 18 coal seams 
of 3 - 10 m thickness.  Pechorskaya  formation  has 17 - 24 coal  seams of thickness up to 22 m. 
Total reserves are estimated to  be about 265 x lo9 tonnes  (Walker, 1993). The dip of the 
seams  varies  from 5 - 70'. Coal seams  are  intersected by faults.  Coal  rank  varies  from  brown 
coal to coking  coal.  Dominating  gas is methane. 

Six coal mines experience outbursts.  Outbursts occur in  coal  seams of very  low strength 
belonging  to  the IV and V class of Ettinger's (1969) Classification  (Chapter 4). Coefficient of 
variation of strength of coal  in 20 - 40 m zones is 20 - 40%. The  strength of coal for the  class 
IV - V for this  classification is as  follows  (Petrosyan  et  al, 1983, p. 16): 

Uniaxial  compressive  strength - 0, = 0.65 - 1.2 MPa 
Tensile  strength - q = 0.015 - 0.2 Mpa 
Shear strength - 0, = 0.15 - 0.23 MPa 
Angle  of  internal  friction - @ = 26 - 32' 

In  general,  thicker  seams  are  mined. In 1989, the  maximum  depth of mining  was 1,020 m. 

The  first  outburst in Vorkuta  coal  field  occurred in Kapitalnaya  Colliery in 1950 at 340 m depth 
when driving a roadway.  The  size of the  outburst  was 80 tonnes  and 7,000 m3 of methane  was 
released.  Outbursts  occur  when  depth  exceeds 280 m. According  to  Smorchkov et al(1989), 
between 1950-88, 127 outbursts  occurred.  According  to  Vylegzhanin  et  al (1990), a total of 
251 outbursts had occurred in this  coal  field,  out of which 204 (82%) occurred in  development 
headings.  Outburst  frequency  during  the  period 1946-88 is  given in Table 3.23. The  size of 
outbursts  does not  exceed 200 tonnes  though  the  gas  content  of  coal  seams  at  places reaches 35 
m3/tonne. $ 



Table 3.23.  Distribution of outbursts  in Vorkuta coal  field,  Pechora basin 
during  the  period  1946-88  (Smorchkov et al,  1989). 

Period 
1946-50 
1951-55 
1956-60 
196  1-65 
1966-70 
1971-75 
1976-80 
1981-85 
1986-88 

No. of outbursts 
2 

17 
3 

67 
17 
6 
6 
8 
1 

I Total I 127 

3.15.3 Yegorshinsko-kamenski Coal Field 

This coal field is located in the  eastern part of Yekaterinburg district and  belongs  to  the 
Carboniferous  period.  The  coal  basin  has  complex  synclinal  structure.  Dominating  gas is 
methane. Mining  conditions are  very difficult  due to high  gas content and tectonic 
disturbances. The thickness of seams  varies  with a mean of about 1 m,  though some seams are 
up  to 5 m thick.  The  mineable  coal  seams vary from 4 -15  depending upon  the  area in the coal 
field. 

The first outburst of  methane  and coal occurred  in  Bursunka  Colliery  in  1944,  at a depth of 
200 m and ejected 80 tonnes of coal with 7,000 m3 of gas. Till 1951,  81 outbursts had 
occurred and this number  increased to 190 by 1963.  Outbursts  occur  at  depths  exceeding 
250 m. Mining is conducted at depths up to 1,200 m (Khodot, 1961a; Chernov  and 
Rozantsev,  1965;  Zabigailo,  1978). 

3.15.4 Far-East Coal Basins 

The  four  coal  basins  lying in the  far-eastern  part  of  Russia  are 

Partizanski coal  basin, 
Tavrychanski  coal  field 
Suchanski  coal  basin, and 
Sakhalin  Island  coal  basin 
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The  most  important is the  Partizanski  coal  basin  which lies in Primorski Kray and  covers an 
area of 4,500 kmz. 20 coal seams with a total  thickness of 30 m occur  here.  The  coal  type is 
mainly fuel coal and coking coal. Seams  have  high  gas  content  and  complex  geological 
structure.  Mining is conducted  to a depth  of 500 m. Sporadic  outbursts of gas  and coal have 
occurred in this basin. During the 1970's six coal seams liable to outbursts were  mined. 
During the period 1973-77, two  outbursts  occurred. 

Tavrychanski coal field also lies in Primorski Gay. Brown coal is mined here  and  sudden 
emissions of  gas  have  occurred  in a few  operating  mines. 

Suchanski coal basin, also in  Primorski  Kray, has coal deposits  belonging to  the Jurassic 
period. It has  large  anticlinal  structures with  steep  angle  seams  exceeding 55' dips.  The first 
outburst  occurred  here  in  Verkhnyi  Kedrovyi  seam, 1.5 m thick, 55' gradient,  at #2-5 Colliery 
in 1927. Outbursts  occur  only  at  depths  exceeding 160 m. The outburst  ejected 70 tonnes of 
coal.  Further  outbursts  occurred  as  follows: 

1927-63 - 39 
1964-65 - 12 
1966-74 - 19 

Sakhalin  Island  coal  basin is an extension of the  Hokkaido  basin  of  Japan.  It  covers all  the coal 
fields lying in  this island. Coal seams lie in an elongated  synclinal structure running  north- 
south.  Total  industrial  reserves of  the  region are  estimated  to  be  about 83 x 106 tonnes  with 
50% belonging  to coking coal category.  Sporadic  outbursts occur here.  During  the  period 
1973-77, only  one  seam  liable  to  outburst  was  mined  and no outburst  was  recorded  (Chernov 
and  Rozantsev, 1965; Zabigailo, 1978; Morozov  et al, 1979; Golitsyn, 1992). 

3.16 TAIWAN 

Coal  field in  Taiwan is located in the  northern  part  of  Taiwan  Island  and  covers an area of about 
2,400 km2. The  coal  belongs to Tertiary-Miocene  period.  There  were  more than 300 mines, 
but  presently (1988) their  number  has  been  drastically  reduced (430). Average  mining  depth is 
500 m and  the  deepest  mine in operation is 1,OOO m. The  dip of  the coal  seam  varies  between 
15 - 75'. Over  the period 1972-86,61 outbursts  have  occurred  (Table 3.24). z 

Most outbursts occur (52.4%) during  coal cutting on longwalls  and  advance of headings 
(36.1%) but outbursts have  occurred  during  destressing  boring (8.2%) (Table 3.25). Most 
outbursts are small. Out of 61 outbursts, 7 outbursts exceeded 100 tonnes  and 28 were 
<lo tonnes. About 49% of outbursts  occur  without  warning,  but  others  show  some  warning 
signs  (Table 3.26). 
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Table 3.27 gives the distribution  of  outbursts  in  relation to the  geological  conditions. 

Table 3.24. Statistics of outbursts in Taiwan (1972-1986) (Tseng et al, 1988). 

Table 3.25. Operations  during the outbursts  (Tseng  et  al, 1988). 

Operations Percent  Burst  Times 
coal cutting 52.4 32 
Destress boring 

100.0 61 Total 
36.1 22 Heading 
3.3 2 Repairing 

8.2 5 

Table 3.26. Symptomatic  phenomena  before  outbursting  (Tseng et al, 1988). 

Symptoms 
Boom 
Coal swelling 
Coal softening and stripping  from  face 
Gas  emission  changing  abruptly 
No sign 
No data available 
Total 

Burst  Times 
12 
3 
5 
3 

30 
8 

61 

Percent 
19.7 
4.9 
8.2 
4.9 

’ 49.2 
13.1 

100.0 
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Table 3.27.  Geologic  conditions  of  outbursting  places  (Tseng  et  al,  1988). 

Geologic  conditions 
Pitching seam 

Thinning seam 
Thickening seam 

No change 
Changing  in  coal  quality 
Pinch-off 
Not available 

I 

Outbursts 
4 

5 
24 
12 
11 
2 
3 

Percent 
6.6 
8.2 

39.3 
19.7 

18.0 
3.3 
4.9 

Total I 61 I 100.0 

Control  methods  include  drilling of 90 - 120 mm diameter  holes of  20 - 80 m length  drilled 
parallel  to  the  longwall face at 3 - 5 m intervals.  Short  holes  are  drilled  ahead of advancing 
faces up to 10 m length for the  purpose of destressing.  Inducer  and  destressing  shotfiring  has 
also been  used,  but  their  use is limited  due  to  the  difficulty of canying out  procedures in highly 
disturbed seams. Special  permission  is  required  for  the  use of these  techniques. 

Rediction techniques  include  gas  flow  monitoring  from the  boreholes  ahead of the  face.  Safe 
gas flow values  have  been  established and these vary from  mine  to  mine  and are in  the  range of 
8 - 30 Vmin (Tseng et al, 1988). 

3.17 TURKEY 

Outbursts in Turkey occur in  Zonguldak coal field  (Fig.  3.29)  that  stretches  along  the  Black 
Sea. The coal belongs to the  Carboniferous  period of  the  Westfalia  formation.  The  coal  field 
has been disturbed by tectonic activity, first by Hariman  and later by Alpine orogenesis 
resulting in folding and faulting of strata. 57 coal  seams  have  been  identified  and  38  are 
workable with their  thickness  varying  from 0.7 - 30 m and dips  from 0 - 90".  Coal  production 
from  this field in 1993  was  3.5  million  tonnes.  The  coal  is  coking  (with  25 - 27% volatiles). 
The lowest depth of occurrence of outbursts is 110 m and  the largest outburst ejected 
700 tonnes  of coal and  11,000 m3 of gas.  The  dominant  gas is methane  (Saltoglu,  1976; 
Okten  et al, 1995). 

3 

Outbursts occur in  two  mines,  Kozlu  and  Karadon  Collieries. The first outburst  occurred  at 
300 m depth when a cross cut was  being  driven  to  intersect  the  seam  (under  the  sea) in Kozlu 
Colliery in 1962. It ejected about  250  tonnes of coal  and filled about  1/2 the  length  of the 
roadway up  to 40 m distance  (Biron,  1966).  The  first  officially  recorded  outburst  occurred  in 
1969,  also  at  Kozlu  Colliery.  Table  3.28  gives  the  data  on  outbursts  in  Turkey. 

122 



-..- Boundary of Coaltiold 

x Working Colliery 

Fig. 3.29. Location map of Zonguldak bituminous coal field (Okten et al, 1995). 

Table 3.28. Spontaneous gas and coal outbursts in Turkey  (Okten et al, 1995). 
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Though the number of outbursts at the two mines  are  not  very  different, Kozlu Colliery had 
many more fatalities. Most of the outbursts (>50%) ejected less than 100 tonnes.  Most 
outbursts  have  occurred  on  faults and at  places  of  sudden  change in seam  thickness. 

Table 3.29 shows the relationship between  depth  and  the  frequency of outbursts at  the  two 
mines. 

Table 3.29. Effect of  depth  on  the  frequency  of  outbursts  (Okten  et  al, 1995). 

Colliery No. of outbursts Depth, m 

Kozlu 4 300-600 
360 - 425 

7 425 - 485 
16 

3 485 - 560 
r 

Karadon 110 - 160 
160 - 260 
260 - 360 
360 - 460 

2 
5 

12 
5 

Preventive  measures in these  mines  include  the  following: 

Drilling  of 3 pilot  holes of 65 mm diameter at  the face 30 m ahead  and 5 m of overlap is 
maintained. 
Forcing  system  of  face  ventilation. 
In  longwall  operations,  gate  roadways are driven  no  further than 2 m ahead  of the face 
(ventilation  roadway)  and 10 m ahead of  the face  (main  gate).  Shot  firing is done  from 
200 m distance. 
When  geological  disturbances  are  expected,  blasting is practised. 
Methane  percentage is monitored  as a warning  against  outbursts. 
Training of personnel  to  foresee  the  signs of  this  danger is an integral  part of  mining. 

3.18 UKRAINE 

Outbursts occur in  Donetsk  coal  basin  which is the  main coal producing  area  and  has the 
deepest average depth of  mining  in  the  world.  The coal basin  covers an area of 60,OOO km2 

and a major  part of this coal basin lies in the  territory of Ukraine.  Only  the  easte'm  part  of  this 
coal  basin called Rostov  coal  field  lies in  the  Russian  territory. In Rostov  coal field, there  are 
six  mines  that experience outbursts  (Vasilchuk, 1995) while a large number of mines in the 
Ukraine  part of the coal basin  have  outbursts.  Most of the earlier data  has  not  differentiated 
between  the Uhinian and  Russian  parts  and  hence  the  Donetsk  coal basin is treated as one. 



Coal  in  Donetsk coal basin  belongs  to  the  Paleozoic period of the  Carboniferous  era.  The  coal 
bearing rocks are many  thousands of metres  thick.  The  whole of the coal basin is a large 
syncline  with a large  number of folds in  the  south-west  part.  Highly disturbed tectonic  area is 
in the  northern part of the  basin (Fig. 3.28). About 100 coal seams  with coal thickness 
between  0.45 - 2.5 m have  been  recognised  with coal type varying from  brown coal to 
anthracite  (Walker,  1993).  Maximum  depth of  mining  reached  1,325 m in 1989. About 40 
collieries  are  operating  at  depths  exceeding 1,OOO m and an average  increase  in  depth is about 
10 &year  (Smorchkov  et  al,  1989).  The  dominant  gas is methane  and  gas  pressure of 900 - 
1,100 m depth  reaches 10 - 12  MPa  (Airuni  et  al,  1984). 

The first recorded  outburst of methane  occurred in  Donetsk coal basin  in  Novaya  Smolanka 
Colliery  (now  called  #11  Shvernik  Colliery) in  1906. The  outburst  occurred  when  opening  the 
Smolanovski  coal  seam  from a cross cut in rock  at a depth of 728 m (Skochinski  and  Komarov, 
1954).  The first recorded  floor  burst of methane  occurred  in  1933  in  Karl  Colliery  (now called 
Khrustalkaya  Colliery)  in a seam that had  already  been  over  mined. Till  1983,  almost  100  floor 
bursts  had  been  recorded  (Morev  and  Kloizner,  1983).  The first outburst of gas  and  rock 
occurred  when  driving a cross  cut in  sandstone  in  Kochegarka  Colliery  at a depth of 750 m in 
1955  (Nikolin  and  Bolshinski,  1974). 

During  the  period  1906-43,  1,364  outbursts  were  recorded  in  Donetsk coal basin  and  from 
1946-88, a total of 1,985  outbursts  occurred  (Table  3.30)  (Smorchkov et al,  1989). Airuni et 
al, (1989)  have  given  more  details of outbursts  for  the same  period  (Table  3.31).  Table  3.32 
gives  the  distribution of outbursts  depending upon  the  type  of  the excavation  and  Table  3.33 
gives  data  about  some of  the  large outbursts. 

Table 3.30. Occurrence of outbursts in Donetsk  coal  basin 
(Smorchkov  et al, 1989). 

s/No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Period 
1906-43 
1946-55 
1956-60 
1961-65 
1966-70 
1971-75 
1976-80 
1981-85 
1986-88 

125 

Number 
1,364 

132 
219 
320 
330 
223 .' 

131 
227 
102 



Table  3.31.  Gas-dynamic  phenomena at the  Donbass  coal  mines  (Airuni et al, 1989). 

Number of Number of gas-dynamic  phenomena Output 
Mines 

Outburst rate Total in remote accompanied In shock ’ Rock and seams, being prone Year 
outburts squeezings blasting prone seams outburst 

Sudden  outbursts proper Sudden Sudden  coal  Due  to outburst prone working 
including Total from Outburst 

seams per mln sq. m Per  mln of control* by gas blasting gas t worked 
outbursts of extracted mal pressure 

increase m a  output 
1950 

27.3 23.3 70 - 21 88 - 179 2.6 82 44 1955 

42.1 56.0 66 - 28 74 - 168 1.18 21 34 

h- 

t4 13.6 11.6 58 17 39 36  3 153 5.0 115 59 1960 m 
1965 

1.2 0.9 24 27 36 139 26 252 28.0 171 88 1975 

3.6 2.8 56 29 51 96 396 619 20.0 172 84 1970 

6.1 5.2 50 24 55 87 109 325  9.7 164 76 

1980 0.6 0.7 20 23 42 113 57 255 29.5 207 96 

1985 

0.5 0.3 14 57  58 225 46 400 28.2 247 88 1987 

0.8 0.6 29 32 66 222 52 399 29.8 235 98 1986 

0.5 0.4 13 23  49  195 13 293 29.5 223 99 

1988 0.5 0.3 7 17 13 145  40 282 15.0 245 104 
(6 months) 

* Note: At mines  working  thin  steep  coal  seams 
(predominantly  mines in the  Central  region of the  Donbass) 



Table 3.32. Distribution of coal, gas and rock outbursts  at  the  Donbass  mines 
(Airuni et al, 1989). 

1980 

2 40 145 5 1988 
3 46 225 9 1987 

11 52 200 18 1986 
2 13 195 11 1985 
6 57 113 14 

(6 months) 

Table 3.33. Major  outbursts  of  coal  and  methane  at  the 
mines  in  the  Donetsk  basin  (Airuni  et al, 1989). 

Outburst  power 
Depth, m Amount of coal  Volume of methane Year 

released, m3 

1,020 170,000 1981 815 
3 60,000 1981 750 
4,650  72,000 1975  980 
4,000  70,000 1973 740 
14,500  600,000 1969 7 10 
4,370 90,000 1961 865 

ejected, t 

The largest  outburst  occurred when  opening  Mazurka  coal  seam  in  Gagarin  Colliery in 1969. 
This seam has a thickness of 1 rn, dip of 68' and  the  depth  of  Occurrence  was 710 m. The 
outburst ejected 14,500 tonnes of coal and liberated 600,000 m3 of gas  (Stepanovich  et al, 
1976). 

Platonov et al (1989) have  published a catalogue of outbursts in  Donetsk coal basin for the 
period 1976-87. This catalogue gives statistical data and concise information  about the 
outbursts  including  date of occurrence, name of the colliery, seam  and excavation, 
circumstances of their occurrence, size of the outburst, main cause of  Occurrence of the 
outburst,  conclusions  and  recommendations. 

> 
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In Donetsk coal basin  virtually all known  methods  of outburst control are extensively  used. 
The  most  preferred  large  scale  (area)  methods  are: 

Use of protective  seams 
Methane  drainage 
Water  injection 

The  local  control  methods  used  are: 

Hydraulic  fracturing 
Inducer shof ing  
Advance  drilling 
Destressing  slits 

Because of the  difficulty of formation of the  slits,  this  method  is now  not  common. 

Predictive  methods  include 

Seismic  techniques 
Signal  analysis 
Electromagnetic  impulse  method. 

Use  of all these  techniques  has  greatly  reduced  the  frequency of outbursts and  the  number  of 
fatalities  making  mines much  safer  in  spite  of  increasing  depth of mining. 

3.19 UNITED KINGDOM 

Though  most of the  gas  and  coal  outbursts  have  occurred  in  the  western part of South Wales 
coal field, the literature contains  references to other  coal  fields of  the  United  Kingdom  where 
outbursts  of  gas  and coal occurred in different  periods of mining  history.  These  were  however 
small  in  number and size  and of comparatively  minor  importance. 

Besides outbursts of gas and coal, bursts of gas  from  the floor have  occurred  virtually  in all 
coal fields of the UK. Because of  lack of information  and  clarity in the literatye in this  area, 
the two have  been  discussed  together. 



3.19.1 West Wales Coal Field 

Outbursts of gas and  coal  occurred  only in  the  western  portion of this  coal  field  called  the  West 
Wales coal field.  The  main  area  in  which  these  have  occurred is the  Gwendraeth  Valley  in  the 
north-west of  the  anthracite  field.  The  remainder of the  field is affected  to a much  lesser  degree 
except  only in isolated  areas (Fig.  3.30).  The  Gwendraeth  Valley is on  the  north-westem  limb 
of the  main South Wales  Syncline.  Fig.  3.30  shows  the  main  geotectonic features and  the 
names of the  mines.  The  whole of the  coal  field  in  this  area is highly  dislocated  with  normal 
faulting  splitting  the area in  north-to-south  trending  faults with vertical  displacement  varying  up 
to  330 m. Folding and  thrust  faulting  also  occurs with the  general  axis  east-west.  Certain  areas 
have  highly developed folding and thrusting with  complex  geological disturbances quite 
common.  Rapid  changes  in  the  nature of the  seam  structure, its reaction to the  imposed  plate 
movement  and  changes  in  thickness is a common feature  where  outbursts  occur.  All  recorded 
incidents are associated with geological  abnormalities.  Very often, the full extent of the 
disturbance is not  revealed  until  the  outburst  has  taken  place  indicating  that  the size of these 
disturbances is quite  small  (Pescod,  1947-48;  Thomas, D. A., 1963;  Marshall,  1971;  Williams 
and Morris, 1972).  The  gas  associated with this  area is almost  100%  methane. 

Nine coal seams  mined  in  this  area  have  thickness  varying  from  0.6 - 3 m and  at  some  places 
locally up to 15 m due  to  over  thrusting.  The  rank of the  coal is anthracite.  Mining  methods 
evolved  and  changed  from  the  occurrence of  the first  outburst in  1901. In thin seams stepped 
longwall faces with a non regular  face front were  worked. In thick  seams, pillar and stall 
(double  stall)  method  was  used with irregular and  often  incomplete  pillar  extraction.  Stowing, 
though rarely used, was partial.  These  systems later evolved  to  longwall  advancing  with 
mechanisation  leading to straight  faces  (Pescod,  1947-48;  Thomas, D.  A.,  1963). Outbursts 
have  occurred  from  183 m depth  onwards  and  mining  depth  at  some  places  reached  1,000 m. 
During  the  sixties, CynheidrePentremawr Colliery  were  mining  seams  liable to outbursts and 
from  1966,  Big  seam, with an average  thickness  of  3.35 m was  the  only  seam  mined  (Swift, 
1964;  Marshall,  1971;  William  and Morris, 1972;  Anon,  1973). 

The occurrence of thick  sandstone  units  and  their  relationship to coal  seams  are  subject  to 
normal  variations  in  coal  measures.  According to Price (1959), it  is  significant  that  all  seams 
liable  to  outbursts  have a strong  sandstone or siltstone  roof,  while  the  roof of seams  (the  green 
vein)  in  which  outbursts  have  never  occurred  is  composed of shale. > 

All mines in this  area  have  now  been  closed. 

The  distribution of  outbursts  over  the  period is shown  in  Table  3.34. 
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Fig. 3.30. Gwendraeth  Valley,  West  Wales  Area (UK). 

Table 3.34. Outbursts  in  West  Wales  coal  field. 

Period 
1901 - 1947 
1948 - 1957 

1958 
1959 
1961 

1961 - 1980 

No. of outbursts 
101 

7 
5 

3 
100 

Reference 
(Pescod, 1947-48) 

~ ~~ 

(Thomas, D. A., 1963) 
(Davies, 1980) > 

Based upon the  analysis of 62 outbursts  out of 101 (Pescod is of the  opinion  that  in  reality  the 
number of outbursts was  much larger) that occurred during 1901-47 for which  good 
information  was  available,  Pescod (1947-48) has  divided  these  into  the  type of excavations in 
which  these  occurred  (Table 3.35). 
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Table 3.35. Distribution of outbursts  according to type of excavation  (Pescod,  1947-48). 

Type of excavation 

Cross measure drifts 

* virginstrata 
These  include: 

* Areas affected by workings 

Outbursts  at n m w  drivages in coal 
These  include: 
* Places  closely in advance of or between  longwall  faces,  etc. 
* Places in zones  affected by workings  (not  necessarily in the 

*others 
same  seam) 

Outbursts  in  wide  workings 
These  include: 
* Longwall face 
* Stepped or tophole  longwall 
* others 

No. of outbursts 

11 

7 
4 

26 

9 

9 
8 

25 

3 
15 
7 

Pescod also states that in 6 out of 62  outbursts that occurred in  Pentremawr  and  Oberbaiden 
Collieries, there  was  no  gas  associated with outbursting of coal. At the  location of these 
outbursts,  no  geological  disturbances were  found  at  the  place  these  occurred or in  their  near 
vicinity. Also these  occurred in areas  where  the  roof was strong  and  pillar  and stall method of 
extraction was used.  It is quite  possible  that  these  occurrences  were in reality  rock  bursts  that 
occurred as a result of collapse of the  massive  sandstone  or  due  to  high  stresses  developed in 
the  coal  pillars. 

15  outbursts  were  associated with  geological  disturbances  and  without  any  association  with  the 
method of mining.  Out  of  these 15,7 outbursts  occurred  as  the  cross-cuts  in  rock  approached 
the  coal seam or when  intersecting  through  the  coal.  The  remaining 47 outbursts,  according  to 
Pescod,  are  related to the  method of extraction  which  was  the main contributing  factor. 

Geotechnical disturbance was associated  with  52  out of 54 outbursts  which  had sufficient 
documentation for accurate  analysis. 

Davies  (1980)  divides  100  outbursts  that  occurred  during  the  period  1961-80  into  two  groups: 

Spontaneous  outbursts - 28/10 
Provokedoutbursts - 72/100 

And accarding to the type of excavation: 

On longwalls - 39/10 
In n m w  excavations - 61/100 
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Comparing the statistics of  Davies  and  Pescod,  it  looks  that  the  percentage  of outbursts on 
longwall  faces  did not decrease  and  the  predictions  of  Swift  (1964)  were not fulfilled. 

The largest outburst in CynheidrePentremawr Colliery  occurred on 6th  April,  197 1. This 
occurred in the  roadway  driven  between  two  dip  headings  in  the  Big seam at a depth of 620 m. 
67 persons  were  injured  out of  which 6 fatally.  The  mass of coal ejected  was  over 400 tonnes 
and  the  volume  of  methane  emitted  was  57,000 m3. This  outburst  occurred  with a delay of  22 
hours  after  inducer  shotfiring  (Marshall,  1971;  Davies  and  Jenkins,  1978). 

The main control  method  used in  West  Wales  coal field has  been  inducer  shotfiring,  introduced 
by Roblings  (1926).  However,  the  introduction of this  method  did  not  eliminate  instantaneous 
outbursts.  Pescod  (1947-48)  points to  the difficulty of determining  the  place for placing  the 
inducer  shotfire  at  the  face as the  main  reason  of  failure  of  this  method. 

Other  methods  which  were  vigorously  pursued  were  associated  with  method of mining  and 
these  included: 

Advancing  longwalls with gate  roadways  in  line  with  the  face 
Avoiding  the  additive  stress  effect  of  excavations  within  the  seam or neighbouring seams 

Maintenance of straight  line of face 
Avoiding  sharp  angles  in  excavation  formation 
Decreasing  convergence of  roof  and  floor. 

Obviously, all these  methods  relate to the  role  of  stress in outbursts.  Marshall  (1971)  also 
formulated  precautionary  measures  with  the  specific  aim of protecting  workers  after  the  major 
outburst  of  6th  April,  1972 but these  had  no  effect  on  eliminating  outbursts. 

Certain  tests  and coefficients proposed by National  Coal  Board  (Anon,  1983)  such as outburst 
ratio, coal friability  tests,  etc.  primarily  relate to  the  determination of susceptibility of coal  to 
outbursts  but  these  have no consequence  in  the  control of outbursts.  Micro-seismic  monitoring 
was also introduced in  the  mine  in  the  early eighties with  the  purpose  of  outburst  prediction, 
fmtly from  underground  using  count  method of  seismic  events  and  later from boreholes drilled 
from  the surface (Styles, 1983;  Davies et  al, 1987). Cynheidrepentremawr Colliery was 
closed in the  mid  eighties. 

3.19.2 Other Coal Fields of the United  Kingdom 

> 

Outbursts of coal and  gas  have  occurred in  other  coal fields of the UK as indicated by the 
analysis of a single  or a group of outbursts. Taylor (1852-53) has given an analysis of 
incidents in North of England  coal  field (Fig. 3.31),  particularly  the  outburst in Wallsend 
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Colliery in 1835. Because of  the  use  of  open lights underground, these incidents were 
associated  with  explosions  and  as  such  this  phenomenon was  not  recognised. 

The North of England coal fields include the coal fields of Yorkshire, Derbyshire and 
Nottingham. This is the  largest  coal  field of Great  Britain  and  almost  twice the size of South 
Wales coal field. The upper  coal  measures  have  a  thickness of 600 ft (180 m)  and  have  an 
abundance of sandstone;  the  middle coal measures  have  a  thickness  of 1,770 - 3,740 ft (41 1 - 
1,022 m)  with shales, fireclays and  sandstones at  the  top  of coal seams;  and  the lower coal 
measures  have  a  thickness of 940 - 1,650 ft (272 - 495 m)  and  have rocks of similar type as  the 
middle coal measures with fewer coals. In the  pre-Permian period, these coal fields were 
folded into a  number of anticlines  and  many  faults  occur  trending NE and NW cutting  the  folds. 
The  whole cod field was  tilted to the  east. 

Genard (189-1900) describes 22 outbursts  that  occurred  in  the  Rayley  seam  which lies in the 
upper  measure  with red, purple  and  grey  shales  with  spirorbis  limestone,  in  Broad Oak Colliery 
in  Lancashire coal field  (Fig. 3.32) during  the  period 1885-93 . 

Outbursts  occurred  in  the  upper part (0.45 m) of the  coal  seam  which  has  a total thickness of 
1.05 m. This  part of the  coal  seam is very  soft. The first outburst  occurred at a  depth of 45 m 
The  problem  was  solved by increasing  the  width of the  headings  to 15 m  (at  least)  and  advance 
drilling of holes of 3 m  length  at  the  face. 

Fig. 3.31. Sketch map of 
the  coalfields of Yorkshire, 
Derbyshire  and  Nottinghamshire 
(Statham, 1960) 
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Fig. 3.32. Sketch  map 
of  the  Lancashire  Coalfield, 
"The  Pennines  and 
Adjacent Areas") 
(Statham, 1960) 

Buckley (1906-07) describes three outbursts of coal with methane  gas  that occurred in 
Cockshead  seam,  Shelton  Colliery in North  Staffordshire  coal  field  (Newcastle  area)  during  the 
period 1903-07. This  coal  field  has  steeply  dipping  seams  and  in  the  northern  part  these  are 
almost  vertical.  The  field  is  crossed by several  faults  which  obliquely cross the axis of the  fold 
with a throw  of 500 yds (450 m).  The  coal  measures  mainly  consist of marls  with  rock  types 
very similar to  that  in  the  North  of  England coal  fields. The outburst  occurred in the  seam of 
thickness of 2.2 m which  had a soft  band  close  to  the  roof  level.  All  outbursts  occurred  when 
faults were  intersected  and  coal  at  these  faults  was  highly  fractured  and  porous. 

Rowan (1911-12) describes  outbursts of methane  and  coal  that  occurred  in 1911 in the  Valley 
Colliery in the  Main  Seam  in  Scottish  coal  field  in  the  upper  productive  zone  (Fig. 3.33). 
Scottish  coal  fields  have  limestone  coal  group  dominating  the  series. Many volcanoes  have 
been  active in this  area and  igneous  intrusions  intersect  the  coal  seams,  and  anthracite coal is 
found  in  several  places  where  sils  are  close to the  seam. A large  number  of  closely  spaced 
faults occur in this  coal field and  there  is little concealment of  the  post Carboniferous  rocks. 
Coal  seams  extend  under  the  sea  off  the  Ayrshire  coast.  The first outburst in the  Scottish coal 
fields occurred in 1902 followed by three  more  outbursts  until 1905 in Glencraig  Colliery. 
Sorbie (1978) describes  three  outbursts  that  occurred in Kiloch  Colliery in  the  Main  Seam, 
Ayrshire  coal  field  during 1960-76, These  occurred  at a place  directly  in  contact  with  the  dykes 
which  occur  frequently in the  Main  Seam. .J 

Floor  bursts  have  been  noted in Great  Britain  since  the  19th  Century  and a working  party was 
set up by the  National  Coal  Board  to  investigate it under  the  chairmanship  of Mr. Willet.  Willet 
et al(1964) are of  the opinion that there is no documentation  that  covers all the  floor  outbursts 
that  had  occurred.  Willet  tabulates 113 cases of outbursts of floor  that  occurred  between  the 
period 1862-1964. Out of these 112 occurred  on  longwall faces. Table 3.36 gives the 
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s u m m a r y  of incidents and  Table  3.37  gives  the  classification of these  in  different  coal  fields of 
Great  Britain.  The  effect of  many factors  on  floor  bursts  have  been  analysed.  These  mostly 
occurred  in  the  deeper  lying  coal  seams  and  when  seams  were  mined  from  top  to bottom, these 
invariably occwed in  the seam at  the  largest  depth  with  strong  floor  rocks. 

Analysis shows that  the  length of  the face is not  important.  Outbursts  occurred  in  faces of 
length 60 - 270 m. Half  the  number  of  outbursts  occurred  on  longwalls  which  had virgin areas 
on both  sides.  When a longwall  had a neighbouring  area  already  goaved,  floor  bursts  occurred 
on  the  part  of  the  longwall  that  was  closer  to  the virgin side.  The  effect  of goafedges and pillar 
edges in upper  lying  seams  was  well  established.  Most  outbursts  occurred with a pre-warning 
showing  increased  rock  pressure at  the  face  and  the  formation of floor cracks at the face. 
Analysis  of many other  factors  was  not  conclusive. 

Williams et  al(1943-44) mentions  floor  bursts  that  occurred  in North of  England  coal  fields  in 
the first half of the  19th  century.  They  particularly  give  examples of Tyne  area  and  Durham 
coal fields (Fig.  3.34)  which  have  predominant  sandstone  rocks. 

Fig.  3.33.  Sketch  map of the  Scottish  coalfields  (Statham, 1960) 
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Table 3.36. S u m m a r y  of incidents  studied  (Willet  et al, 1964). 

Total number  of  incidents  studied  associated with longwall  production  faces - 112. 

1.  Approximate  depth of face  below  the  surface: (a) h4in - 120 yd (b) Max - 1,100 y d  

2. Seam section worked:  (a) Min - 1 ft 9 in (b) Max - 7 ft. 
3. Length of face:  (a) Min - 70 yd (b) Max - 300 yd. 

4. Number of different  seams  involved - 42 (i.e.  about 10 per cent of the seams worked) 

Face Margins 
Solid,/Solid 60 
solimoaf 35 

Method of Waste Support 
Strip  Packed 68 
Packed  Gates 7 
Detail not available 14 

Underlying  Workings 
Extraction of Seam 111 
Detail  not  available 1g2 

Overlying  Workings 
Extraction of Seam(s) 823 
Detail  not  available 17 

Solid/Fault 8 
Detail not  available 9 

Caved 20 
Partially  stowed 3 

No extraction of Seam 824 

No extraction  of  Seam 1 34 

(a) Includes  outbursts  which  have  occurred  above a worked  out area of an underlying seam or withir 

(b) In 10 cases there  were also overlying  workings. 
(c) 7 of the 11 incidents  occurred at one  colliery. 

Although the detail is not  available, it is very  unlikely  that  there  has been any previous  extractior 
below. 

the  probable zone of  influence  of coal or goaf edges  left  in an underlying seam. 

Includes at least 34 cases  where it was evident  that  the  face was in a region  where  there was either i 
pillar or god edge  above. 

Includes 9 incidents  where  there  were  neither  underlying nor overlying  workings  (i.e.  in a virgin area). 

Locatwn of Floor  Breaks 
Along  Face 75 
Othm 9 

Along  Roadway 14 
Detail not  available 14 

N.B. An incident was also  studied  where an abnormal  emission occurred from a floor br& in a heading. 
The rate of emission,  however, was  only 60 ft3/min and  the  indication  was  that the firedamp had 
originated from old  workings  below. 



Table  3.37. Floor bursts in Great Britain coal  fields  1862-1964 
(Willet  et al, 1964) 

Coalfield 1 
B I 1 I 2 

I 

I 

6 
7 
8 
9 

11 
12 

South  Wales 
North  Wales 
North Staffordshire 
LanCaShire 
Yorkshire 
Nottinghamshire 
Derbyshire 
Cumberland 
Northumberland 
DUl-hm 
Scotland 

Pe " v 
3 

Number of floor  bursts 

8 

L 

Fig. 3.34.  Sketch map of the coalfields of Northumberland and Durham. 
(Statham, 1960) 
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3.20 USA 

Very  few outbursts have occurred in the  USA. A few instances of outbursts have  been 
reported in  the Rocky Mountain  coal  basin  in  Colorado in Dutch  Creek #1 and #3 mines though 
a  number of potential  outburst  areas  are  recognised  (Campoli et al, 1985).  Coal  in  this  basin is 
of  Upper  Cretaceous period of Mesa  Verde  Group. A large  scale  movement  has  occurred  in  the 
coal seams with  a  number of slickensides in coal.  Associated  with  this,  there are a  number  of 
dykes  and  sils  that  have cut across  the  coal  seams.  Heat  from  these  intrusions at depth  has  been 
responsible  for  the  metamorphism  and  high  rank of coking  coal. Nomal faulting  predominates 
the  coal  field. 

The  Colorado coal basin has 1 - 4 coal  seams with a  total  thickness of 7 - 10 m  including the 
parting in the  main seam, called as the  basin  seam.  The  top 2 - 3.5 m of this  coal seam is mined 

at the  Dutch  Creek #1 Colliery at an elevation of  about 10,OOO feet (3,000 m)  above  the  sea 
level. The seam dips at an  angle of 10 - 12' into the  mountain  thus  rapidly  increasing  in  depth, 
reaching 970 m at an elevation of 3,330 m. (Fig.  3.35). 

The  roof  consists  of  siltstones,  shales  and  sandstone,  with  good  roof  conditions.  The  mining 
method used is  advancing  longwall  with  pump  packing to maintain  roadways. 

Bumps were  experienced in roadways  during  development  operations  such  as  drilling, as a 
result  of stress relief  of  highly  stressed  coal.  Floor  heave  varied  from  gradual  heaving of a  few 
inches to sudden  uplift in a  matter  of  seconds  and it became  a  serious  problem  at 330 m depth. 
It was  at  this  depth  that outbursts were  experienced.  In  a  large  outburst, the whole of the 
excavation was filled  with coal (Bourquin  and  Martin,  1982;  McDonnell  and  Haramy,  1986). 
Frequently  small, local, outbursts  called  'pushers' or 'push  outs'  occurred  and  these  released 
additional methane quickly. 

It looks  that  such  small  occurrences  were  very  Erequent  in  Dutch  Creek #1 Mine.  The fxst 
outbursts  with  pushing out of coal occurred in 1960-70  but  these  were  not  recorded.  Mould 
(1979)  mentions three outbursts that  occurred in  #3  Mine during  the period 1976-78.  These 
occurred when depth  exceeded 660 m. Volley  shotfiring  was  used to provoke  outbursts  after 
the  third  outburst  which  caused  one  fatality.  This  method  was  discontinued  in  1979  with  the 
introduction of remotely  operated  continuous  miner  (Bourquin  and  Martin,  1979). 

An explosion occurred in #1 Mine  on  15th  April,  1981  (Elam et al, 1981)  and  caused 15 
fatalities, but  six miners survived.  According  to  the  statement of these  miners, outbursts 
occurred 2 - 3 times in each shift. A few  hours  before  the  explosion  on  15th  April,  a  small 
push  out occurred in the  same  roadway  that  displaced 40 - 80 tonnes of coal. 
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CHAPTER 4 

ROLE OF GEOTECTONICS IN OUTBURSTS 
AND PREDICTION OF TECTONIC STRUCTURES 

4 .1  INTRODUCTION 

As mentioned  in  Chapter 2, the process of coalification  that  occurred  over 250 million  years 
resulting in the formation of coal seams has also been associated with other geological 
processes to which  the  earth's  lithosphere  has  been  subjected  in  this  period.  These  geological 
processes,  occurring  over  its  long  history,  have  included  dynamic  processes  that  last  over  a  few 
seconds or minutes  (such as sudden  movement  along  faults) or slow  processes  lasting over a 
few  days,  weeks or months  (injection of magmatic  materials  from  deep  down) or millions  of 
years  (subsidence,  uplift  and  folding).  During  this  period,  the earth's crust has  been  invaded 
with fluids of external  and  internal  origin  that  have  been  partially  retained or moved  out  from  the 
host  rock to other  more  favourable  locations  depending upon the  geologic  state. 

The  lithosphere,  particularly  its sedimentaq part  that  contains the coal seam, has to be  treated as 
a multiphase medium with its pores and cracks (large and  small)  that  are filled with fluids 
(liquid  and  gaseous).  The  dominating  influence on the  processes  occurring  in  the  lithosphere  is 
the part  played by stresses  and  temperature  which  have  changed  sometimes  radically  over  the 
geologic  history.  From our point of view,  particularly  important are the  processes  that  have 
resulted in changes in the  petrographic  and  mechanical  properties of coal and coal seam, its 
rank,  the gas content  (methane  and  carbon  dioxide)  as  well  as  the  properties of  the  intervening 
beds  that  separate  the coal seams  and  that may  have  to be intersected or disturbed  during  the 
process of  mining  of  coal. 

4 . 2  GEOLOGICAL  STRUCTURES 

In the  overall  scheme of the  geological  processes  that  have  occurred  and  resulted in the  present 
state  of  the  lithosphere,  geotectonic  process is the  cause of  mechanical  deformation  and  induced 
discontinuities in  the  coal seams and the surrounding rocks. The discontinuities, named  as 
structural  features,  are  classified into four classes  (Dadlez  and  Jaroszewski? 1994, p. 12). 

Mega-structures or regional structures which consist of a group of macrostructures 
extending over long distances, over  kilometres  and  sometimes  hundreds of kilometres, 
and  covering  large  areas.  These  are  most  easily  recognised from aerial  surveys. 
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Macro-structures  that  can be easily  recognised in large  open  cut operations or  exposed 
escarpments. 

Meso-structures that  can be recognised  without  any  visual aids, in a window,  in  an 
exposed  surface. 

Micro-structures that need  external  aids  such as optical  or  electronic mimscopes. 

Some  authors  (Ryncarz, 1993, p. 24) have  given a fifth class  called  ultramicro or submicro- 
structure that can be recognised by electron  microscopy  and x-ray radiography  and  other 
physical  techniques. 

The  above classification gives a hierarchical  structure  representing  linear  dimensions.  The 
mega-structures include plate  boundaries,  trenches  and craters, major  folds and faults, etc. 
Macro-structures  include  small  trenches,  medium  size folds and faults and  meso-structures 
include  small folds and faults, joints, cleat  and  other  planes of discontinuities.  Examples  of 
small  structures  are  small  fractures,  pores  in  amorphous  minerals  and  inter-crystalline  defects in 
mineral crystals. In coal, these  small  structures  are  present  as  micro  cracks  and micro pores 
(open  and closed) and other  micro  fractures  that  may be limited  to a part of the  band in a coal 
seam,  such as in vitrinite. Table 4.1 gives various elements of the structures and their 
characteristics.  Terms  used  in  column 4 represent  degree of continuity  as a geometric  element 
of structure,  while the structure  itself  represents  the  discontinuity in the  rock. In the  table, 
Ryncarz  does  not  include  those  structures  that do not  result  in  discontinuities  such  as  single 
folds or multiple folds which  are  important  from  the  point of view of stress  changes  and 
changes in the  thickness of coal  seams  and other  rock  beds. 

While  discussing  geotectonic  state of a deposit or the  coal  seam  and  the  surrounding  rock, its 
state,  as it occurs  prior  to  its  opening  for  mining  needs  to be understood. This geotectonic  state 
of  the  deposit  however,  also  includes  the  geological  state, but from the practical  point of view, 
it is sometimes  better  to  differentiate  the  two  states,  i.e.  geological  and  geotectonic.  However, 
in literature  this  division  into  these two  groups  sometimes  has  been  met  with  difficulties  due  to 
the  interaction of  the geotectonic on  the geological  processes. A good exampIe  of this  is  the 
geometry of  the deposits. For example,  the  thickness of  the coal  seam  can be considered  as a 
geometric  parameter of  the deposit  while  the dip of the  coal  seam  has characteristics of 
deformation  imposed  upon  it  due  to  tectonics, thus belonging  to  the  tectonic  groGp. Similarly, 
in  the  classification  of  depth,  should  it be classified  as a geometric  feature  though  this  may  have 
been  caused  as a result of a large uplift, or  burial  or as a result  of a large  fault? 
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Table 4.1. Characteristics  of  elements of  structures  (Ryncarz, 1993). 

Method  of 
classification 

structuc 
Name 

element 
Size, 

m 

Cha 
Continuity, 

icteristics  of  the  structure 
Homogeneity  Isotropy 

Area  of 
Study 

defect 
4 7 1 

Non-homogeneous 

1 2 3 

Atomic  scale Continuous Atomic  physics I <10-6 Ultramicroscopic 
studies 
I 

Microscopic 
studies 

Mineral  grain Continuous  defects 
in  the crystal 
structure 

Continuous  micro 
fractures,  micro 
pores  and  micro 
joints 

Continuous 
fractures,  pores, 
joints 

Continuous  meso 
fractures, 
meso  ioints 

Statistically  Anisotropic 
homogeneous 

Solid  state  physics 

Petrography  and 
rock  physics 

I 
10-2 -t 10" Non-homogeneous  Isotropic 

Mesoscopic 
observations 

Rock 
sample 

I 
10-1 f 100 Statistically  Quasi-isotropic 

homogeneous 

I 
Macroscopic 
observations 

dneral deposit 100,  102 Statistically  Anisotropic 
homogeneous 

Non-homogeneous  Anisotropic  and 
quasi-isotropic 

Megascopic 
observations 

Rock  mass > 10-2 Continuous  macro 
fractures,  macro 
joints,  caverns 

Physics  of  rock 
mass 

I 



4.3  ROLE OF TECTONICS  IN  OUTBURSTS 

Geotectonics plays a basic  role  in  the occurrence of outbursts of gas  and  coal.  Different 
geotectonics  occur not only in different coal fields or deposits, but it can vary substantially 
within a coal deposit or within a coal seam or a part of the coal seam.  Taylor (1852-53) 
observed  that  outbursts  occurred  in  the  immediate  vicinity of tectonic  structures  and  that  coal 
ejected  comes  from the part of the  seam  that is weak  and  disturbed with loss of its texture. 
These  observations of Taylor have  been  confirmed  in statistical  analysis of data  from  different 
coal fields.  The difference that  exists  mostly  relate  the  percentage  conmbution of  each  of  the 
geotectonic  parameters on the  occurrence  of  outbursts. 

Ettinger  et al (1953),  representing  the  opinion of  Skochinski  Institute,  stated  that  one of three 
deciding  factors  influencing an outburst is the  structure of  the coal  seams  i.e.  the  "geological 
structure  and  micro-structure of  the coal substance". 

Published  materials  mostly  present or correlate a single  geotectonic  parameter  relating  to  the 
macro or  micro-structure  with  the  parameters of  the  outbursts  that  occurred in a particular  tirne 
span or an area of the mine field. However,  not  all publications represent  methods of 
homogeneous  laws of data  collection.  This is true  both  for  the  period  during  which  data  was 
collected  and  the  changes  in  technology, for example,  introduction of camouflet  blasting  or 
elimination of the  camouflet  blasting and introduction of continuous  cutting  machines. As a 
result,  interpretation of the statistical data,  even when  coming  from a single  source,  becomes 
very  difficult. 

It is important to statistically define the effect and  the  difference  of  selected  geotectonic 
parameters on  the  occurrence of susceptibility of a seam or a part to outbursts. This is also 
difficult  as  different  authors use different  parameters  to  characterise  outbursts.  For  example, 
some  authors  use  number of outbursts  per  tonne of  production  while  others relate it to the 
number of persons  working. 

The  phenomenon of outburst is not  influenced by a single but by a multiple of factors.  This  has 
been  brought  to attention by a number of authors (Nekrasovski,  1951,  p. 53; Skochinski, 
1954a).  Some  authors  have med multivariate  analysis of  the  geotectonic  parameters for the 
prediction of outbursts (Cyrul, 1992;  Dybciak,  1994;  Dubinski  et al, 1984;  Nanpvska,  1989). 
However,  to  arrive at reliable  results  using  these  methods,  two  problems  must be solved. 

The data belonging to this  multivariate  random  variable  must  be  homogeneous. 
The  value of all the  parameters  that  influence an outburst  must be either  measured  or 
calculated. 
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As a result of frequent  change in mining  technology  for  the  control of outbursts,  collection of 
sufficient  number of data  sets and their  parameters  are  difficult  to  obtain.  Because of  high 
costs, it is  almost  impossible to establish  points with sufficient  density  in  space  and  time  to 
measure  the value of  the  parameters,  particularly  gas  and  state of stress in the  coal seam. In 
general, these are the  parameters  belonging  to  the  sub-class  which  vary with change in the 
geometry of the  excavation  and  mining,  and  the  mining  technology  used.  The  lack  of  data on 
these  parameters  particularly  'just  before  the  occurrence of an outburst' and  'at  the  place of the 
outburst'  obliterates the  results of random  variable  multi-variate  statistical  analysis. 

In the  absence of better  methods,  even  then,  correlation of pairs of parameters  which are de- 
facto part of multiple  parameters, is useful. This method  of  analysis  allows  to  formulate  certain 
concepts on the  role of a particular  parameter on the  intensity  of an outburst. 

The effect of those  geotectonic  parameters,  the  value of  which do not  change  as a result of 
change in  mining  method is given  below. In this context, the  gassiness of a coal seam is 
considered  as a necessary  condition  for an outburst.  Gassiness of the  coal seam  is  governed by 
other  geotectonic  parameters. 

4.4 GEOMETRICAL  STRUCTURE OF COAL SEAMS 

A number  of characteristics of coal  seams  that  are  included  under  the  geometrical s t ~ c m  of a 
coal  seam are, 

depth of occurrence, 
angle of dip, 
thickness of  the  seam,  and 
other  features. 

4 .4 .1  Depth of Occurrence 

The depth of  Occurrence  of a coal  seam  as  measured  from  the  surface is the  most  commonly 
investigated and reported parameter of geometrical structure of coal seams.  The depth 
determines  the  vertical  load on the coal seam.  The  parameters  that  change  with  depth  are  as 
follows: ? 

Vertical  stress  vector  acting upon  the  skeleton of the  coal  substance  and  along  with  it  the 
two horizontal stress  vectors. 

Gassiness of the  coal seam  and  together  with  this  state of free and  sorbed  gas  in coal. 
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Amount of energy in different forms, accumulated  in  coal  and  rock  substance  and  in  the 
fluids  (gas)  contained in the pore space. 

Nature  of the coal,  its  metamorphic  state,  degree of coalification,  volatile  matter  and  other 
features  that  change  with the state of metamorphism. 

Change in temperature  and  its  effect  on the desorption  process of gases from coal. 

As such  depth,  which  can be easily  and  accurately  defined  and  which  superficially  represents 
one of a series of parameters, in reality,  changes  a  number  of  other  parameters  which  have 
influence  on the susceptibility of a  coal  seam  to  outbursts.  Depth  of  occurrence,  therefore,  can 
be considered as a parameter  representing  other  parameters  which  are  difficult  to  measure 
without causing any  disturbance  to  the  rock  mass. Similarly, the  above comments are 
applicable  to  other  parameters  such  as  the  thickness of a  coal  seam  and  dip  of  the  coal  seam,  etc. 
(Pawelek  et  al,  1989). 

A similar  point of view  was  presented by Swift  (1964).  Based  upon  his  observations  in 
anthracite  mines of South  Wales,  he  stated  that  depth  cannot be considered a single  criterion in 
defining  the  frequency  or  the  size of an  outburst.  It  can be considered  as a single  parameter 
only if the  other  parameters  remain  constant. This situation  occurs  only  rarely. 

Gerrard  (1899-1900) signalled the effect of outbursts on the  occurrence  of outbursts in 
Lancashire  coal  field as early  as  1899-1900.  Hargraves  (1983)  presents an opinion  that  role  of 
depth  is  important  only in steeply  dipping  seams  and  that  in flat seams only  where  vertical stress 

is the  major  principal  stress  and  not  as  one of the  principal  stresses.  Lama  (1968)  in  discussing 
the carbon  dioxide  outbursts in Cevennes  coal  field in France,  concluded  that  no  significant 
variation  in  the  frequency of outbursts  nor  in  the  average  total  weight  of  solids  thrown-out is 
related  to  increasing  depth of seams.  Shepherd et al  (1981a)  indicate  lack of literature  on  the 
effect  of  depth  on  outbursts. 

The distribution  of gas content of a coal  seam is a function of a  number of geotectonic 
parameters  and  depth is only  one  of  the  parameters  and  perhaps  the  most  important.  Analysis 
of  depth  is  thus  analysis  of  the  gassiness  of  the  coal  seam  (Cis,  1971). At shallower  depths  the 
coal  bearing  deposits  may  have  lost  substantial  amount of gas  and  that  gassiness  increases  with 
depth  is a common  Observation.  (See also Chapter 2). In  Lower  Silesian Goal field,  the 
percentage of Co;?  increases  with  depth (Cis. 1971).  This  observation is not  supported  by  data 
in  Australia on the  South  Coast,  particularly in  relation  to  the C02 gas content of coal  seams in 
general  and  that of the  Bulli  seam in particular  (Lama,  1991,  1995;  Williams  et al, 1995). 
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The concept that with  increase  in  the potential energy  accumulated  in  -the  skeleton of the 
coal/rock and in  gas  contained in it increases the danger of an outburst is well  accepted.  From 
this  point  of  view,  data  has  been  presented  which  shows  that  the  average  size  (average mass of 
coal  and  volume  of  gas  liberated in an outburst) of an outburst increases with increase  in  depth. 

It is accepted in general  that with increase in depth,  the rank of coal increases  following  Hilts 
law (Stach et  al, 1975) (See also Chapter 2)  and  metamorphism of coal influences  its 
susceptibility. 

Cyrul (1992, p.  42)  analysed  changes in 8 complex factors as a function of height (from a 
certain fixed point  and  not  depth  from  the  surface).  The factors analysed  were N2, C0.L and 
a, m3/t; Dp  (desorption); Vb (volatile  matter), %; Aa  (ash content), 96; Wc  (moisture), %; F 
(Protodyakonov index); Ap (pressure), mm of Hg; (See  also  Chapter 8 for  the  definition of 
Ap). The results for the Walbnych and  Nowa  Ruda Collieries  are  given in Fig.  4.1 . This 
figure shows no trend (increase or decrease) in the value of the parameters as a result of 
changes in depth (Z, m). The  volatile  matter  (Vb)  gives the least  amount of variations  and 
shows a decrease with increase in  depth for Walbrzych  Colliery,  but  no  change  for  Nowa Ruda 
Colliery. 

Cyrul(1992, p.  37)  gives  the  relationship of  the  mass  of  coal  ejected  and  depth  from  the  surface 
(Fig. 4.2).  The  above  data  consisting of 1,245  outbursts was  reduced  to  125  points for seams 
410/=2+ /412  and  coal  layer 4 in fireclay  seam in Nowa Ruda Colliery,  Lower  Silesian coal 
field, and is represented in Fig. 4.3. This figure shows better  correlation  between  depth  and 
mass  of  rock  ejected.  Rapid  flattening  of  the  curve  and  lower  slope  at  500 m and  beyond  means 
that  with  small  increase in depth,  there is a very  rapid  increase  in  value of rock  thrown  out, 
Kidybinski  (1980)  collected  homogeneous  data  from  Nowa  Ruda  Colliery  for  the  seam M15, 
seam #404 and  layer #3 in  the fire  clay  seam  and  found a linear  relationship with depth.  Similar 
linear relationship is quoted by Gritsko  et al (1995) from the  work  conducted by Lidin  and 
Vershinin  in  Russia,  and  Nekrasovski  (1951,  p.  22) on data  collected  from  Donetsk  coal  field 
and  Kovac  (1974)  from  Pecs  coal  field in Hungary.  The  results  are  compared  in  Table  4.2, 

Patching  and  Botham (1966) found  that with increase in depth, both the  average size of  an 
outburst, as well as frequency of outbursts (inverse of feet advanced/outburst)  increased in 
Upper  Marsh  seam  of  2.5 m thickness, 23’ dip, Canmore district, Albeaa (Fig. 4.4). The 
increase  in  average  size of outbursts/metre  increase  in  depth is about  2.3 tonnedm) and  increase 
in  frequency 330 m to 390 m is  threefold. 
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Fig. 4.1. Effect of  level  difference  (depth from the  surface)  on various Parameters 
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Fig. 4.2.  Relationship  between mass of coal ejected  and  depth from the  surface 
(Nowa  Ruda  Colliery,  Lower  Silesian  coal  field)  (Cyrul,  1992). 
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Table 4.2.  Effect of depth  on increase in ejected  coal in  an outburst. 

Mine and/or  coal  field 

Nowa  Ruda coal seam 
410/2 + 412, 
Lower  Silesian  coal  field 

Nowa  Ruda coal seam 
415, 
Lower  Silesian  coal  field 

Nowa Ruda coal  seam 
405, 
Lower  Silesian  coal  field 

Nowa  Ruda #3 layer  in 
fire clay  band, 
Lower  Silesian  coal  field 

Nowa  Ruda #4 layer in 
fire clay  band, 
Lower Silesian  coal  field 

Donetsk  coal  basin 

Donetsk  coal  basin 

Upper Marsh seam, 
Canmore  district, 
Canada 

Krasnyi Profinteru, 
Donetsk  coal  basin 

Artem, 
Donetsk  coal  basin 

#1 Kochegarka, 
Donetsk  coal  basin 

Waszasz Mine, 
Pecs  coal  field 

Pecbania  Mine, 
Pecs  coal  field 

Sabolc  mine, 
Pecs coal  field 

320-600 I 13.2 

380 - 600 4.2 

380 - 600 4.2 

510 - 800 1.4 

700 - 820 11.7 

150 - 350 0.3 

400 - 700 0.7 

270 - 330  2.3 

366 - 400 0.47 

425 - 520  0.25 

550 - 640 0.42 

156 - 430 0.12 

180 - 420 0.08 

240 - 320 I 0.08 

150 

Source 

CymL 
1992 

Kidybinski, 
1992 

Kidybinski, 
1980 

Kidybinski, 
1980 

Cyrul, 
1992 

Gritsko, 
1995 

Gritsko, 
1995 

Patching  and Botham 
1966 

Nekrasovski, 
1951 

Nekrasovski, 
1951 

Nekrasovski, 
195 1 

Kovac, 
1974 

Kovac, 
1974 

Kovac, 
1974 



Feit (1985) has  provided data on the effect of  depth  on  the size of  outb-wsts  (mass of coal 
ejected  and gas emitted) for both  steep  and flat coal  seams  from  the  Donetsk  basin  (Table 4.3). 
In flat seams  the  mean  mass  of  coal (S) varies from 47 - 110 tonnes-for depth 300 - 1,OOO m 
but  increases  rapidly to 400 tonnes  at  depth  beyond 1,OOO m The mean  volume  of gas emitted 
(Q*) lies  in  the range of 32 - 83 m3/t  and  he did not see any increasing  trend  with  increase in 
depth.  In  steep  seams  for depths 400 - 1,OOO m,  the  mass  of coal ejected is higher  and lies 
between 76 - 131 tonnes  and gas emitted  ,at  depth 400 - 700 m between 14 - 19 m3/t. At higher 
depths this rises rapidly  to 50 - 239 m3/t indicating  that in steeper  seams  the  character  of this 
phenomenon  changes  rapidly  at  these  depths. 

On  the  South  Coast  of  Australia,  the  depth of mining of  the  Bulli  seam  in  presently  operating 
mines  varies  between 380 - 610 m. Most  (almost 50% (256)) of outbursts  have  occurred in 
West  Cliff  Mine  where  the  depth has varied  between 465 - 495 m. The  deepest  operations  are 
at  Appin Colliery,  (maximum  depth 500 - 610 m)  and  only 22 outbursts  have  occurred in this 
mine. A plot of depth against  number of outbursts and  the size of an outburst shows  no 
relationship  at  all. 

Ujihira  and  Higuchi (1986) present  data  on  the  mass of coal  ejected,  number of  Occurrences  of 
outbursts  and  depth of  Occurrence from 100 m - 1,OOO m in Japanese  coal  mines  over  the  period 
1949-85. They  note a drop in  the  number  at  depth  beyond 700 m basically  due to the  use of 
better technology in the  control of outbursts  and  decrease in the  number of faces. 

As  seen  from  the  data  presented  above,  the  effect  of  depth in diffexnt coal fields and  even in the 
same  coal  field is quite  different.  Obviously,  depth is not  the  only  controlling factor so the 
effect of depth is quite  different and  even  at  times,  there is doubt  whether  depth  has  any  real 
effect. A direct  synthesis  presents  problems  due to non-uniformity of the data. Belin (1964) 
suggested  that  the  number of outbursts be presented as per km2 of the  area  extracted.  Similar 
views  have  been  voiced by National  Coal Board, UK (Anon, 1983). There is also a need  to 
incorporate  other  factors as indicated in the  beginning  of  the  Section 4.3. 

4.4.2 Dip of the Seam 

Dip  of  the  seam is a geometric  element  of  Occurrence of coal  seams and acts in various ways  on 
the  initiation  and  propagation  of  outbursts. 

Soft friable coal when it  occurs in the  coal  seams collapses under  gravity creating new 
surfaces  which  helps  in  initiation  as  well  as  faster  propagation  of an outburst by creating 
new surfaces. 
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No. 

1 

1 

2 

3 

4 

5 

6 

7 

8 

Table  4.3.  Mean  characteristics of outbursts of gas  and  coal in flat and steep  seams at depths of 300 - 1,200  m 
1977 - 1983  (Feit,  1989). 

Mean  volume of gas 
Total  number Number of outbursts 

Q** m3/Mg mining, 
of outburst  ejected, S, tonnes above  200,  tonnes of outbursts Depth of 

liberated/Mg Mean mass of an  outburst, 

m 

2 10 9 8 7  6 5  4 3 

Flat  seams Steep  seams Flat seams Steep  seams Flat seams Steep  seams Flat  seams Steep  seams 
~~ 

300 - 400 - 49 .0 20.0 47.3 - 1 16 

400 - 500 

2 4 29 600 - 700 

17.6  50.3 113.8 1 10.2 1 12 4 86 500 - 600 

14.3 51.5 128.0  72.9 1 4 5 28 

- 55.6  97.5 47.7 

49.9 44.3 131.2 78.2 5 1 25 8 700 - 800 

18.7 

800 - 900 239.2 35.4 129.2 86.9 3 2 22 7 

900 - 1000 15.7 ' 83.2 76.3 104.3 1 2 6 7 

> 1 000 32.2 398.0 3 9 



Caverns created as a result of  an outburst in steep  seams,  in  general,  run  parallel  to  the 
main  rise  direction  and  rarely  along  the  strike  (Platonov,  1989). 

In steep  seams,  outbursts  occur  more  often  at  lower gas content  compared  to  flat seams. 

Effect of dip during  the drivage of roadways  depends  upon  the direction of drivage, 
(towards the rise, towards  the  dip,  at any apparent  dip or along  the  strike).  Outbursts  in 
roadways  driven to the dip occur  rarely. This effect has  been  called  the  gravity  effect 
(Nekrasovski,  1951, p. 50; Skochinski,  1954a;  Lidin  and  Khodot,  1964;  Lidin,  1964). 

The effect of angle of dip on outbursts was observed and reported in statistical analysis by 
Nekrasovski (1951, p. 15). Based  upon  the data on outbursts  that  occurred  during  the  period 
1934-36  and  1947-39  in  Donetsk  coal  field, he found  that  574  out  of  673  and 368 out  of  402 
outbursts  occurred in steep  seams  respectively.  Nekrasovski,  however  does  not  provide  data 
on production  from  steep  and flat seams.  He  further  noted (p. 50) that  out  of  1,191  outbursts 
that occurred in USSR, only 2 - 3 outbursts  occurred in roadways  driven  to  the  dip.  Ujihira 
and  Higuchi  (1986)  statistically  analysed  the  number of outbursts and  the  dip of  the  seam  and 
found  poor  correlation  (correlation  coefficient of  0.346) between the two parameters. 

Belin (1964) gives an example of steep  longwall  faces  where  he  found  that  percentage of total 
outbursts  distributed  along  three  equal  lengths of the  longwall face were  55%, 25% and 20% 
respectively  starting  from  the  bottom of  the  face  position.  It is possible  that  this  distribution is 
also influenced by degassing of the  upper part of the  longwall  face  as a result of extraction of 
previous  panel in the  upper  regions. 

Lidin (1964) has  paid  much  greater  attention  to  the  two factors and  their effect on outbursts. 
These are the  drivage of roadways  along  dip  and  rise  or  along  the  strike.  He  observed  that  the 
frequency of outbursts  in  the  roadways  driven  to  the  rise was  much  higher  even  when it is taken 
into  account  that  the  length of roadways  driven  to  the  dip is rather  small.  In  steep  seams,  when 
roadways  are  driven  along the strike,  outbursts  occur  most  frequently  in  the  corner  towards  the 
rise  and  rarely  at  the  face  and  very  rarely  in  the  comer  to  the  dip  side  of  the  face. 

4 .4 .3  Thickness of the  Coal Seam 

In general  thicker  seams  are  more  liable to outbursts than thinner seams. Possible reasons  for 
this  are  that in thicker  seams  the  probability of softer  coal  increases,  the  total  amount of gas 
available for the transportation of outbursted coal is higher and  the amount of energy 
accumulated  that  can initiate an outburst  is  higher when  compared  to a thinner  seam.  Swift 
(1964), in his  study of outbursts in South  Wales  where  thickness of seams  varied  from  0.6 - 
4.6 m,  found no correlation  between  seam  thickness  and  outbursts.  However  he  confirmed  that 
the  size of the  outbursts  was  much  larger  in  thicker  coals  seams. 
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Belskaya (1973) conducted an analysis of 200 outbursts that occurred during the  period 
1945-65 in steep  seams of 52" - 72O inclination  lying  at  depths of 400 - 750 m in Donetsk  coal 
basin.  She  considered both the inclination  and  thickness of  the  seams.  All  these outbursts 
occurred  on  longwall  faces  of  length  of  about 100 m. The  longwall  operations  consisted of dip- 
rise stepped  faces.  Analysis  showed  that  the influence of thickness of the coal seam on 
outbursts on the  longwall  is  higher than the  angle of inclination.  Belskaya  distinguished very 
thin  seams (0.8 m thickness)  from  other  seams.  She  found  that  the  distribution of probability 
of occurrence of an outburst  decreases  linearly and is given by the  relationship 

2 
P(x> = "$" (4.1) 

where a = length  of  the  longwall face 
x = distance  from  the main gate  (placed  at  the  lower  end of  the  face) 

such  that 0 I x I a. 

In thicker seams (>0.8 m)  the  probability of 
distribution and  is  given by 3 relationships: 

( 0.531e-o.91*X ....... 0 <x <3; 
( 

P(x) ( 0.209e-o.912X ....... 0 <x <3; 
( 
( 0.082e-o.912X ....... 0 <x <3; 

occurrence of outburst  has a more  complex 

20 m <h 4 0  m 

50 m <h <80 m 

80 m <h d l 0  m 

where h = distance  along the longwall from the  main  gate 
x = dimensionless  coefficient. 

Belskaya  confirmed that the  probability of occurrence of outbursts  along  the  longwall  face in 
thicker  seams  greater than 0.8 m does not decrease  monotously  but  step  wise  as  the  distance 
from  the  main  gate  increases.  The  highest  probability  occurs at a distance of 20 - 30 m, 50 - 
60 m and 80 - 90 m from  the  main  gate.  The  cyclic  effect is explained  based  upon  the  physical 
model of the  rock  mass.  Belskaya  does  not  give any information on  the status of  mining  of  the 
seam  above  the  longwall  faces.  The  important  conclusion  presented by her is that the  longwall 
face  should  not be stepped  at  the  place of maximum  probability of  Occurrence  of outbursts. 

Pescod (1947-48) has  analysed  the  role  of  geological  structures  in  the  anthracite pines of West 
Wales.  Out of 101 outbursts,  the  location of  which  was studied, the largest  number  occurred 
on  anticlinal  or  folds  followed by floor rolls through  which  the  seam  thins  (Fig 4.5). The 
anthracite  seams  here are highly  sheared  and not all soft  coal was prone  to  outbursts.  The 
geological  conditions  where  these  outbursts  occurred and their  frequency  are  given in Fig. 4.6. 
Obviously,  the anticline or  fold  with  the  thickening  and  thinning  of  the  coal  seams is the 
location of residual  stresses, and  hence  greater  probability  of  outbursts. 
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Fig.  4.5.  Histogram  showing  the 
number of outbursts  at  the  sites of 
geological  disturbances in the 
anthracite seams of West  Wales, UK 
(data from Pescod,  1947-48) 
(Shepherd  et al, 198 1). 

Fig.  4.6. Association of some 
structures  with  outbursts  in 
West Wales, UK. 
(a) Anticline 
(b) Conjugate  thrusts 
(c)  Thrust  and  recumbent  fold 
(d)  Anticline  and  seam  thinning 
(c)  Anticline  and  possible dkollement 
(Shepherd  et  al,  1995). 
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Studies in China have  shown  that  the danger of outbursts increases with increase in the 
thickness of the  soft  coal in  the  coal  seam (Table 4.4). This  aspect of thickness of the  soft  coal 
bed is important.  When  considering  the  proneness of a coal  seam  to  outbursts,  the  cumulative 
thickness of soft and  low  strength beds should  be  considered  as  one of the important parameters 
in  categorising  coal seams. 

4 .4 .4  Other  Geometrical  Parameters 

Depth,  dip  and  seam  thickness  are  the  geometrical  parameters for each  seam.  However,  many 
times  only a part of the  thickness of a coal  seam is extracted or a number of seams occur  very 
close  to  each  other or one  or  more is  extracted leaving other  seams  intact  to be extracted  at a later 
date or in some  predefined  sequence. Ujihira and  Higuchi  (1986)  quote  the  work of Ujihira  and 
Hashimoto  (1976b)  and  give  correlation  between  the  number of outbursts  and  the  following 
parameters  in  Japanese  mines. 



Number  of  coal seams/lOO m depth of  occurrence. 
Total number  of seams. 
Total  thickness of the  coal seams. 

Table 4.4. Effect of thickness of soft  coal on outburst  parameters 
flu Bufan, 1988). 

Outburst 
parameter 

, 

No. of outbursts 
% of total 

Total tonnage of 
coalbrnsted 
k of total 

Average size of 
outburst 

Maximum size of 
outburst 

Minimum depth of 
occwence 

E Name of Seam 
#3Seam I Miseam I #5Seam I M S e a m  

0 
2 

9 
1.7 

15.5 

0.1 

2 

5 
8 

350 - 450 

J 

97 
18.7 

3288.6 

10.1 

4.3 

450 

180 - 190 

If seam, m 
0.7 - 0.8 I 2.5 - 3.2 

soft coal, m 
0.5 
4 

86 
16.6 

3186.8 

9.8 

38 

700 

180 - 1 9 0  

1.7 - 2.0 
5 

325 
63 

25801.4 

80 

88 

5000 

80 

T Total 

6 

517 
100 

32292.3 

100 

70 

The  coefficient of correlation  quoted by them for the  above  three  parameters  are 0.739,0.693 
and 0.620 respectively. 

The  coefficient of correlation in all the  three  cases  can be considered  as  positive  in  the  analysis 
of factors  influencing  outbursts. 

Among  the 13  parameters  correlated by Ujihira and Hashimoto,  the  most  important  parameter  is 
the  Occurrence of faults  which  has a coefficient of  correlation  of  0.960. 

Many authors  point  to  the  role of  roof  and floor  rocks  on  the  occurrence of outbursts.  Very 
often the  roof  and floor rocks of seams liable to outbursts consist of strong  quartzitic 
sandstones  or  other  stronger  rocks.  The  possible  explanation is that in the  presence of stronger 
rocks,  shearing is limited  to  within  the  coal  seam  which is a weaker material and  hence  greater 
probability of  an outburst. In seams with  weaker  roof  and  floor  rocks,  the effect of tectonic 
stress is to  transfer  the  location  of  shears  to  the  weaker  surrounding rocks leaving  the  coal  seam 
intact. 
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In Donetsk coal field, virtually all coal seams  liable to outbursts  have  strong  roof and floor 
rocks  (sandstone  or sandy shales). These rocks form the immediate or the main  roof 
(Nekrasovski,  1951, p. 10). In West  Wales, all coal  seams  liable  to  outbursts  have  strong  roof 
and a medium  strength  fireclay  floor. 

In the  Bulli  seam,  the  largest  number of outbursts  occurred in West  Cliff  Colliery  in  the  part of 
the  coal seam where  the roof consists of  massive  sandstone.  The  frequency  of  shear  zones  in 
the  coal seam is higher  in  areas with massive  sandstone  roof  and  these  shear  zones  are  the  locii 
of outbursts. In areas  where  the  immediate  roof is a mudstone,  many  shears  occur  not  only in 
the seam but also in the  roof  which  decreases  the  probability of outbursts  in  the  seam,  though  it 
increases  roof  stability  problems. 

4.4 .5  Multiple Regression  Analysis 

Nanovska (1985) used multiple regression linear analysis of a number of parameters to 
determine  their effect on probability of occurrence of  an outburst.  Among  the 8 parameters 
mentioned, 4 belong  to  the  geotectonics  category.  The  values  of  the  coefficient  determined  are 
given  below. 

Depth of occurrence 
Mean coal  thickness 
Number  of  benches  in  the  seam 
Coefficient of variation of seam  thickness 
Hardness of surrounding  rocks 
Desorption  index 
Relative  hardness  of  coal 
Coefficient  of  variation of seam hardness 

= +0.0006 
= +0.3 
= +0.37 
= +0.01 
= -0.09 
= +0.065 
= -0.014 
= +0.12 

The  negative  value of the  coefficient of hardness of surrounding  rocks  is an exception.  Depth 
has  the  lowest  coefficient  and  number  of  benches  (bands)  in  the  seam has the  highest  coefficient 
followed by seam thickness  indicating  that  highly  non-homogeneous  thick  seams  have  higher 
probability of an outburst  (See  also  Chapter  9). 

Cyrul (1992, p. 66) has  determined  the  probability of  an outburst based upon a number of 
factors,  'outburst  parameters'  using an algorithm  which inter-relates the  various  parameters. 
The  basis of this  complex  algorithm is the  numerical  determination of  the  distribution  function 
based  upon  measured  values in the  field.  Based  upon  the  values  of  the  various  parameters,  he 
determines  the  probability of an outburst. 
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An example of the  complex  multiple  parametric  analysis of the  various  factors  -is  the  method 
used  by Dybciak (1994) published by Dubinski et a1 (1994). They divide all  parameters into 
three  groups. 

Gas  dynamic  factors 
Geomechanical  factors 
Geodynamic  factors. 

Geomechanical factors include seam  thickness,  strength of coal, dip of the coal seam and 
direction of drivage,  regularity of seam  thickness.  He  assigns coefficients to each of these 
parameters  and  then  calculates  the  liability of the  site  to  outbursts  by  adding  the  values for  each 
of  the  group,  while  the  individual coeffkients in each  group are multiplied. 

4 .5  TECTONIC DISTURBANCES 

The  most  common  disturbances in coal  deposits  are  folds, a system of dislocation  like faults 
and  shear  zones,  large joints and  small  scale  discontinuities  like  small joints, cleats  and  micro 
fractures.  The  second  group of tectonic  disturbances are the  magmatic  intrusions.  These  large 
tectonic  disturbances are the  location of outbursts and  an  analysis  of  these  tectonic  disturbances 
and  their  location is of  fundamental  importance in the pmhction of outbursts. 

Tectonic  disturbances in coal  seams  liable  to  outbursts  have a complex  geometry. The various 
stages of deformation,  right  from  the  depositional  stage and compaction  processes,  imposed 
deformation  movements  over  its  history  result in highly  complex  structures.  These  long  lasting 
movements  play an important  role  in  the  liability of  seams  to outbursts. 

The  tectonic stress generated in  the  coal  seam  and surrounding  rocks  as a result of the  block 
movement  causes  disturbance  in  the  gravitational  stress field and as such  stresses  can vary 
widely  over  short  distances.  The  state  of  stress  at any point is described by three  orthogonal 
stresses 01 2 02 2 03. It is in  general  assumed  that  one of the  stresses is vertical  and  the other 
two  stresses are horizontal  in  the  plane of  the  coal  seam  and  are  as a result of  the  gravitational 
stress  field. This is not so where  tectonic  stresses  causing  disturbances  have  been in operation 
and  have  changed  their  direction  over  the  geologic  history.  Simultaneously, it should also be 
kept in mind  that tectonic  stresses  act not  necessarily  horizontally, as, for exarnfle, is the case 
with  magmatic  intrusions  into  the  coal  seam  and  surrounding  rocks.  Besides,  the  behaviour of 
the  rock  mass is greatly  influenced by the  presence of fluids and fluid  pressure  which  changes 
with deformation imposed depending upon  the permeability of the coal seam  and the 
surrounding  rocks.  Treatment of rack  as an isotropic,  homogeneous  material  in  the  laboratory 
with imposed  stress field in a true  triaxial  system  does  not  really  represent  the  behaviour  of  the 
rock  as  it is present  today. 
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It should  also be kept in view  that  the  tectonic  stresses  change with time,  but  these  leave  their 
marks in the  form of  development  of  micro-structure,  crack  system  and  its  orientation,  and in 
the case of coal, imposed  anisotropy in vitrinite  part of  the  coal seam (Stone, 1990). The 
behaviour of the coal seam is thus  greatly  dependent upon  the  geologic  stress  history  and  can 
vary  locally to a very  great  extent  depending  upon  the  presence of a discontinuity  and  state of 
fluids in the  discontinuity. 

Tectonic  stress  that  caused  disturbances  also  remain  locked in the  rock  mass  even  when  the 
force  causing  the  disturbance has  ceased  to  act  long  ago.  Understanding  the  forces  that  caused 
the  disturbances  and  their  interpretation  based upon the  knowledge of the  disturbance  can  help 
understand  the  rock  mass  model  and  its  behaviour. 

In this  section,  the  mechanism  causing  these  tectonic  disturbances is described  in  short  together 
with their  effect on the  occurrence  of  outbursts. 

4.5.1 Folds 

The  formation of folds in  the  rock  mass  may  be  the  result  of different  mechanism.  Dadlez  and 
Jaroszewski (1994, p. 178-200) have  presented  mechanism of folding. 

Perhaps  some of  the earliest  studies on  the  mechanism  of folding were  done  by  Smoluchowski 
(1909, a, b) where  he  deformed  gelatine  models  under  lateral  compression  at  low stresses, so 
that  the  material  still  maintained Hooks law. A layer of gelatine  material  with  properties of E = 

3.26 Pa and size dimensions of 5.13 x 70 x 80 mm  was placed over a layer of mercury  and 
subjected  to  horizontal  stress of 0.6 N (60 g).  He  obtained  three crests and two troughs with a 
wave  length of 28.0 mm.  He found  close  agreement  between  theory and experiments. On 
further  deformation,  fractures  occurred  at  the  crest  followed by initiation of fault.  Based  upon 
elastic  and  free  flowing  materials, he obtained  virtually  all  the  effects  observed in the  field  such 
as symmetrical and  asymmetrical folds, faults, thrust faults, deformation - thinning and 
thickening at the  hinges of  the folds,  etc. 

Two distinct  situations  occur in coal  seams.  In  the  first  case,  the  coal  seam  may be stiffer  than 
the  surrounding  rock  and in  the  second  case  the  coal  seam  may be surrounded  by  much stronger 
rocks.  The  second  case  is  most  common. In  the  two cases  different  types of deformation  and 
systems  develop in the  coal  seam. c 

In the first case,  simple  buckling or true  folding  occurs.  The  strain  produced  within  the  layer is 
dictated by extension  around  the  outer  arc  and  compression  in  the  inner arc of  the  fold  separated 
by a neutral surface of  no strain  near  the  centre of the  folded layer (Fig. 4.7). The layer 
maintains its thickness.  There is a limited  value of the  viscosity ratio between  the  coal  and 
surrounding  rocks  below  which  buckling  cannot be initiated. 
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In  the  same  process,  with  increase  in  deformation,  fractures  develop  both  in  the  top  side  of the 
bed due to  tension  and  shear fractures in the lower  side due to compression. The density of 
these fractures grows together with their lengths with continued increase in deformation 
ultimately  resulting  in normal and  shear faulting (Fig. 4.8). Thus the  process of folding is the 
start of a  much wider process that results in differential strain  and fracturing, faulting and 
displacement.  Importantly,  the  scale of this deformation  and  fracturing  may be microscopic or 
megascopic. 

neutral surface 

E 

Fig. 4.7. Fold mechanisms. 
A - Buckling  showing  strain  distribution 

B - Flexural  slip. 
C - Flexural  shear. 
D - Oblique  shear  (heterogeneous  simple 

E - Carddeck model  of  an  oblique-shear 

within  the  folded  layer. 

shear). 

fold. 
(Park, 1994, p. 79). 

e 

C 

Fig. 4.8. Fracture  growth in a  thick bed due 
to  bending. 

A, B, C - brittle  failure,  successive  phases of 
fracture  development. 

D, E, F - ductile  failure,  successive  phases of 
fracture  development.  Broken  line  shows 
neutral  surface 
(Dadlez  and  Jaroszewski, 1994, p. 183). 
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In a  multi-layered  material,  the  layers of stronger  material  interbedded  within  weaker  materials 
may show fracturing and faulting while weaker layers show ductile folding, thinning and 
thickening  at  points. 

The occurrence of large  faults at  the  crests  and  on  the  limbs of the  faults  very  greatly  influence 
mining  conditions. An example of  this  is  the  Donetsk  coal  field (Gabzdyll994, p. 172-73)  and 
South  Wales  syncline  (Williams and Moms, 1972). 

When the coal  seam is surrounded by stiffer  beds,  most of  the  deformation is contained  within 
the coal seam. Depending  upon  the  frictional  resistance  between  the  various coal bands,  the 
shearing may occur  along  the beds within  the  coal  seam.  Such  type of folding is called  flexural 
slip (Fig.  4.7b).  In stiffer beds  bounded by slightly  softer interface, buckling may result in 
shearing  along  the  surface  parallel to the limbs  of the fold. This produces strain deformation  in 
the  buckled  material in which  long  axis of the  strain  ellipse  diverge  from  the  centre or hinge  of 
the fold (Fig. 4.7~). The effect of folding  resulting due to non  uniform stresses at different 
points of a bed and  at  right  angle  to  its  plane is given  in  Fig.  4.7  d  and  e. 

4.5.2 Fracturing 

Fracturing is  the  basic  element of tectonic  disturbances.  As  indicated earlier, the process of 
folding gives rise to fracturing in  beds. Evolution of the concepts of fracturing have  been 
summarised and discussed by Pollard  and  Aydin  (1988). To explain the mechanism of 
formation of fractures, one has to assume constitutive equations of  the rock material  and  the 
fracture criterion which  can  define  the  limiting  stress conditions resulting in its failure and 
formation of fractures. This problem,  on  a  wider  scale,  belongs to the  field of tectonophysics 
and  was initiated at  the  end of the  19th  century  and  in  the  early  years  of  the  20th  century by 
Danbbree (1879),  Cadell (1889), Willis  (1891-92),  Adams  and  Nicholson (1898), Anderson 
(1905), Smoluchowski (1909, a, b, c), Karman (1911), Sollas (1913), Koeningberber and 
Morath (19 13)  and  others. 

However, just to  explain the basic  concept,  simple  two  dimensional elastic model  represented 
by Hook's  law  can be used.  A  sample of rock  subjected  to  the  stresses 01 and 03 right angle to 
each other (Fig. 4.9)  develops  shear  stresses  along  a  plane  at  an  angle a to  the  principal stress 
03. Then  the  shear  stress (7) along  this  plane  and  normal stress (on) actingat right  angle to this 
plane  is  given by 
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The  maximum  shear stress is given  by 

This acts along a  plane  at a = 45". Assuming  Coulomb's failure criterion, shear stress is 
represented by 

z = C + 6 ,  tg cp 

Where c = cohesion  of rockand 
cp = angle of internal  friction. 

Fig. 4.10 represents  the Mohr stress diagram on  which  the  Coulomb's  straight  line  relationship 
is represented. In accordance with the  Coulomb's  criterion, for cp # 0, the  plane of failure  does 

not  occur at a = 2?45", but along planes  where a = &( 45"+ z). The  angle 9 = k( 45"- 2) 
is the inclination of the plane with respect  to  the  major principal stress 01 or the  plane 
represented by 61 02. If we  assume  that  the  angle  of  internal  friction of rocks  varies  between 
20 - 50°, then the angle of fracture  planes with respect to the  plane (01 02) will be 20 - 35' and 
the  angle  between  the  two  sets of fractures 29 = 90" - cp. In practice one may  see in rock mass 
only  one set of fractures  which is much  more  dominant than the  second  set.  This is particularly 
so in  coal. 

Fig. 4.9. Failure  plane  and  maximum  shear  Fig. 4.10. Mohr's  stress  diagram  and 
stress (Coulombs criterion).  Coulomb's failure criterion. 

162 



Studies  on fractures in coal  show  that  these  can  be  divided  into two main classes: 

(i) Micm and macro cleat  systems  and  joints 
(ii) Large joints and  low  angle  shears. 

These fractures together with the  bedding  planes  result in anisotropic  behaviour of coal both 
from geotechnical  as  well as from  gas  filtration  point of  view. 

Ammosov  et a1 (1957)  in  their  studies  on  coal  differentiate  two  mechanisms for the  origin of 
cleat in coal. 

Endogenetic  cleat:  This is formed  during  the  process of physical  changes  in  the  properties of 
coal during  the  metamorphic  process.  Coal  matter  undergoes  density  changes  and  decrease in 
its  volume.  These  processes  are  associated with changes in internal stress system,  compaction 
and  desiccation,  and  the  formation of cleat  planes. 

Exogenetic cleat: This is formed as a result of the external stresses on  the coal seam, 
particularly tectonic stresses, fluid pressure changes, folding and  development of tensile 
stresses to  which  the  coal  seam is subjected  during  various  time  periods. 

Endogenetic  cleat  is thus older than exogenetic  cleat. 

Close  (1993) has introduced a third class of  the cleat  system  which is both endogenetic  and 
exogenetic  and calls it duogeneGc. 

It is very difficult to differentiate between endogenetic and exogenetic cleat systems. 
Endogenetic cleat should, in principle, have a flat surface, but  endogenetic fractures may 
develop  curved,  rough  surfaces  depending upon the  state  at  which  these  came into existence 
particularly if these  are  formed  during later stages  where  the coal mass  has  hardened  and 
confining stresses are  low.  Ammosov et a1  use only  one  term,  'crack'  or  'fracture',  but  in 
English  literature  cleat and joint are the two terms  that  are  not  always  synonymous.  Besides, 
the  term  cleavage is commonly  used in rocks  which  have  undergone  metamorphism.  In  mining 
the  term  'induced  cleavage' is commonly  used  where  fractures  are  generated  close  to  the  face  as 
a result of mining. In the  following  text,  the  term  cleat represents small fractures that  are 
present in individual beds  forming  the coal seam but are  not  induced a a result of mining 
activity. Fractures that are large and extend  to  whole  or  part of the  coal  seam  are  termed  as 
joints. 

According  to  Ammosov  et al(1957, both  the  endogenetic  and  exogenetic  cleat  has  the  following 
common  characteristics. 
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The cleat systems have  a  wide  range of degree of development  and 
These, except when close to some other large structures, maintain 

cover large areas. 
their direction on 

region wide basis.  The  degree of development  has  a  major influence on the  breakage 
characteristics of the  coal  seam  during  mining.  Coal breaks down  along the cleat planes 
that are well  developed.  Cleat  system also determines  the shape of  the particles after 
fracturing or crushing.  Definition  of the degree of development is very  difficult  though 
the  continuity  (average  length)  may be taken as a criterion to define its development. 

The spacing of the  cleat  system  varies  from  seam  to  seam  and  even  from  band to band 
within  the  coal  seam. At the  same  cleat  density  under  the  action  of  the  same  stress  field, 
the  particle  size  produced  from  the  two beds within  the  coal seam will be different if the 
degree  of  development  is  different. 

Cleat spacing is a function of seam  thickness.  It decreases with decrease in  seam 
thickness  (Tremain  et al, 1991). 

Cleat  spacing  is  dependent  upon  the  rank of  coal.  According to Ammosov  and  Eremin 
(1960) cleat spacing decreases  through sub-bituminous to medium  and low volatile 
bituminous  coal  rank  series  and then increases with increasing rank through  anthracite. 
Law (1991)  noted decrease in average  spacing  from 20 mm to 0.8 mm from lignite to 
medium volatile  bituminous coals. 

Cleat is more  intense  in  bright  bands  than  dull  bands  and  it is not  continuous  (Shepherd  et 
al, 1981b). Their continuity  may  vary from place  to  place  and from a  few mm to a  few 
hundred mm  and so also their aperture width. In San Juan basin, aperture width  of 
0.01 mm to 0.03 mm has  been reported  (Close  and  Mavor,  1991).  While  in other basins 
as low as 0.0001 mm (Nelson, 1985). Results of Sobiejewe on cleat density as a 
function  of  coal rank are  given  in  Fig.  4.11. 

With decrease in cleat system,  the  strength of coal decreases, but this factor may be 
overridden by degree of its  development. 

The  surfaces of the  cleat may be  smooth,  dull or shining.  Sometimes  these  are curved, 
ellipsoidal, or radiating  depending upon the  movements  that  have  occurred during and 
after  fracturing  and  the  stress  acting on it.  The  ends of the cleats may  be’curved due to 
relative  movement of the  individual  bands. 



--"""" 
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Fig. 4.1 1. Cleat  spacing in coal as a function of coal rank 
(L. J. Sarbiejewa,  Fig.  from  Gabzdyl, 1987) 

Cleat  systems may be faed or their  surface  coated with different  minerals  such as calcite, 
kaolinite,  montmorillonite, or pyrite,  some  iron  salts  etc.  These may also be filled with 
some other organic  material.  The  difference  between  coated or filled  and  uncoated  clean 
surfaces  and  the  type of  the coating or filling  material may be the  basis of differentiation 
between  the  order of occurrence of  the fracture  system. 

Endogenetic  and  exogenetic  cleats  have  some  characteristics  which may differentiate  these from 
each  other.  These are given  below. 

Endogenetic  cleats  are  at  normal  to  the  bedding  plane of  the coal  seam.  In  general,  these 
occur in pairs,  face  cleat  and  butt  cleat,  right  angle  to  each  other  and may  make  any  angle 
with  the  strike  of  the  coal  seam. 

The main  (dominant)  cleat  is  called  the  face  cleat  and  the  secondary  cleat  is  called  the  butt 
cleat.  These  are  normally  consistent  over  large  areas.  These  are  also  found  parallel  to and 
perpendicular  to  the  fold axis. 

Exogenetic  cleat  occurs at different  angles  to  the  bedding  planes (0 - 90") and  usually 
more  than  one  system  of  this cleat may  be differentiated. These also have variable 
direction in space  and  the  period of its formation. Many  times  three  systems may be 
differentiated,  parallel  to the  bedding,  right  angle  to  the  bedding  plane  and  at  low  angle  to 
the  bedding  plane of  the  seam. 

> 

Larger fractures, called joints in coal, are  found  to  extend  over  the  whole or part of the coal 
seam  and  are  much  less  frequent than cleat.  These  are  definitely of exogenic  origin and  are 
related  to  the  tectonic  movement.  The  frequency of joints increases  rapidly  when  approaching 
shear  structures and faults.  Large joints running  over  several  times  the  thickness of the  seam 
(Fig. 4.1 1) and  at  low angle to  the  coal  seams  are  of  endogenetic  origin. The frequency of this 
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may  be 0.01 - 1.0 /m  and  sometimes  higher.  Joints  and  major joints cut  across  the  lithological 
boundaries in the seam, but are in general limited  to the seam  thickness.  Increase in their 
frequency is an  indication of  an approaching  geological  structure. 

4.6 FAULTS 

A fault  is  a planar fracture  across  which  the rock has been displaced  in  the  direction  parallel to 
the fracture plane.  In reality, the fracture plane may consist of a series of planes, running 
parallel to each other. These planes may be continuous or discontinuous, as a result of 
dislocation  (displacement) of a  large  fault or may be due to displacement of a  series of small 
faults. 

The mechanism of fault is the  same  as the formation of joints,  except  that  it is an extended  state 
where  the  imposed  displacements are much  larger,  up  to  hundreds of metres in some  cases  and 
where  the  laws of elasticity do not  hold good for the  whole  of  the  history  of  the  fault  generation 
and  displacement.  The  basis of classification of  the  faults  is  their  orientation with respect to the 
principal  stress  that  caused it. Fig.  4.12 shows  the  relationship of stresses  and  the  type of fault. 

This type of  classification is highly  idealised. In practice,  very  complex  situations arise because 
of the anisotropy  of the sedimentary  rocks as well  as the existence of tectonic  disturbances,  their 
location  and  direction  that are already in existence  in  the rock mass as well  as  the  presence of 
bedding  planes  and  the  properties of the various beds including  coal and its partings. In coal 
bearing deposits,  bedding  planes  are  the  dominating  elements of the  rock mass and  many  times 
displacements are concentrated along the  bedding  planes  particularly  when  the  major  principal 
stress  causing  faulting  acts  at  low  angle  to  the bedding plane. 

In line with  the  mechanism of formation of faults (Fig. 4.12), these  can be divided into two 
categories: 

(i)  Extension  faults and 
(ii) Contraction  faults. 

Extension  faults are those  when  the  major  principal  stress (01) acts at  right  angle to the  bedding 
planes  and  the minor principal stress (03) is  parallel to  the  bedding  plane. "his results in 
extension of the beds  in  the 0 3  direction  (Fig.  4.12A).  When 01 is parallel to the  bedding  and 
03 at right angle to these, the extension takes  place  resulting  in  reverse faults (Fig.  4.12B). 
When 01 and 03 are  parallel to  the  bedding  plane,  it results in strike slip faults (Fig.  4.12C) 
where  there is either  extension or contraction  depending  upon  the  movement  of  the  blocks. 
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Fig. 4.12. Fault  orientation  in  relation to principal  stress  orientation: 
A - normal  faults; B - reverse  faults; C - strike-slip  faults. 
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Normal faults belong to the group of extension faults and reverse  faults  belong to the group of 
compressional  faults.  While  the  strike-slip  faults  belong to one or the  other group (Woodcock 
and  Fisher, 1986). Dadlez  and  Jaroszewski { 1994, p. 136) believe  that  most of the  strike slip 
faults belong to the compression  category though there  is  little  information  available on the 
classification of Occurrence  of  strike-slip  faults  in  coal  mines. Fig. 4.13a shows a  strike  slip 
fault in the roof in  Newcom  Colliery and Fig. 4.13b shows  a  thrust  fault  at Tahmoor Colliery. 

Microscopic  studies  on  the  geological  structure  show  that conditions favour  evolution of 
extension  faults  on the limbs of  the folds  and  compressional  faults  at  the  hinges of  the folds 
(Dadlez and Jaroszewski, 1994, p. 118-35). 

Fig. 13a.  View of a  strike-slip  fault  at  West  Cliff  Colliery,  NSW. 
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Fig.  4.13b. Normal fault  at  West  Cliff  Colliery, NSW. 

As indicated earlier, in non-homogeneous  bodies, a weakness  plane  oriented  favourable  to  the 
major  stress  may  cause faulting preferentially on that  plane  rather  than  at  the  plane  determined 
assuming  homogeneous  properties.  Both  extensional  and  thrust  fault  systems  show  examples 
of varying  fault  inclination  controlled  by  movement  rather  than  initial  stress. 

The  mechanism  presented  above is a great  simplification of  what  happens  in  nature.  The  stress 
field  even  at a given  geological  time  span  changes with  depth  and  hence  the faults which  are 
compressional at depth may  become  tensional  close  to  the  surface.  Extensional faults may be 
associated  with a series of curved  fault  surfaces as a result of the  rotation  and  collapse of  the 
foot  walls  giving  riders or ramp-flat as in  thrust  faulting (Fig. 4.14a)  and  antithetic faults (Fig. 
4.14b) as a result of the  collapse of the  hanging  wall (Park, 1994). 

Like normal faults, thrust  faults  follow a staircase  path  made up  of ramps  and flats (Fig. 4.15) 
with  the  ramp  usually  oblique  and  as a result  the  bedding  planes show an anticlinal  structure. 
The  thrust  develops  sequentially  either  backward  from  the  first  thrust  (4.14 a and  b)  and  many 
of  the thrusts  may  stack on each  other  forming a duplex  (4.1%). 

? 
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Fig. 4.14 
a - synthetic faults in foot wall; b - antithetic faults; c - duplex (park, 1994). 
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Fig. 4.15 
Structure of thrust faults (Park, 1994). 
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Shear  zones  are  strike-slip  faults  which may be as a result of  brittle  failure, but usually  occur 
under conditions of  high stress without any discrete  fracture  planes.  Because of the  high 
stresses, large displacements are contained  within the zone  with  .the  pulverisation  of  the 
material.  These  zones  are  most  dangerous from the  point of view  of  outbursts.  The  thickness 
of  the  shear  zone is related  to  the  displacement.  The  shear  zones,  like  faults,  end  abruptly or 
may  end  at  another  zone. 

Extensional faults in  general  are  zones  which  ease  gas  liberation  and  are  associated  with  least 
amount of pulverisation of  the  coal  compared  with  thrust  faults  and  strike  slip  faults.  As  such 
increase  in  the  danger  of  outbursts  on n d  faults is much  smaller  than  in  thrust and strike  slip 
faults.  Also,  the  probability  that  tectonic stresses remain  locked in thrust  and  strike  slip  faults is 
far greater.  Both  these  factors  increase  the  risk of outbursts of  gas  and  coal  on  thrust  faults. 

Noms (1958) analysed  both  extensional  and  compressional  faults,  particularly  in  the #2 and #4 
seams, McGillivray  Mine  and  International  Mine in  Crows  Nest  coal  field  as  well  as in #4 seam 
and Upper Marsh  seam in Canmore  district, Canada.  In both these  districts, a large  number  of 
outbursts have  occurred. In all the  seams  investigated,  Norris  found  that  only #4 seam in 
Canmore district had  maintained  its  cleat  and  fracture  system  remarkably  well.  He  found  that 
out of 828 faults, 747 (90%) were  extensional  and  only 8 1 (10%) were  compressional.  Similar 
results  were  obtained by Sax (1946) in  William  Sophia  mine  in  the  Netherlands.  Out  of 2,102 
identified faults, 21% were  'upthrust'  and 79% were  normal faults. Fig. 4.16 shows  the 
frequency of faults with respect to their throw. About 90% of  the faults have a throw  of less 
than 1.8 m.  On the  scale of .macro-structures,  these  are  small faults, but  because of their 
frequency,  these  represent  the  basic  deformational  structure of  the  coal  seams.  According  to 
Noms, "those  extension  faults  whose  traces on  the  roof  or floor of  the  seam  cut  diagonally 
across the strike, slickensides indicate displacements  from dip-slip to oblique-slip. The 
counterpart of an offset in the roof  were  not to be found  opposite in  the floor, if  there  has been 
bedding-plane  slipping in the  coal  since  the  fault  formed.  It  is  believed  that  most  faults  without 
apparent counterparts in roof  and floor actually cross the  seam  but  have  been so dislocated 
along  the  seam  that  their  components  cannot be matched". 

In Canmore district, the  throw  of  most  compressional  faults  is  low  and lies between 0.3 - 
1.8 m. These run parallel  to  the  strike of  the seam or  cut  it  across at a high  angle.  The  angle  of 
inclination of  the faults with  respect to the bedding  plane is quite  different  for  the  compressional 
and  extensional  faults.  Fig. 4.17 shows  that  for  compressional  faults  the  maximum  frequency 
occurs  at 23". For  extensional  faults  (Fig. 4.18) the  maximum  frequency  occurs  at 58'. 
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Fig.  4.16.  Frequency  of  faults with respect  to  Fig.  4.17.  Study  of  contraction  faults in the 

Cordillera (Noms, 1958).  Cordillera (Noms, 1958). 
throw, Kootenay  formation,  southeastern  Kootenay  formation,  southeastern 

Fig.  4.18.  Study  of  extension  faults  in  Number 3 mine, Elk River  Collieries, BC 
and  in  Number 4 seam,  Canmore  Mines  Ltd.,  Alberta (Noms, 1958). 

Shepherd  et al (1981b)  analysed  430  faults that occur in a  number of collieries in  Western 
margins  of  Sydney  basin, NSW  in  the  Lithgow  area.  Faults  were documented  a$  observed in 
the  roadways  underground.  Seams  lie  here at depths up to 350 m. They  observed  that  faults 
and  joints  frequently  group  together  to  form  swarms  which  are  the  most  important  structures in 
the coal field, and as discrete fracture domains  they are clearly separable from  wider, 
intervening,  less  fractured  domains  between. Fault and joints  swarms  found  at  the  level  of the 
coal  seams  are  related  to  overlying  meridional  lineaments  and  fracture  zones.  Their  origin is 
connected  with  movements  and  structures in the  basement.  They  originated  by an extensional 
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phase of deformation, followed by a  shortening  phase.  The  width  of these swarms varies 
between 65 to 300 m and  their length 3 - 7 km and  periodic  spacing  from  0.9 to 4.5 km. The 
swarms are associated  with  subtle  but  significant  changes  in  dip.  The local dip increases by 4 
to 5'. The margins of a  swarm  can be detected  at  a point in a  colliery by  an increase in 
frequency  of joints which  they  termed as the  prediction  threshold  (Shepherd et al, 1981b). 
There are  three distinct sets of trends in  the  swarms of faults  and joints of  the  Western coal 
fields, N W  - SE (320 to 349O), NE -'SW (020 to 060°), and N - S (350 to 019') as shown  in 
Fig.  4.19A. In a  swarm,  most faults form an intersecting network. In the  swarm at the 
Invincible  Colliery,  two  narrow  clusters  of N - S trending  faults  occur  within  the  network  of 
other faults,  Fig.  4.19B. 

According to Shepherd et al(1981b), swarms  can be classified into two types on  the  basis of 
seam  displacements.  The fxst type consists of a  large  number  of  minor  faults  with  throws  less 
than 0.3 m, with a total seam  displacement of the  same  order.  The  fault  swarm  at  the  Invincible 
Colliery is this  type  of  swarm,  Fig.  4.20.  The  second  type  of  swarm is characterised by a 
single  fault  or clusters of faults  with  throws  greater  than  0.3  m  and  generally  greater  than  1.0 
m, within  a  pattern  of  closely  spaced  minor  faults.  The  value  0.3  m  used to limit  the  two  types 
of swarms is weak,  though  there is a  continuous  population of fault throws  and  there is a 
marked  tendency  for  very  small  throws  or  much  larger  ones to occur.  The  seam  displacement is 
usually slightly more than the  sum  of  the individual fault throws. Type 2 swanns are 
particularly  hazardous  to  mining. 

In  the  Western  coalfield,  NSW,  Australia,  occur  normal,  reverse,  thrust  and  strike-slip  faults. 
Normal  faults  are  the  most  common.  They  can be subdivided  into  dip  and  oblique-slip  classes. 
High-angle  reverse  faults  are  relatively  rare.  Their  relationship  to  the  normal  faults is obscure. 
Low  angle  thrusts  are  more  common  and  occur  in  clusters.  Minor  strike-slip  faults also occur 
in swarms and are spatially associated with minor thrusts. They  were recognised by 
subhorizontal  slickenlines  which  overprint  subvertical  slickenlines on normal faults. This 
pattern  suggests  that  normal  faults  have  been  slipped  horizontally  in  a  later  stress  field. 

The  three  common  cleat  sets  in  the coal seams  are  the  same as the joint sets in  the  sediments 
enclosing  the  seams.  Most of the  faults  trend  parallel  to  these  three  sets  and  some  of  them  are 
coplanar  with  joints.  According  to  Shepherd et al (1981b) it is unlikely  that all the  cleat  and 
joint sets in the  Western  coal  field  developed  in  a  single  event.  The joint gattern  represents  the 
sum  of  several  events  which  are  difficult to separate,  due  to  the  lack of definitive  cross-cutting 
relationships.  It is believed  that  a  significant  part  of  the  cleat  and joint system  in  the  Western 
coal  field  developed  before  faulting. 
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ANALYSIS OF FAULTS IN THE WESTERN COALFIELDS 

a Normal ' A Thrust A Low-angle normat 

Slickanline  plunge 
Reversa 0 Strike -slip + Gmputer  polo plot 

Fig. 4.19. Orientation  of  faults and joints in the swarm at the  Invincible  Colliery. 
A, B - stereoplots  of  poles  to fault planes ( 1 4 0  observations) 
C - rosette  plot of faults (162 observations) 
D - stereoplot of poles to coal  joints (126 observations) 
E - rosette  plot  of  coal  joints (126 observations) 
F - plot  of  slickenline  plunges (143 observations) 

(Shepherd  et al, 198 1 b). 
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Fig. 4.20. Map  of  the  fault and joint swann at  the  Invincible  Colliery, 
showing  the  fault  network  (Shepherd et al, 1981b). 

Williams and Rogis (1980)  while  analysing  the effect of geotectonics on  the  Occurrence of 
outbursts  in  Collinsville,  Bowen  basin,  Queensland,  Australia,  showed  that  thrust faults with  a 
throw  greater  than 3 m  and  strike slip faults with  a  gauge  thickness  of >0.3 m  cause  outbursts. 
Table 4.5 gives  outburst Occurrences  and  the  structural  parameters.  According to Williams  and 
Rogis  the  higher  frequency of outbursting  on  strike-slip  faults may be largely  explained by  the 
generation  of coal gauge  within the plane of  the  seam. More coal  gauge is generated by a  strike- 
slip fault  than by a  thrust fault,. A  thrust  fault  generates  more  coal  gauge  than  a  normal  fault for 
the  same  mechanical  properties  and  stress  difference.  Williams  and Rogis give  an  example of a 
normal fault with  a  throw of 2.0 m, on which no outburst  occurred  and  explains  this  that on the 
normal fault  smaller  displacement  occurs  than on strike  slip or thrust  faults. 

In West  Cliff  Mine  all outbursts occurred on strike-slip faults (Shepherd  and Creasey, 1979; 
Marshall et al,  1980).  The  dip of these  faults  is 72 - 86" and  their  displacement is very  difficult 
to establish  and is possibly  limited to < O S  m. These strike-slip faults have thickness of  the 
gauge  from  zero at the  roof  level to almost  2.4  m  at  the  floor  level  with  increase in crack  density 
close to them. 

Faults may disappear within  the coal seam and  yet  may form the locii %f outbursts. Agrali 
(1995) analysed outbursts in  South Bulli Colliery  that Occurred on a fault which suddenly 
disappears within  the  coal  seam  and  could  not be identified in the floor of  the seam though it 
had a  vertical  displacement  of  0.75  m  and  horizontal  displacement  of 2.0 m  with  angle  of  dip of 
10 - 20". The  thickness of  the  sheared  material  was 100 mm. Pulverised coal was  pushed into 
the roof  up to 0.03 - 0.4 m. 



Table 4.5. Outburst details for the Collinsville coalfield (Williams and Rogis, 1980). 

*Rank emission Gas composition 
of value 96 , Depthof 

Cover 

* Vitrinite reflectance 



4.7 SHEAR ZONES 

As  a result of  block  movement,  a large amount  of  material from the sliding surfaces is 
dislodged,  breaks up  and  gets  pulverised. This can  occur in all types of faults, but is most 
often  present  in  compressional  faults.  These  shear  zones also may be present  within  the  coal 
seam  itself as a  result of the movement  within the beds. 

The  thickness of these zones  can vary over  a  wide  range.  This is related to the  stresses  acting 
and  the  amount  of  displacement.  Within  the  coal  seam,  the  coal  can  become  highly  mylotinised 
and lose its structure and  recognition of exogenetic joints, which  are almost obliterated 
(Ammosov et al, 1957).  The  amount of movement  required to obliterate  exogenetic  structure 
may  not be large. Noms (1958)  gives  examples  where  the  structure  of  the  coal  seam  including 
the bedding planes and cleat system  were  destroyed as a result of  movement  of  a few 
millimetres.  Within  the  shear  zones,  the  coal  material  shows no structure  and  presents  a  dull 
appearance  many  times  tenned  as  earthy  appearance.  The cod is brittle  and can be pulverised in 
fingers.  Some of  the  structures  associated  with  mylotinisation  are  shown in Fig.  4.21. The 
presence of such  structures  is  a  sign of proneness of seams  liable  to  outbursts if  gas  content 
exceeds  a  certain  limit.  Marshall  et al(1980) and  Lama  (1981)  mention  about  the  thickness of 
these  zones  in coal ranging  from 30 mm  to 1,500 mm.  The thickness of these  shear  zones is 
much  greater in the  floor than  in  the  roof  and  at  places 2 - 3 times  (Fig.  4.22). 

Fig.  4.21.  Slides  from  Seam #53, 
Ibbenburen,  East  Area, 
x100  magnification,  oil  immersion. 
a - faulted  coal-shale  (coal is white) 
b - mylotinised  vitrinite 
c - fractured vimnite 
d - finely  mylotinised  coal  with ? 
e - large  mylotinised  coal-shale 
(Teichmuller  and  Krefeld,  1978). 
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Fig. 4.22. Vertical  movement along a  shear  zone;  outburst location No. 43 (Lama,  198 1). 

,Microscopic  observations  show  that  coal in undisturbed  areas consists of almost 96% belonging 
to the 1.0 - 0.8 mm class  and  is  unbriquetted  and  unfractured.  While  in  shear  zone,  this 
proportion  drops to 34%. The pore  volume of coal of pore  size > l o 0  A' increags by a factor 
of 2 in  sheared  coal.  Gray (1980) took samples of  normal  brecciated  coal and mylotinised coal 
from  Leichhardt  Colliery,  Bowen  basin,  Queensland,  and  found  that % of -1 mm  fractions in 
the  two  cases  were 26% and  37%  respectively (see also Section 5.4.7). Griineklee et all (1969) 
and  Jugten et al (1969)  found that not only microscopic  but  also  sub-microscopic  structure of 
coal in the shear mne is disturbed. 
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The  coal  from  the  shear  zone  does  not  absorb more gas,  but  gives out gas  at a much faster rate 
(2 - 6 times).  Lama  (1980)  found  that  long  term  desorption rate of samples  taken  from  the 
shear  zone  when  compared with solid  undisturbed  coal 10 m away  increased by a factor of 2. 
The  surface  energy of coal remained  unchanged  but the ratio of apparent  porosity over true 

porosity  decreased by 5 times  and  the  rate  of (Coz/cH4) adsorbed in short-time  adsorption 
decreased by about  30%  (Lama  and  Mitchell,  1981).  These  indicate  that not only  the  particle 
size of the coal changes, but  certain  physical  structural  changes  occur in the  coal  in  the  shear 
zones.  The  rate  of  desorption, as a result  of  the  particle  size, was  noted  in the early thirties 
(Royer,  1931a)  and  commented upon by Ettinger  (1952a)  and  Ettinger  et ai (1953). It is the 
basis of desorption  indices  used in  the  prediction  of an outburst  condition  (see  Chapter  8). 

Besides  the  pulverisation of material,  compaction of  the  pulverised  material  also  takes  place. 
The  surfaces of the  shear  zone  (block  surfaces)  get  polished  (Fig.  4.23).  Moving a finger on 
the  surface  can  help detemine the  direction  of  movement  of  the block 

The  thickness of the shear  zone is important  from  the  point of  view of outbursts.  Kowing 
(198 1) is of the  opinion  that  shear  zones of a few  decimetres  width  can  give  rise  to  outbursts. 
At West  Cliff  Colliery  (Lama,  1980)  minor  outbursts  were  experienced  when  the  width of the 
zone  was  only 200 mm. However,  as  pointed out earlier, it is very  difficult  to estimate the 
width  as it can  vary  over  the  cross-section of  the  seam. 

The  shear  zone  may  extend  to  the  whole  thickness of  the  seam or may be limited  to a part of  the 
seam. At West Cliff Colliery, South  Coast NSW, a large section of the mine  in the 
Wedderburn  area  has  the  top  100 mm  of  the bed immediately  in  contact  with  the  roof  completely 
sheared. At Collinsville  Colliery,  Bowen  basin,  Queensland, a band of coal -50 - 150 mm 
thick in the  mid-section of the  seam  was s h e a d  and  mylotinised  while  most  of  the  section  of 
the coal contained  strong  coal.  Gerrard  (1899-1900)  gives an example  of  Royley  seam  at 
Brook Oak Colliery, Lancashire  which  had a top  0.45 m of soft coal and all outbursts were 
initiated in this  roof  coal.  Roblings  (1931)  gives  the  example of Ponthenry  Colliery  when a thin 
band  of  sheared coal  existed  right in the  floor. Noms (1958)  found  that  while  one  seam  had 
very  well  developed  shear  zones,  the  other  neighbouring  seams  had no such  zones. This is 
because of  the difference in  the shear  strength of  the  coal seams  and  the  surrounding  rocks. 
This, among others, distinguishes  the coal seam  and  can  help select destressing seams  for 
mining.  In  Ibbenbiiren  Colliery  (Germany), #53 seam  has a strong 6ed of 0.2 - 0.3 m 
consisting of coal and  mudstone,  while  the  rest  of  the  coal  seam is highly  sheared  and  has  lost 
its strength (Paul, 1980). The  #54  seam  lying  in  the  same area is much stronger and less 
sheared  and  hence  serves  as a destressing  seam. 
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Fig. 4.23. Polished  surface  at  the  boundary  of a shear  zone, 
West  Cliff  Colliery  (Lama,  198 1). 

A number of examples  exist  where  the  whole of rhe seam has been  sheared  along  its full section 
over  very  large  areas.  Cis  and  Suchodolski  (1967)  report  the  existence  in  Nowa  Ruda  Colliery 
(Lower  Silesian  coal  field).  This  is the  result  of  relative  horizontal  displacement  of beds within 
the  coal  seam.  Softer  coal  beds  have  undergone  large  displacements  and  these  sections  of  coal 
seam  present  properties  similar  to  that of  the material in  the  shear  zones  between  the  fault 
surfaces.  Ignatief (1954), Patching  and  Botham (1966) and Noms (1958)  give  examples of 
s w h  cases  in  the  Upper  Marsh seam in Canmore  district  of  Alberta. 

According  to  Royer (1931) all  seams  liable  to  outbursts of gas  and  coal  have  their  structures 
affected by important  movements;  certain  strata that at  first  sight  appear to  be undisturbed 
(Moliikes, France) have  in  reality  been  subjected  to shift. The shales,  marked by small 
undulations  demonstrate  lateral  thrust  movements  of  the  beds  in  relation  to  their  roof and floor. 

In Yotsuyama Colliery (Japan) the  bottom 2 - 2.5 m of coal  is  hard,  well  structured, but the  top 
0.2 rn layer is soft and is the  source of all outbursts. 

> 

There is no  direct  data  available  on  conductivity of the  shear  zones.  Some  induect  observations 
based  upon  gas  pressure  measurements  indicate that their  conductivity is much  higher  than  the 
average of  the coal  seam (Lama, 1987). 
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4.8 CHANGES IN SEAM  THICKNESS 

Change in seam  thickness is a special  case of deformation of the  coal  seam  that  occurs  during 
tectonic  disturbances.  Two  kinds of changes  in  seam  thickness  can be distinguished. 

(i)  Changes in seam  thickness  as a result of  folding. 
(ii) Changes in seam thickness  as a result of faulting. 

Folding  results in thickening of  the coal seam  at  the crests and  thinning  of  the  coal seams at the 
limbs. These changes, in general, are regular.  Some folds may  have  coal  thickness  at the 
hinges  three  times  greater than on  the  limbs.  The  seam  roof  or  floor  may  remain  unfolded as a 
result of decoupling  from  the  seam  suggesting  that  displacement  occurred  along  the  bedding 
plane  (Shepherd  et al, 1981b). 

In faulting,  changes in thickness are local and sudden. Their shape and form vary 
considerably. At places, the seam may  suddenly  wedge  out  and  at  these places-greatest  changes 
in the structure take  place.  Coal  may  penetrate into the  surrounding  rocks  and  vice  versa. 
Wedges of rock are found in the  coal  seam. 

All  sudden  changes in seam  thickness  are  places  where  outbursts  can  occur (Anon, 1964 b and 

dl. 

Pescod (1947-48) describes  an  outburst of 20 tonne size that  occurred  in  West  Wales on 29th 
November, 1944 (Fig. 4.24) in a coal seam of 0.9 m thickness.  The  outburst  occurred  at a 
point 19 m down  the  longwall  face  at a local  pocket of  thick coal.  Support  behind  the  conveyor 
consisted of unfilled round, softwood  cogs,  and  there  was considerable roof  subsidence. 
According  to  Pescod,  the most outburst-prone  structure is an anticlinal  fold  followed by floor 
rolls through  which a seam  thins. A further  example of  an outburst in a place with change in 
seam  thickness is given by Thomas, D. A. (1963). 

4.9 MAGMATIC INTRUSIONS 

Magmatic  intrusions are  very  common in coal  seams.  Molten  rock  mass  can  penetrate  the  coal 
bearing strata and coal seams by four  different  ways (Park, 1994); (i) dilation, (ii) forceful 
emplacement, (iii) stoping, and (iv) melting  and  assimilation.  The first two  ways are most 
common in coal seams.  In dilation,  the  host  rock  moves aside, often  under  tension, for the 
magma to fill it in (Fig. 4.25A). The host  rock  does  not  undergo any disturbances. In forceful 
emplacement (Fig. 4.25B) the  magma  causes  the  host  rock to move  and  makes  room for itself 
deforming it and  at  places  resulting in faulting and plastic  deformation.  In  the other cases, 
magma  moves  upward by dislodging  the  host rock which falls into it or melting it. 
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Fig. 4.24. Great Mountain Colliery,  Outburst NO. 16 
(Pescod,  1947-48). 

x x x x  

\ 

A - Dilation B - Forceful  emplacement 
Fig. 4.25. Mechanisms of igneous  intrusions 

(Park,  1994). 
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Fig. 4.26 represents the  mechanism  and stress distribution during emplacement of  dykes. In 
the Fist  case (A), dyke material propagates upward acting like a  wedge which in a 
homogeneous  material  corresponds to the  plane of 01 02 normal to and  emplacement  takes 
place  under the conditions  such  that 

where P = pressureofthemagma 
ot = tensile  strength  of  rock. 

Intrusion can also penetrate  along  the bedding planes  (Fig. 4.26B) giving sills. This can  occur 
when P > vertical stress.  This  can  happen at low  depths.  Thus  a  vertical  dyke  can change its 
direction at places close to the  surface. The stress  distribution  in  such  a case is represented  in 
Fig. 4.26C. 

Location  of  anticlines is thus a very  favourable  location  for  the  occurrence of dykes as relatively 
lower compressional or tensile  stresses may exist at their crest. Existence of faults and other 
pre-existing hctures favour  injection  of  molten  material.  Dykes are observed  many  times in 
association with faults (Tahmoor Colliery, NSW) with  increased intensity of fractures and 
increase in stresses. 

u3 

. 
-4 

A B 

C 

Fig. 4.26. Emplacement of dykes  and  sills. 
A - Dyke  emplacement - intrusion  plane  ideally  perpendicular to 03. 
B - Sill  emplacement - implies  a  near-vertical  orientation  of 03. 
C - A dyke  may  feed  a  sill  at  a  level  determined by the  change 

from 01 or 02 vertical to 03 vertical  (see  text) 
(Park, 1994). 
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High temperature of  the  intrusion  changes  the  properties  of coal and  in-situ coking (cinder 
formation) of coal  seams  takes  place.  The  cindered  coal loses its capacity to sorb gas. As such 
the  amount  of gas present  in  the  cindered  coal in the near  vicinity of the dykes is very  small. 
The  thickness of the  coal  that  is  cindered  can  vary  depending upon the  dyke  and  its  constituents. 
However  the  products  of  coking  can  lead  to  accumulation of  higher  amounts of gas  and  higher 
hydrocarbons  close to dykes  and  sills.  Dykes  also  decompose when in contact with coal  and  in 
cases may  become  very soft depending  upon  their  composition or may  remain  hard  such  that 
these  are  difficult to cut. 

Dykes are also carriers of gases  and  other  fluids which invade  the  coal  seams  and are adsorbed 
by it.  High  percentages of carbon  dioxide are noted  in coal seams  in  areas  where  magmatic 
activity  have  occurred.  Close to dykes,  very  high  percentage  (up to 95%) has  been  measured in 
areas  where the normal  gas  composition (-98%) is methane.  Fluids  accompanying dykes can 
penetrate  over  much  larger  areas  than  the  dyke  material  itself  and  carry  dissolved  gases  which 
are adsorbed.  High percentage of nitrogen  and  carbon dioxide covering wide area many 
hundreds of metres away  from  the  dykes  and sills are quite common  in  many coal fields. 
Isotopic  composition  of  carbon (C12 and C13) studies are used  to  differentiate if carbon  dioxide 
is of external  origin or as a  part of the  coalification  and  biogenetic  process ( S e e  Chapter 2). 

Besides cindering coal, dykes and sills also aid  in coalification  process  increasing  the  rank  of 
coal locally and hence increasing its sorption capacity, and other properties that favour 
outbursts. 

Dykes result in changes in the stress field  around  them  in  their  close  vicinity. In coal seams 
where no gas is present  and  in  metal  mines at  high  depth,  rock  bursts  intensity  increases  when 
approaching dykes and decreases when moving  away  from  them (See Chapter 8). Briggs 
(1920-21) noted  that  a dyke hardens  the  coal  in its near  vicinity  a  little  distance from it. "The 
hard coal retards the  rate of escape of gas from  the  face  approaching it. This seems to have 
been  the state of affairs at the Metropolitan Colliery, NSW, where outbursts occurred on 
piercing  the  zone of hardened coal which  acted as a  dam  to  the  gas."  Briggs (1920-21) based 
his hypothesis on the analysis of Bulman (1899-1900) according to whom  in  Metropolitan 
Colliery all the outbursts had  taken place in the neighbourhood of faults  or igneous 
disturbances. 

The  mechanism  presented by Briggs  holds  today.  Many  outburst are associated  with dykes 
basically  because of the low  permeability of the dyke material or the  cindered  coal  and  the 
presence of dykes  should be treated  with  the  same  caution as shear  zones  and  faults. 

# 
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4.10  PRONENESS OF GEOLOGICAL DISTURBANCES TO OUTBURSTS 

It is now well established that  the presence of geological disturbances is the  main cause of 
outbursts in cod seams  and  virtually  90%  of  outbursts are associated with tectonic  disturbances 
such as faults and dykes but not all structures  give  rise to outbursts. Mining practice  shows  that 
when large tectonic  disturbances  are present, mining  and  geotechnical conditions present  in 
excavations changes as these structures are  approached.  These  changes are noted not only in 
the  roof  and floor behaviour,  but also in the  physical  properties of coal,  gas emission rates, 
strength and geophysical properties of coal roof  and rock and over all behaviour of the 
excavation in response to the internal stresses  and  imposed stresses as  a result of mining. 
Based  upon this response,  a  number of different phenomena  have  been  observed. Over the 
years  a  number  of  attempts  have  been  made to predict  the  proneness of structures  ahead of the 
excavations to be  driven. 

4.10 .1  Proneness of Structures in Coal 

Ettinger  (1969)  based upon studies on  the  physical  nature  of coal and  proposed  a  classification 
system  based  upon  five  classes: I - Undisturbed coal, I1 - Disturbed  coal, III - Highly  disturbed 
coal,  IV - Crushed coal, V - Pulverised  coal. 

Table  4.6  gives  the  classifications based upon these  five  parameters: 

- Stratihtion 
- Degree of brightness 
- Average  distance  between micro fractures 
- Variation in thickness  of  coal  layers  within  the  face 
- Strength of cod. 

According to Ettinger, the  higher  the degree of disturbance, the greater the danger of  an 
outburst.  Problems  arise in  the  use  of this  classification.  Structures need to be exposed for the 
study  and  classification  unless  the  structure is so large  that  it covers the  whole  area.  In  such 
case it is automatically classed as outburst prone. This can be used as a guide for the 
classification of seams that  have not been  worked so far. 

4.10 .2  Proneness of Faults to Outbursts 

Shepherd (1995) based  his  analysis on faults in Southern coal field of NSW, Australia and 
presented  an  opinion  that strike-slip faults, re-activated  normal strike-slip and thrustlreverse 
movements  present  greatest  danger of outbursts.  These  tectonic  disturbances  result in changes 
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Table. 4.6, Classification  of  coal  structure  disturbance  (Ettinger 1969). 

Degree of coal 
structure Stratification  and 

disturbance Striation 

[ Undisturbed Well  observable  argillite 
and  fusain  lenses 
undisturbed  and  located 
along  stratification 

[I Disturbed 
exogenetic  fracture 
Foliation  hidden by 

fusain  lenses 
systems.  Argillite  and 

concordantly  with 
undisturbed  and  located 

stratification 

[II Highly Foliation  hidden by 
disturbed exogenetic  fractures. 

Striation  may be seen  in 
breaks.  Argillite  and 
fusain  lenses  differently 
oriented 

IV Crushed Stratified  and  striated. 
Argillite  and  fusain 
lenses  not  observed 

c 
~~ 

V Pulverised Stratified  and  striated. 
Argillite  and  fusain 
lenses  not  observed 

I 

Average  distance  Variations  in 
Degree  of  coal thickness of coal  between  micro- 

brightness layers  within a face  fractures,  mm 

Semi-dull,  less 
often  darkly-dull 

0.5 Usually  vary 

Dull  with 
0.008 brownish  shade 

Vary very  much Briquetted  coal; 

Usually  strong.  Hard 
to crush  to  uneven 
particles  of 1.0 - 0.5 

Quite  strong.  Hard 
to  ground  to 0.5 - 
0.1 mm particles 

I 
Friable, 
easily  pulverised 

Weak,  easily 
is  massive pulverised  to  dust. 
Sometimes  texture 

mineralisation 
due  to  secondary 
Sometimes  stronger 

Weak,  easily Resembles  earthen 
pulverised  to  dust. brown  coal. 
Sometimes  stronger  Deposited in lense- 
due  to  secondary like  pattern 
mineralisation 



in  the  geometric  parameters  that  change  along the strike  (Fig. 4.27 and 4.28). Faults are also 
related to bedding  of  coal seam dip changes  caused by associated  deformation across the  fault as 
well as along  it.  Fig. 4.29 shows features  found  along a typical  Southern coal field strike-slip 
zone  useful for assessment of outburst proneness. 

Fig. 4.27. Fault  zone  parameters. 0 i 
L is segment length, "d" L "" 
S is spacing, 
D is dip  angle direction and  displacement, 
R is relay  ramp, 
T is tip  (end)  point, T."P 
1 is left overstep, 
2 is  right  overstep, 
P is pitch angle measurement '"a\. - PATTERN hZmm, 
0 is segment  overlap (may also underlap) 
(Shepherd, 1995). 
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Fig. 4.28. Block  diagram of 
overlapping (normal) fault  segments 
and a relay  ramp  displacing 
a coal seam (the seam dips 
down the  relay  ramp) 
(Shepherd, 1995). 

Fig. 4.29. Features  found  along 
a typical  Southern  coalfield  strike-slip 
fault  zone useful for assessing 
outburst  proneness 
(Shepherd, 1995). 
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Shepherd has used  these  features  and  proposed  structural  proneness  index on a scale of 1 to 5 
(Table 4.7). However, this  index  cannot be used for prediction prior to  the  Structure  being 
intersected by a  roadway. 

Table 4.7. Structural  proneness  index for a  strike-slip fault 
(Shepherd,  1995). 

~ 4 

5 I Fault  proneness 
index  value 

5 (most  prone) 

4 

2 
1 (least  prone) I Drivage  into  various 

fault  features 
Relay  ramp,  conjugates  and  tip 
Sheared  coal,  conjugates 
Contractional  bend 
Releasing  bend 
Joint-type  tip 

4.1 1 PRONENESS OF OTHER  STRUCTURES  TO  OUTBURSTS 

structures are  many  times  present  in  the  roof  and  coal,  but  these  do not enter the coal seam. 
Such  structural features are considered to have no effect on  any  change in  the  proneness Of Coal 
to  outbursts.  Where structure features do  penetrate  the  coal  and disturb the coal, these are 
considered to influence the coal seam. The important features that  need to be taken into 
consideration are: 

- Sudden  changes  in  seam  dip 
- Changes  in  frequency of jointing 
- Sudden  change  in  seam  thickness 
- Structural  changes  in  coal  softness,  hardness,  cleat  density,  dullness of coal, etc. 

These changes may  point to closeness of other  larger structures not far from an advancing 
heading. 

4 .12  PREDICTION OF GEOLOGICAL  STRUCTURES 

One of the  important  needs in  the  development of safe  mining  technology  is  the  prediction of 
geological structures ahead of the  development  headings. In spite of enormous efforts, there 
are no fool  proof  methods  yet  available to predict  all  structures.  Large  faults  can be predicted 
using  surface  seismic  technique.  High  resolution  surface  seismic  can  predict large faults but 
small  structural features such as small  thrust  faults  remain  beyond  the  capability of modem 
technology. 



A number  of  geophysical,  geological  and  other  direct  or  indirect  techniques-that  have  been med 
and  indicate  some  promise are described below. 

4.12.1 Seismic Techniques 

Prediction of geological  structures,  particularly  faults,  is  commonly  done  using  surface  seismic 
methods.  High resolution surface seismic now allows  prediction of faults of about 6 m 
provided  enough  energy is transmitted  (Saunders et al,  1991).  Success  has been achieved by 
drilling  and  firing  a  charge  at  a  depth below  the  weathering  line.  Holes  drilled from the surface 
are equipped with geophones  and  used  for  capturing  transmission  waves  generated  some 
distance away in excavations  underground.  This  technique  helps  to  locate  structures  which 
otherwise would  not  be  possible  using surface seismic  techniques. The method has been 
successful in the Bulli  seam up to a  distance of 750 m.  In other  seams  with  high  ash, this 
distance  may be much  less.  However,  this  method  does  not  give  any infomation on  the type of 
the  structure  (fault or an intrusion) or the  location of the  structure  between  the source and  the 
geophone  in  the  borehole. 

3-D seismic  techniques  are  being  applied  (Hatherly  and  McKenzie,  1991)  to  help  differentiate 
whether it is really  a  geological  anomaly  or  it is an error in data processing.  In-seam  seismic 
techniques  are  presently  being  used on a  continuous  basis  in  predicting  structures for longwall 
operations (Asten,  1984).  Cross hole seismic  reflection  (Holmes et al,  1991)  show  some 
promise.  But  this  technology  has  still to go  far to predict  shear  zones  and  small  structures  that 
induce  outbursts. 

4.12.2 Drill Machine Monitoring 

Monitoring of  the  performance of the  drill  machine is a  power  tool,  if  properly used, to predict 
changes in material  property  in  which  a  drill  bit is operating.  Modem  control  technology  can 
help  collect  virtually  all  information  from  the  face of  the drill  hole.  However,  this  has not been 
applied to coal  mining  operations,  basically  due  to  the  high  costs  and  limitations of intrinsically 
safe  sensors and  systems. BHP Research  Laboratories,  Newcastle,  Australia  have  developed  a 
portable  prototype  drilling  machine in  which  the  following  machine  parameters  are  monitored 
(Dane11 et al, 1995). 

1. Bit  depth 
2. Feed  pressure 
3. Drill bitrpm 
4. Rotary  motor  pressure 
5. Water flow rate  into  hole 
6 .  Mine  water  pressure 
7.  Mine  air  pressure. 
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Bit  penetration  rate  is  calculated from the depth  and  the  incremental  time  from  the  system's 
internal  clock.  The  drill bit location is monitored  using a triangulation  survey with blows of a 
sledge  hammer  and monitoring of P & S waves. 

The drill monitor  has  been  tested  at two BHP collieries, Cordeaux  and  Appin,  operating  the 
Bulli  seam  on  the  South  Coast of NSW, Australia.  The  Cordeaux  data  has  indicated  that an 
area  with  little or no structure  can  produce  uneventful  chill  performance,  as  expected. 

A greater  number of holes  have  been  monitored by the  system  at  Appin Colliery  and  more 
structures  have  been  intersected  there. A series of  six holes  were  monitored  in  the  Brennan 
panel of Appin  Colliery.  The  layout of  the  holes  and  the interpretation  from  the  penetration rate 
information is shown in Fig. 4.30. 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. 4.30. 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 

Hole No. 4 
bearmg 205 degrees 

bearing 200 degrees 
Hole No. 3 98m 

Hole No 2 I] lolm 
bearlng 2 1 1  degrees 

beamg 223 degrees 

- H d e  No. 6 
t e a r n g  228 degrees 

Hole No. 1 104m 

3 9 . 5 ~ 1  

I I I I I 
0 20m 40m 60rn 80m l oom length 

Hole 

LEGEND 

boggy  ground - slow  drllling  (mylontte  zone) 

* decrease in the  motor 8 feed  Dressure (lo orevenl  bowing) 
decrease in the  rate of penelration 

* Iluctuabon  in  Ihe  mine  water  pressure  (some  blockageof  dnll blt) 
'decrease  in Ihe motor speed 
* Increase  In  the  rod clamp pressure 
* Increase  In  the  mine  air  Dressure 
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A M  
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* subslanllal  decrease in the  rate 01 penelratlon 
* mine  water  pressure  fluctuation  (down  slep or sleps) 
* substantlal  decrease  In  the  molor  speed  whlle  drllling  (step  like 
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Fig. 4.30. 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 

(Dane11 et al, 1995). 
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While  research is still continuing, the  technique  shows  that  there are changes in the drill 
parameters  such  as  penetration  rate,  motor  speed,  etc. When the rods are bogged down, it is 
due to penetration  in  the  mylonite  zones.  While  drilling in soft bands;  there  is  no  other  change. 
When penetrating  hard  bands  there  are  fluctuations in water  pressure  and  decrease  in  motor 
speed  and penetration rate.  While  there is no specifically clear cut interpretations of the 
parameters  measured,  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.  There is a need to monitor  various  parameters right at  the drill 
bit  rather  than  outside  the  holes.  Monitoring  right  behind  the  bit  will  show  response of  the 
rock-bit  interaction  rather than the  whole  length  of smng of  rods. 

4.12.3 Direct Drilling and Measurement of Cuttings 

Though direct drilling ahead of the  face  has  been  used for gas  drainage for over  150  years 
(Taylor,  1952-53;  Gerrard,  1899-1900),  this  has also been  used to assess  conditions  in  advance 
of mining.  Rowan (191 1-12) writes  about  the  blockage of drill rods  as  well as very large 
amount of cuttings produced  from  the  hole drilled ahead of mining  as an indication of an 
outburst  in  the  Valley  Field  Colliery,  Scotland  coal  field.  McLaren  (1920-21)  reports  extensive 
use  of this method in Scottish coal fields for the  prediction of outburst  conditions.  Royer 
(193 la), however,  presented a negative  opinion  about  the  use of this  method. 

Analysis of the cuttings for the  prediction of outburst conditions has  been  used  in  Poland, 
USSR, Germany  and many other countries.  The  method  is  based  on  the  comparison of a 
nominal  amount  of  cuttings  and  actual  cuttings  (Jahns,  1964;  Opolski,  1965;  Tarnowski,  1970; 
Krzeminski  and Gbrkiewicz, 1974;  Nedashkovsky  et al, 1977;  Ryncarz  and  Majcherczyk, 
1982;  Harany et al, 1988;  Majcherczyk, 1990). (See also Chapter 9) Cis  (1971, p. 34-40), 
based  upon  his observations in  Lower  Silesian coal field, suggested a hypothesis that the 
amount of cuttings will increase as a structure is approached in the  case of isolated (single) 
outbursts.  He  analysed  12  sets of outbursts with 3 to 74 outbursts  in a set  that  occurred  with 
inducer  shotfiring in  roadways  developed in 9 coal seams.  The  results  were  not  consistent  and 
did  not  support  the  hypothesis. 

The  change in  the character of cuttings  as a borehole  penetrates  the structure is a common 
method  of  prediction of the  presence of abnormalities  ahead of mining. The observation of 
cuttings  relate to the  following: 

- Change in the  size of cuttings - finer  cuttings 
- Change in the  colour of  the  cuttings,  particularly  the  flushing  water. 
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When  shear  zones  are  present,  it is generally  observed  that  pulverised  material transported from 
the borehole shows a  brownish reddish tinge. This is due to diffraction of light by  the 
extremely  fine  particle  size of the  material. 

Very  large sizes of cuttings are noticed  when a borehole is collapsing.  Particle size of  up to 
25 mm and larger in  a 65 mm borehole drilled with 42 mm rods are often observed in 
collapsing  holes.  Hole  collapse  occurs  normally  when  a  structure is present, but can also occur 
in areas  with  very  high  stresses  acting  normal to the  axis of the borehole  (Lama, 1994). (See 

also Chapter 10.) 

4.12.4 Changes in FracturdJoint Spacing 

Changes  in fracture spacing on approaching  a  structure is commonly  noticed  in  underground 
mines. This is noted not only  in  increased  frequency  of  jointing  in  the  roof  rocks  but also in  the 
coal  seam  itself  (Ammosov et al, 1957).  Bagrinstseva  and  Shershukov  (1959);  Ammosov and 
Eremin  (1960)  developed  an  index  based  upon  fracture  density. This index  is defined by the 
mean distance between  the fractures determined  in  underground observations or in polished 
hand samples taken  from  a  part of  the  seam  and  is dependent upon  the type of coal. The 
frequency  of  the fractures measured as inverse  of the average  spacing is used to classify the 
conditions  and  possible  approach of a  structure.  The  usual  technique is to stretch  a  line  (in-situ) 
or measure fracture along a linear distance  under  a  magnifying  microscope. These linear 
techniques of fracture  measurement  are  directly  related to the measurement of fractures in a  unit 
volume  of  rock  mass  (Bodziony et ai, 1990, Bodziony  and Kraj, 1995). 

Table 4.8 gives the  classifications. Ammosov and  Eremin  (1960)  however, do not give any 
correlation  between  the  location of the structure  and changes in  the fracture density. This 
classification system was also introduced in France (Alpern, 1963, 1970) and in Poland 
(Cybulski  and  Block,  1963,  Cybulski  and  Piskorska-Kalisz,  1969 a, b). Emnger  (1969)  used 
this  classification  for  the  classification of structures  as  given  in  Table  4.6. 

Table 4.8.  Classification of coal  depending  upon  degree  of  disturbance 
(Ettinger,  1969). 

b Average  spacing No. of fractures 
Class percm between joints 

I 1.6 

1225 0.008 V 
200 0.05 Iv 
71.4 0.14 III 
20 0.5 II 

6.25 

# 

(mm) 
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Shepherd and Creasey (1979) and Shepherd et al (1980) have described the results of 
measurements of fracture  spacing approaching a structure. Their  data is based upon 
observation of certain  vertically-continuous  joints,  which  extend  the  entire  distance  from  roof  to 
floor  of  the  seam (2.5 m). These joints are planar  to  curvi-planar,  and  their  surfaces  show  fine, 
high-frequency  slickenlines  and a thin  coating of dull,  powdered  coal.  Sometimes  two or more 
joints  converge  to  form a single joint within 0.5 m of  the  seam  floor.  Displacement  along  the 
joints is very  small (c2 mm). 

The  origin of these joints is difficult to  determine.  They  may  be  shear joints or  they  may  have 
formed  by  extension  and  sheared  later.  It  was  observed  that  the  spacing of  these joints  became 
markedly  reduced  around  strike-slip  faults.  They are not  parallel  to  the  faults  and  occur at a low 
angle  of  approximately 30 deg. 

Their observation showed  that  the  spacing  between coal joints decreases  around strike-slip 
faults.  They  quantified  this  using  the  scan-line  technique.  Five, 300 -,400 m long,  scan-line 
traverses  across  strike-slip faults were  made,  using a tape  measure  to  log  the  spacings of coal 
joints. Segments of data  from two of these  traverses  are  shown in Fig. 4.31. The  spacing 
profiles show apparent spacings because  the angle between the headings and joints is 
approximately 60 deg.  Fig. 4.31 shows a pronounced  increase  in  frequency of joints across a 
strike-slip  fault and  outburst  site  in  traverse  C.  The  locations of substantial  sustained  changes 
in frequency is termed  'outburst  threshold'.  It  is  considered  that,  at  this  point,  the  presence of a 
strike-slip  fault  in  the  vicinity  could  have been  predicted.  Similarly, in traverse E, two  strike- 
slip faults were  crossed by a scan-line and  in  each  case a rise in coal joint frequency  occurred. 
The  outburst  thresholds  occur  at  approximately  the  same  distance  on  each side of the  fault in 
traverse C, but  this is not  the  case  in  traverse E, where,  across  two  faults,  there are many  more 
coal joints to  the  south  than  to  the  north.  The  presence  of  nearby  faults  and  potential  outbursts 
could have been forecast in this instance, since  the  heading was driven  south  to  north,  but 
should the heading  have  been  driven  north  to  south,  prior  warning of the faults would  have 
been impossible. 

According  to  Shepherd and Creasey,  this  method on its own,  will  not  predict  the precise 
location  of an outburst, but it will  give  warning of a potential  outburst  at a strike-slip  fault up  to 
45 m from the  fault. In addition,  clusters of strong  sandstone  roof joints occur at a distance of 
10 - 20 m from  strike-slip  faults.  These joints may provide a shorter-terth  forewarning of an 
imminent  fault. 

Shepherd et al (1980) describe  studies on cleat  measurements close to a thrust fault in  the 
Bowen  seam  at  Bowen #2 Mine,  Collinsville,  Queensland,  and  reported an increase in fracture 
density  from 4.9 to 16.2 /m (Fig. 4.32) over a distance of 450 m towards  the  thrust  and  believe 
that increase in cleat  frequency may  be a diagnostic  feature of  the coal  approaching a thrust 
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zone.  However,  their data shows  that  places far away  from  the thrust also had  fairly  high cleat 
density. 

They  also  observed some other abnormal  features  such as 'rods' of coaly  material  which flake 
like  onions,  the  frequency of which  increased  from l/m to 8/m  on  approaching  a  thrust over a 
distance of 180 m (Fig. 4.33). There  were  no  'rods'  found  greater  than 300 m  away  from the 
thrust. These coal rods appear to be formed by closely spaced, unidirectional, planar and 
curvilinear fractures. 

Lama (1983) conducted  studies on  polished coal samples  taken from different  distances from a 
shear  zone.  The  samples  were  studied  under  low  magnification.  In-situ  studies  were  done in a 
50 cm square window. Fractures in  hand samples in  the laboratory were  grouped into 5 

>io D, >7.5 - <lo mm, >5.0 - ~ 7 . 5  mm, >2.5 - <5 mm, ~ 2 . 5  mm. ' I l ~ s e  

joints/cracks were studied both in dull and  bright  bands. The results showed that definite 
changes can be noticed  in fracture density on approaching  a  shear  fracture. These changes 

C traverse. NW-SE Iolnta in seam 

1.1 'OUtkrl l  084 f d t  
i 

E traverse. NW-SE lolnts in seam 

f - t  o u t k n t  md Lul l  
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Fig. 4.31. Joint  spacing  traverses (C and E) across sites of outbursts 
at West  Cliff  Colliery  (for  locations, see Fig. .....) 

(a)  Schematic  profile along mine  rib. 
(b) Frequency  distribution of joints  along  traverse. 

Arrows  indicate  outburst  thresholds; 
1 SD = 1 standard  deviation; Moving average = 10 rn; 
Class  interval = 2 m; * = survey  pin  at  intersection 

(Shepherd  and  Creasey, 1979). 



I)- 
become apparent at -20 m away from the  shear  zone  (Figs. 4.34 and 4.35). These studies 
show  that  high  stress conditions which caused thrust faults also influenced the structural 
properties of coal  which can be identified  both in the  field  and in the  laboratory. 

LOCA77Off Uff OF TRAVERSES 
L m l  
5.3 
s.3 % 
54 

Fig. 4.32. Frequency  of  fractures  along  traverses 1 to 6 between 53 and 54 west-levels. 
The  histogram  class  interval  is 0.5 m along  the  traverse,  and  the  moving  average  is 1.5 m 

(Shepherd et al, 1980). 

0 
Fig. 4.33. Histogram of coal  rod  and  coal  apple  counts in the  top 1.2 m of the seam 

in the  vicinity  of  the  thrust  zone  in 54 west-level 
(Shepherd et al, 1980). 
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Fig. 4.34. Increase in the  number of cracks on approaching a shear zone 
(Polished  specimens - dull mal bands) 

(Lama, 1983). 

ZONE 
HE. 

Fig. 4.35. Increase  in the number of cracks on approaching a shear zone 
(Field results and polished specimens - bright coal  bands) (Lama, 1983). 
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4.12.5 Changes in Filtration Properties of Coal 

The  changes  in hture and stress must  also  influence  the  filtration  properties of  coal. A P ,  I?rg- 

60 etc. are the  function of filtration p p e m e s  of coal  that  have been used for the  prediction of 
outbursts (See also Chapter 9). The  method  used by Lama (1983) consists of  sampling of cod 
at the face  from a given  band  and  subjecting  it to vacuum  over a fixed time.  The  coal  sample is 
then  purged with gas  and  then  released  to  the  atmosphere.  The  amount of gas  released  over a 
fixed time  interval (30 - 600 s) is then  measured  and  the rate of release of gas is calculated.  The 
desorption  curve fits a power  law of the  form 

V = at 0-2 1 
where V = total gas liberated 

t =time 
a a n d h  = constants 

The  power  coefficient L2 for the  various  samples  has  been  plotted  against  distance  from a shear 
zone in Fig. 4.36. The results  indicate  that L2 determination  using  solid  samples is  a better 
indication of an approaching  shear  zone. The L2 value  tends  to  increase  from  almost 20 m 
away  from  the  shear  zone  and  reaches  its  maximum at a distance of  about 10 m from where  it 
drops again.  Samples  numbers 51 and 52 were  taken  from  close  to a normal fault and  these 
indicate  that  normal  fault  does  not  affect  the L2 values. Also, the  differentiation is better with 
solid  samples of dull  coal  bands than bright  coal  bands. 

4.12.6 Changes in Gas Pressure and Gas Flow Rates 

Tests  have  indicated  that  pexmeability of shear  zones is higher than that  of  the coal  unaffwted  by 
the  shear  zones.  Flow  measurements  were  taken from holes  drilled  into  shear  zones  and  those 
where  shear  zones  were  not  intersected.  Results of  these  measurements  are  given  in  Fig. 4.37. 
Flow rates  increase by a factor of 2 - 4 when a shear  zone is intersected.  This is a very clear 
indication  and  the  method  has  been  frequently used to ascertain the  presence  of  shear  zones. 

Whenever  very  high  flow  occurred in the  boreholes,  it  was  also  seen  that  drill  rods  were  pushed 
out, water  was lost, the  drill  cutting had a distinct brownish  colour  and  that  further drilling 
became  difficult. 

Gas pressure  changes  close  to  shear  zones  were  measured  to  predict  the  presence of a shear 
zone. The method  consists of inserting an inflatable  poker in the drill hole  at  various  depths 
from  the  rib  line  and  measuring  the  pressure  as a function of  the distance  from a known shear 
zone. 
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The results of these measurements  are  shown  in  Fig. 4.38. These results show  that  abnormal 
changes in gas pressure gradients occur  when discontinuities of the  type of a  shear  zone are 
present in a coal seam. By monitoring gas pressure  change,  it is possible to pick up a shear 
zone up to 100 m ahead of an advancing heading. 

solid } duil coal 
A - 0 . 5 m m  - +0.25mm 
0 - 0 . 5 m m -  + O ~ Z S m m }  bright coal 

DISTANCE FROM SHEAR ZONE ( r n )  

Fig. 4.38. 
Changes in gas  pressure  on  approaching  a  shear  zone  (Lama, 1983). 
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4.12.7 Ground  Probing Radar 

Use  of ground  probing radar in  the  detection of buried pipes, cables, tunnels, etc. is quite 
common in  civil  engineering. Studies in  the  use  of radar in  mines  have  been  in  the  field of 
prediction of mining  conditions,  measurement of pillar  width  and  detection of  roof defects 
(Hainsworth, 1994). Olsson  et al(1987) have  reported  the  use of radar in  geological  mapping 
in metal mines  in  Sweden. 

The principle is based upon transmitting a packet  of electromagnetic (EM) energy  that is 
reflected as it hits an interface of different  dielectric  properties.  The  reflected  wave  is  picked up 
by a receiver.  The  magnitude of  the  reflected  wave  depends upon the  difference  in  the  dielectric 
properties of the two layers,  the  higher  the  dielectric  constant,  the  higher  the  amount of energy 
reflected. The technique presents a significant opportunity and  some studies have  been 
conducted by CSIRO, Division of Applied  Physics  and by  Advanced Technical  Development  of 
CFtA (Perth) in West Cliff and other mines  in  Australia. 

Fig. 4.39 shows a fault  modelled  as a dielectric  layer &r2 sandwiched  between two coal  layers 
of dielectric constant with a 2  > Erl.  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°, Le.  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,  i.e. when  the layer  thickness  is  equal  to a quarter  wavelength. 

Fig. 4.39. Reflection  from a fault 
(Murray, 1995). 
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Mylonite  zones  can be as thin as 10 mm. The optimum radar frequency for maxhpum reflection 
can be calculated for a 70 rnm wide  layer  of dielectric constant 5 (Munay, 1995). 

k p t  - - 4 x 0.070 m 

= 0.28 rn in the  layer 
= 5ln x 0.28 = 0.63 m in air 

Optimum radar frequency, 

C 2.981 x lo8 Hz x, - - - =  
hair 0.63 

(4.9) 

= 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  borehole  radars.  However,  some  surface radars are 
available with  a suitable frequency  although  they may not penetrate more  than, say, 3 to 5 
metres in a  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) increases  the  range of  the  high  frequency  radar  considered 
above,  but  two  points  need to be considered. 

(a)  range  increase -P1/4, 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, 
there  is  a need to compromise. 

Probes  have  been designed and  tested  with central frequency ranges  of 600 and 800 MHz 
(Hatherly et al, 1995). These are capable for insertion into boreholes of 86 mm diameter. 
Surface mals carried out at  New Hope Collieries' Swanbank  Mine  in an in-seam test hole 
drilled 27 m into a  highwall  face.  Initial results (Fig. 4.40) were  encouraging rsvealing 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. Tests conducted  in the Bulli  seam  to  predict  a  shear  zone  have  not  been  successful 
so far, but  there  are  indications  that  the  technique  with  some  modifications  may be useful. 



Fig.  4.40. Results of a radar scan  along an in-seam  borehole  at  the  Swanbank  Mine 
(Hatherly et al,  1995). 

4.12.8 Sonic Probes 

A  sonic  logging  tool,  using  individually  clamped  transducers,  has  been  developed  for coal seam 

boreholes by CMTE, jointly with the University of Queensland and CSIRO, Brisbane, 
Australia.  The tool performed  excellently in a  purpose  built  test  facility. 

The sonic logging  tool is being further developed  and is intended to be deployed on CHD76 
drill smng 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 hydlaulic  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  Fig.  4.41. 



The sonde  was  field trialed at  Tahmoor  Colliery, NSW, Australia in  1992.  Coupling  of  the 
source and detectors to the  borehole  wall  was a major  problem  in  these  trials  because  available 
boreholes  were  oversized  and/or  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. 

Using  the  tool, a reasonable  shear  wave  velocity  log  (Fig. 4.42) 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. 

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 and preferably  in  water  filled  holes. 

.w Faruk 

Fig. 4.4 1. Physical  layout of  the five  sonde  modules. The modules  are shoyn in order 
of insertion  into  the  borehole,  the  top  most  module  being  inserted  first. 

Subsequent  modules are then  joined  to  this  module by mating  the  male  and 
female  bulkheads  shown  at  the  ends  of  each  module. 

The  outside  diameter of  the  sonde  is 73.1 mm  and overall  length is 
approximately 10 m. The first drill  string rod slides  over  the  filter 

and  attaches just behind  the rear auger.  Outside  the  borehole  the  last drill rod 
connects  to  the  communications  breakout. A conventional  water  swivel 

screws  into  the  back of the  communications  breakout 
(Hatherly  et al, 1995). 
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Fig. 4.42. MLM  estimate  of  shear  wave - j! 
velocity for a 5 m section of  the borehole 
at Tahmoor.  The  bottom  3  detectors and 
top 3 detectors  give two independent s 
estimates  of  velocity 
(Hatherly et al,  1995). 
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4.12.9 High  ResoIution Electromagnetic Imaging 

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 nom 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  developed in  the USA has found numerous applications in 
Australia. It is best known  in  Australia  as RIM (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  and  has  been  very  frequently used (Thomson et al,  1990, 
Young et al, 1992;  Thomson  and  Poppitt,  1993; Vozoff et  al,  1993). 

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. 

> 
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The  borehole RIM equipment  consists  of a separate  transmitter  and  receiver unit which is  placed 
in  opposing  holes. The probe diameter is approximately 48 mm. The system  utilises femte 
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 
frequency  increases  resolution  increases  and  propagation  range  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. 

Transmitter  and  receiver  can  be  inserted into a  borehole  to  enable  cross-borehole  measurements 
up to 300  m ahead of the face.  The method remains  labour  intensive  but  practically  effective. 

Typically,  cross-hole RIM has  utilised  boreholes  spaced 200 m apart although  closer  spacings 
are feasible  with  higher radio wave  frequencies,  and  likely  to  result  in  improved  resolution. 

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. 

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. 

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. 

Recent  surveys  at  a  number of South  Coast  mines  have  provided  promising  results  (Thomson  et 
al, 1995). 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. 
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Fig. 4.45. Image  showing  high-risk  zone 
(Thornson et al, 1993). 

Fig. 4.43. Image  showing  low-risk  zone and 
zone affected by mylonite structure 

(Thornson  et  al,  1993). 

Fig.  4.46. Image showing two high-risk 
zones (Thornson et  al,  1993). 
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Fig. 4.44. Image showing  low-risk  zone Fig. 4.47. Image  showing  low-risk  zone 
(clear  coal)  (Thornson  et al, 1993). (clear  coal)  (Thornson  et  al,  1993). 
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The RIM probes  were  inserted in gas  drainage  boreholes,  usually up to 200 m 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 - 250 m. 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 coal between 
transmitter  and  receiver  and is expressed as the  rate  of dB loss per metre. 

In  Fig. 4.43 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 fiee of geological  hazards. 

Using a constant  attenuation  rate  scale,  Fig. 4.44 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,  Fig. 4.45 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. 

Fig. 4.46 is taken  from  the  proposed  longwall  area  immediately  to  the  south  of  the  area  imaged 
in Figs. 4.44 and 4.45. 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. 

Fig. 4.47 uses a common  borehole with the  image  in  Fig. 4.46 and  clearly  suggests an area  free 
of  geological  hazards.  The  area  appears to be evenly drained of gas. 

c 
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CHAPTER 5 

OCCURRENCE OF COAL, ROCK AND GAS-OUTBURSTS 

5.1 INTRODUCTION 

The phenomenon of outbursts has  been  experienced  in  coal  mines since the  middle of the 
18th  century. By the  end of the  last  century,  virtually all the  manifestations of this phenomenon 
as  it is understood today,  were  well  known.  Major  thrust of observational techniques  was 
concentrated  in  assembling  and  analysis of signs of outbursts as these  occurred  in many coal 
fields of Belgium,  France  and  the  United  Kingdom,  The  first  outbursts in Lower  Silesian  coal 
basin  presently  in  Poland  (at  that  time  part of Germany),  Mecsek  coal  fields of Hungary  and 
Southern  coal  field of NSW, Australia,  occurred in the  nineties of the  last  century.  Outbursts in 
the Donetsk coal field of  Ukraine, and in western  Canada  coal  fields  occurred in this century. 

By the  middle of the  19th  century,  some of the  early  writings on the  subject of outbursts  were 
published  (Taylor, 1952-53). The  subject of  most of the  publications in the  second half of the 
19th  century  record  descriptions of outbursts  and  their  analysis.  Because of the  diversity in the 
occurrence of the  outbursts,  there  were  basic  difficulties  in  the  synthesis of this  phenomenon. 
These  difficulties  continue to exist  even  today,  though  the  basic  phenomenon  is  much  better 
understood. 

5.2  DEFINITION OF AN OUTBURST 

In  English  mining  literature  the  use of "instantaneous  outbursts of gas and coal" is  commonly 
used.  The  term  "instantaneous" is derived  from  the  French  "degagement  instAtani3"  (Hargraves, 
1993).  However, outbursts are not  really  instantaneous.  They  manifest  themselves  over a 
certain time  period  though  they may initiate with  or  without  warning.  The  word  sudden  (or 
spontaneous) is also used,  though  none of these  words are appropriate. The  word  sudden 
suggests  without  warning  while  "spontaneous"  suggests  the  occurrence  without  any  triggering. 
It is  well  known  that  outbursts  can be triggered  using  explosives  or  during  cuttjng.  As  such, 
adding  any  adjective  to  the  outbursts  qualifies an outburst with some  additional  characteristics 
and  hence  limits  the  use of this  term to some  degree. In this  report,  the dord outburst  is  used 
to  define  this  phenomenon,  as  it  signifies  the  dynamic  nature  and not the  quasi-static,  and  thus 
includes both the  concept of "sudden"  and  "instantaneous"  or  %on-instantaneous". 

The  evaluation of the  definition of outbursts of gas  and  coal  and  other  phenomena associated 
with  it  is  very  interesting.  These are not  in  general  the definitions "per  genus  proximum et 
differentiam specificam". The  phenomenon  is  being  defined  by  presenting its manifestations 
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and effects. Rarely  the causes of the  outburst are presented  in  the  definition.  The definition 
sometimes  also  includes  the  classification of outbursts. 

Budryk (1951) (Poland), defined the phenomenon as sudden eruption of gas (outburst, 
explosion) from the solid face together  with  ejection or thrusting of pulverised coal or other 
rocks and  emission of large quantities of gases (Ca, C@ or  their  mixtures). 

Ignatieff (1954) (Canada), defined outburst as "a  sudden  outfIow  of  a large volume of gas  in 
limited time duration, with or without projections of coal; the controlling factor of the 
occurrence,  apparently,  being  a stress change in the seam". 

Hargraves (1958) (Australia) defines  instantaneous  outburst as "the  sudden disintegration of 
coal, and its projection from the seam, without  deliberate  initiation  and  accompanied  by,  and 
followed by enormous gas emission. The gas  has  the effect of carrying the  broken coal for 
considerable distances. This projected coal is invariably of fine size.  The  gas pressures and 
volumes associated are sometimes  sufficient to penetrate  the  intake  roadways  for  considerable 
distances and to blow out stoppings. The outburst may be inadvertently set-off by some 
outside  influence. Small proportion of outbursts  occur  when  no  work is going on at all. It may 
be an immediate  reaction,  outbursting  suddenly  and  without  warning, or it may be a series of 
minor  bursts  and  readjustments  culminating  in  an  outburst,  in  which  case some warning  may be 
received." 

Coeuillet (1959) (France) defines the  phenomenon of  sudden outbursts  which  "occur  when  the 
gas retained by the coal, the  release of  which is hampered  both by insufficient  permeability of 
the  solid  and by its mechanical  resistance,  suddenly finds a  possibility of release". 

Kruk et a1 (1963) (Lower Silesian coal basin, Poland) define "sudden outbursts as a 
phenomenon characterised by ejection from the  solid into the  mine excavation, mixture of 
broken  rock  and  gas. In some  cases  there may be large  volumes of  up  to a few tonnes of rock 
and a few hundred thousand of cubic metres of gas. The course of occurrence of .  this 
phenomenon  is, in general,  very  sudden  and  uncontrolled." 

Thomas, D. A. (1963) based  upon  observations in South  Wales (UK) defined outbursts "as a 
rapid  ejection of coal from the solid  face of coal  into  the  excavation.  In  the  process of ejection, 
the coal is pulverised into a fine powder  form  and  a  large  volume of gas  is  emitted in a short 
period of time. In some instances,  a  characteristic  cavity  is  formed  in  the  face,  but in others 
(cases)  there is no easily  discernible  place  where  the  coal  blown  out  could  have  come  from." 



Ujihira  and  Hashimoto  (1976a)  (Japan)  have  defined  an  outburst as follows: "Outbet  of coal 
and gas is a  phenomenon  which  involves  a  spontaneous  outburst of a large amount of methane 
gas accompanied by a  tremendous  volume of pulverised  coal  and  shattered bed rock at the face 
of a  drifting  roadway or a  longwall  face". 

Szirtes (1978)  (Mecsek  coal  field,  Hungary) writes: "Outburst of gas and  coal is a  phenomenon 
that depends upon  the  destressing of stress state in  a  very  short  time,  suddenly,  which  occurs 
on opening a  seam  or  intersecting  through  a  geological  disturbance  separating  the coal seam 
fi-om  the excavation". 

According to Gray (1980) (Bowen  coal  field,  Australia) an "outburst is the failure of coal and 
its ejection by stored  potential  energy  being  converted  to  kinetic  form. This failure is associated 
with the release of seam  gas." 

Gil and  Swidzinski  (1988)  (Lower  Silesian coal field,  Poland) call outbursts of gas (and  rock) 
"as  transportation of coal  (rock)  from  the  solid  into  the  excavation by the  gas  liberated  from this 
solid during its destruction  as  a  result of stress". 

Ryncarz (1992) (Poland) writes  "Outburst  is  one of the  geodynamic  phenomenon  which is 
associated with  sudden release of a  very large amount of gas (methane, carbon dioxide, 
nitrogen, pure  or  in  varying  proportions)  and  coal  from an advancing  face  in  a  heading  when 
this intersects or is in  close  proximity  to an existing  structure  such as a  shear  zone,  dyke,  fault, 
etc. The large  amount of  gas  released  at  a very fast  rate  can  cause  asphyxiation or toxic  effects, 
or generate an explosive atmosphere, cause injury  to  persons  and damage to equipment 
operating in the near  vicinity of the  working face, or may result in large scale damage to  the 
excavation(s)  located in the operating  panel". 

5 . 3  CHARACTERISTICS OF SOME OUTBURSTS 

An observation of outburst  and its description is an  important  element in understanding the 
phenomenon of outbursts. It includes  properties  (e.g.  size,  volume, shape, particle size, etc.) 
of outbursts that are associated  with  their Occurrence  in relation  to depth, gascomposition, 
structure of coal  at  the  site,  sequence of events  leading  to the outburst  and  those  following it, its 
consequences, etc. in different coal fields of the  world.  A lot of publ&hed information is 
available on a number of outbursts  that  occurred  particularly  in  the  second  half of the 19th 
century and fiist half  of  the  20th  century.  Unfortunately,  very little is published presently, 
though  the  information  is  probably  available with the  respective  mines  and  organisations. 



5.3.1 Early Outbursts of Gas and Coal 

It  is  not  certain when  and in which coal  field  the  first  outburst  occurred, as in the  early  stadium 
this  phenomenon  was  not  well  understood  and its symptoms  were  not  documented.  Many 
authors  have used the tern as "the  first  outburst" but this relates only after this phenomenon  has 
been  recognised  in  the  mine  or  country  under  discussion. 

Taylor  (1952-53)  analysed  the  statistics on  methane  explosions in  mines in the  north of England 
coal  fields during the  period  1743-1852.  According to  him,  methane  explosion  in  Jarrow 
Colliery,  on 3 1 August,  1830 was  preceded by an outburst of gas  and  coal.  He  gives  examples 
(without  quoting  the  dates) of other  outbursts  which  did  not  lead  to  explosions  and  hence  there 
were witnesses who survived the  events.  The main cause of these outbursts which led to 
explosions was  the  general  usage of open lamps  during  this  period  particularly in development 
faces.  The catastrophic incident in  Jarrow  Colliery is described by Buddle  (in Rowan, 
191 1-12) as follows:  "The  place of  Jarrow  Colliery  at  the face of which  the  outburst  occurred 
was 9 feet  (2.7 m) wide  and 5 feet  (1.5 m) high,  and  the  whole  block  of  coal across the  face 
appeared  to  have  been  forced  forward  with  great  violence  while  there  was a jagged aperture 
from 9 - 12 inches  (23 - 30  cm) in width  along  the roof and  down  the  left  side.  The  block  was 
4 feet  (1.2 m) thick  and 7 feet  (2.1 m) wide,  and  extended  to a down  thrown  fault of 3.5 feet 
(1 m). This  space was filled with disintegrated dusty coal which presented  a "sooty 
appearance". 

Briggs (1920-21) mentions  the  above  outburst  as  well  as  another  outburst  that  occurred on 
18th  June,  1935  in  Wallsend  Colliery, North of England  coal  field.  Sorbie  (1978)  gives  more 
details  about the Wallsend  Colliery  outbursts  and  states  that  the  outburst  occurred when  the 
heading  approached a fault.  Coal seam in this region  was  soft  with  amorphic  coal mass without 
its usual structure. Coal had  an appearance like  soil  that had undergone shearing and 
compaction  under stress. 

The first reported outburst of gas  and  coal  occurred  in  France  in  Issac  Colliery  in h i r e  coal 
field  in  1843.  The  amount of material  thrown  out  was  about  400  tonnes  (Khodot,  1961).  The 
first CO2 outburst in  the  world  occurred  in  Centre  coal  field  in  1956  (Loiret,  1910). In Gard 
coal  field,  the first outburst with  carbon  dioxide  and  coal  occurred  in  Fontanes Cohery on 
1st  April,  1879. c 

In Lower  Silesian  coal  basin  (Poland)  the  first  outburst of gas and  coal  associated  with  carbon 
dioxide was noted  in  1894  (Wilson,  P.A.C.,  1931; Kruk et al,  1963). In the  same  year  the 
first  outburst  occurred  in  Mecsek  coal  field  in  Hungary (Szirtes, 1964). 



In Ostrava-Karwina  coal  field  which is  a part of the  Upper  Silesian  coal  basin andlies in Czech 
Republic,  the first outburst of methane  and  carbon  dioxide  occurred in Ignat Colliery (presently 
J. Sverma Colliery) in 1894 (Anon, 1 W ) ;  Pavelek et al, 1989). ms outburst occurred  at 
226 m depth with the  ejection of 50 tonnes of coal (Cwik and Swidzinski, 1980). 

In Romania  the first outbursts  occurred in Anina-Resicha  and  Jiull  coal  fields  in  1894 (Gil and 
Swidzinski,  1988). 

In Australia, the first outburst with carbon  dioxide  and  methane  gas  and coal occurred in 
Metropolitan  Colliery in the Bulli seam, in  the  Illawarra,  Southern  coal  field  in  1895  (Hargraves 
et  al,  1964). 

In  the Ruhr, in Nord  Rhein-Westfalia  coal  field,  the first methane  gas  and coal outburst 
occurred  in  1903  and in Ibbenbiiren  coal  field in 1972  (Noack  et al, 1983). 

In Canada, the first outburst  occurred in Carbonado  Colliery,  Crows  Nest coal field, British 
Columbia  in  1904  (Patching  and Botham, 1966). 

In Donetsk coal basin (Ukraine), the first outburst occurred in Smolanka Colliery on 
9th  August,  1906  (Skochinski  and  Komarov,  1959). 

In Japan,  the  first  outburst  occurred  in  Miike  Yotsuyama  Colliery,  Kyushu  coal  field in 1926 
(Ujihira  and  Hashimoto,  1976a). 

In Russia, the first outbursts  occurred  as follows (Khodot,  1961): 

In Kuznietsk  coal  basin - 1943. 
In Yegorshinsk  coal  field - 1944. 
In Pechora  coal  field - 1950. 

Table 5.1  summarises  these  early  outbursts. 

5.3.2 Outbursts at Low Depths 

The  depth from the  surface  at which  an  outburst  occurs  is  one of the  parameters a characterising 
an outburst.  Minimum  depth of occurrence of an outburst  is  typical of various  coal  fields and 
even  their  tectonically  distinctive  nature. 

Kowing (1977,1981) states  that a classical  gas and coal  outburst  occurred in one of the  mines 
in  the  northern edge of the  Ruhr  coal  field  at a depth of about  41 m below  the  surface.  This 
outburst  occurred  in  1975, in a roadway  throwing 60 - 80 tonnes of coal  and  about 3,000 m3 of 
methane gas. The outburst was associated  with a geological structure (Fig.  5.1)  an  anticlinal 
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Table 5.1 Early  outbursts of gas  and  coal 

Serial 
No. 

b 

1 
L 

2 

3 

4 

5 
L 

6 

7 

8 

9 

Country 
Coal field 

- 1  
- 

Australia 
fllawarrra 

Canada 
Crows  Nest 

Canada 
Canmore 

Canada, 
Sydney 

Czech Remblic 
Ostrava-Karvina 

France 
Gard 

France 
Loire 

Germany 
Nord  Rhein 
Wesfalia 

Germanv 
Ibbenbiiren 

V 

Colliery I Gas I Depth, I Year of 

Metrmolitan C02 + CH4 450 1895 
Bulli 

CH4 - 1903 

CH4 200 1944 
#4 

No. 26 CH4 703 1977 
Harbour 

Ignat (J. Sverna) C02 + CH4 226  1894 

Fontanes co2 323  1879 
- 

- Isaac 

CH4 1903 

Ibbenbiiren CH4 - 1970 
- 

Reference 

fi 

Hargraves  et al(1964) 

Patching  and Botham 
( 1966) 

Patching  and 
Botham (1  966) 

Aston  et al(l990) 

Anon (1  964d) 
Pavelek et al(1989) 

Loiret (1910) 

Khodot ( 196 1 a) 

Noack et al(1983) 

Noack et al(1983) 



Table 5.1 Early  outbursts of gas  and  coal  (Cont'd) 

Serial 
No. 

10 

1 1  

12 

13 
I 

14 

15 

16 

17 

18 

Countrv I Collierv 

1 I 2 

Hungarv 
Mecsek 

India 
Ranigang  Dishergarh 

Janan Miike Yo t suvu  
Kyushu 

JaDan 
Hokkaido 

Poland 
Lower  Silesian 

Russia 
Kuznetsk 

Russia  Kapitalnaya 

Rbssia 
Yeeorshinsk I Bursunka 

Turkey 
Zonmldak 

p ! d  
Hacimemis 

I -  
CH4 I 450 

C02 I 80 

CH4 I 340 

CH4 I 200 

CH4 I 300 

Year of 
Occurrence 

5 

1894 

P 

1956 

1926 

1926 

1894 

1943 

1950 

1944 

1962 

Reference 

Szirtes (1964) 

- 

Ujihira & Hashimoto 
(1 976a) 

Ujihira  and  Higuchi 
(1986) 

Wilson  PAC (193  1) 

Khodot (1961a) 

Khodot ( 196 1 a) 

Khodot (1961a) 

Okten et a1 (1995) 



Table  5.1  Early  outbursts of gas and  coal  (Cont’d) 

Serial 
No. 

r 

19 

20 

21 

22 

23 

Countrv 
Coal  field 

c 

Ukraine 
Donetz 

United  Kingdom 
North of England 

Lancashire 

united Kingdom 
North Staffordshire 

united Kingdom 
Scotland 

Collierv 

L 

Jarrow - 

l3.muhk 
Royley 

Shelton 
Cockshead 

Glencraig 

Gas  Depth, 
m 

3 4 

CH4 728 

Year of 
occurrence 

1906 

1830 

1885 

1903 

1902 

Skochinski & 
Komarov  (1  954) 

Taylor  (1952-53) 

Gerrard ( 1899-  1900) 

Buckley  (1  906-07) 

Rowan  (191  1-12) 

c 



structure in the  Carboniferous rocks at the  interface of chalk  that  contained  accumulation  of  high 
gas.  At about 100 m  from  the  place of  Occurrence  of  the outburst,  horizontal  thrust  was  noted, 
forming an impermeable barrier. It was  reported  that at the pointof the  outburst, the gas 
content  was  11.5 m3/t.  The  gas  content  decreased  with  increase in depth.  In  1980,  a  series of 
outbursts  occurred in Finehu coal  seam  in  the  same  colliery at depth  from 50 - 110  m  from  the 
surface. The conditions of occurrence of outbursts  were  similar.  According  to  the  author, 
“The driving  force in this  case is quite  obviously  not  the  rapid  desorption  of  large  quantities  of 
gas, but rather  gas  under  pressure in cleat  and  other  open  tectonic  movement  surfaces.  The  gas 
had collected in  a  stratigraphic-tectonic  gas  trap  beneath  the  overburden of the  flank of  an 
anticline”. 

Gasausbruch ,f’ 400mJCH. I 
28.10.197_3 .A# 9t Kohle 

Fig. 5.1 Occurrence of an outburst 
at 41 m  depth in a  roadway  underneath 
the non-conformity  at  the  northern  edge 
of a  major  anticline 
wowing, 1977) 

Gepl. Streb - planned  longwall 
Gasaubruch - outburst 
Ausstrich  au  Karbonoberflache - 

edge of Carboniferous rocks 
Kreide - chalk 
Karbon - Carboniferous 

a lmm 

Kruk et  al(1963) describe  the first carbon  dioxide  gas  and  coal  outburst  that  occurred  in  1894 
in the Lower  Silesian coal basin  at  a  depth  of  80  m. This  outburst  occurred in  the  seam  #36  in 
the  main  development  roadway. The outburst  occurred  suddenly  and  resulted  in the collapse of 
coal and asphyxiation of a  miner  who  was  working  at  the  face  on  his  knees  at  the  edge  of  the 
porphry  dyke - making  an  undercut in the  sintered  coal.  About  3  tonnes of coal was estimated 
to  have  been  associated with the  outburst  with  a  cavern  depth  of  about  3 m. 

5.3.3 Major Outbursts 

A general description of some of the  very large outbursts that have  occurred in different 
countries  in the  world is given  here. 

( I )  Outburst of methane  and  coal in Cockshead  Seam,  Shelton Colliery, North Stafordshire 
coalfield, UK, 12th  February, 1904 (Buckley, 1906-7) 

Here  a  group of outbursts that  occurred  during  the  period  1903-7  are described. A large 
outburst  that  occurred on  12th  February,  1904  caused  extensive  damage.  The  Cockshead  seam 
lies at 2,550 feet (765  m)  from  the  surface  and  has  a  thickness of 7 - 7-1/2 feet (2.1 - 2.3  m). 
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The upper part of the seam with a  band  thickness of  3-1/2 feet (-1  m)  has soft coal. The coal 
was  hard  and  the  roof  and  floor  were  strong  with  the  seam  dip of 14 - 17'. All outbursts  that 
occurred in the  seam  are  associated with faults which  resulted  in  destruction-of  the  coal  making 
it friable, porous, light and dull in appearance  to  a  distance of 1-1/2 - 3 feet (0.45 - 0.9 m). 
Prior to  each outburst one  or  two  unusually  heavy  "goths" or bumps  were  noticed  by the 
colliers, but  no special importance  was  given  to  these. It was  assumed  that  these  had come 
from  the  roof. This outburst  occurred in the  rise  thirling  (dip-rise  roadway)  driven  between 
two  levels. 

In the words of Buckley,  "For  a  distance  of  450 feet, the  top  level  had  been  driven  alongside  a 
downthrow  fault,  which  ran  irregularly on its rise  side. This fault  caused  no  trouble, except in 
the  timbering;  but,  owing  to its irregular  course,  it  was  touched  frequently;  without  revealing 
any  undue  pressure,  and  at  various  points  it  made  a  quantity of water  which  soon dried up." 

"On one  occasion  along  this  length of drivage,  a  collier  was  cutting  the  top coal in a  kneeling 
position,  when  some  heavy  goths  occurred,  which  he  stated  'lifted  him up  off  his  knees'. No 
special  importance  was,  however,  attached to  this  occurrence,  for, as stated  above,  the  seam is 
subject  to  goths,  which  at  times are very  severe,  and  frequently  release  much  fire-damp. The 
coal was  very strong, and it was  noticeable  that  the  goths did not set  free  any considerable 
quantity of fie-damp. 'I 

"In  due  course,  the rise thirling was  commenced;  and,  as  the  fault  had  crossed  the  top  level, it 
was  expected  that it would  be  found  in  this  thirling.  On  February  12th,  1904,  the  thirling  was 
driven  upward to a  distance of 50 feet in hard  coal  and  was  rapidly  approaching  the  fault,  when 
at 7.20 p.m., a tremendous  goth  took  place. In the words of the  colliers  who  were  working  in 
the  top  level,  'it  sounded as if the  whole  earth  was  tearing  up'.  This so alarmed  them  that  they 
hunied down to the  main  level;  and,  hearing  nothing  from  the  rise  thirling,  they  managed  to 
reach  the  bottom of it by  crawling  below  the  fire-damp,  which,  however,  increased so rapidly 
that  it  caused  them  to  withdraw." 

"Efforts  were at once made to reach  the  rise  thirling, but the  fire-damp  was  present in such  great 
quantity,  that it took 2 hours  to  reach  the  collier. Although he  had  received  severe injuries, 
medical examination showed that the  immediate  cause of death was asphyxiation.  After 
clearing  the  thirling of fie-damp and  ddbris,  it  was  found  that  coal  had  been  blowp  out  from  the 
point of contact of the  seam  with  the  downthrow  fault.  The  force  of  the  outburst  had  blown  out 
six bars,  broken  the jig-post (a large-post, 10 inches (250 mm)  in  diameter)  and  caused  a  heavy 
fall of roof." 

"There  was  every  indication  that  the  collier had  been  cutting  the  coal,  thus  weakening the crust 
of  good coal,  against  the  fault  (which had a  thickness  of 3 feet (0.9 m) of dull  sooty coal lying 
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against it). He  had  then  gone  from  the  face,  probably  to  put a sharp bladeon his-pick,  leaving 
the  loader  at  the  face, when  suddenly  the  outburst  took  place,  and  he  was  overcome-by  shock 
and  fire-damp  before  he  could  get  away." 

"This outburst  was so severe,  that it affected  the  level  and  roads  in  the  vicinity.  The  roof  in  the 
adjacent roads became  broken,  and a large proportion of the  bars in the main level, then 
150 feet (45 m) in advance of  the rise  thirling,  were  broken  at  the  moment of the  outburst,  and 
the  pillar of coal  between  the  two  levels  was  shaken.  The  force  of  the  outburst  was  extremely 
heavy,  evidently  relieving a considerable  area of an abnormal  pressure.  It  was  afterwards  noted 
that  the coal was  even  stronger  to  cut than previously,  and that it  made practically no gas  for 
some  time  afterwards.  The  lower  level was subsequently  carried  through  the  same  fault,  but no 
indication  of  gas  or  abnormal  pressure  was  noticed  there." 

"In consequence of the  disastrous  effects of outbursts,  and in consequence  of  the  difficulty of 
foreseeing  or of preventing their recurrence, it was decided that  the only practicable 
precautionary  method  was  to  adopt a system  of  advance  boreholes in all level  and  rise  headings. 
This was  hardly  expected to prevent  such  outbursts, but it was  hoped that possibly  some 
indications would  be  given of the  near  proximity of any  enormous pressure, such as-had 
already  been  encountered.  Boreholes,  2-1/2  inches (65 mm)  in  diameter,  were  at  once put in as 
far as  possible  with a Burnside  long-hole  boring-machine.  The  heading  was  then  cut  to  within 
9 feet  (2.7 m) of the  extremity of the  borehole;  and  then  another  hole  was  bored. In the  case of 
approaching  the  supposed  position of a known fault, or if frequent  goths  took  place,  one  and 
even two flank boreholes  were also bored  to test the  pressure;  and,  in a few instances, 
considerable  quantities of  gas,  as  well  as  water  were  tapped  and  relieved.  In  no case was  there 
any  sudden  appearance  of  gas  under  pressure in the  boreholes;  and  it is, therefore, by no  means 
certain  that any borehole  had  encountered an area of pressure  similar  to  those  which  produced 
the  fatal  accidents  described  earlier.  Some of  the  holes  were  frequently  filled  with  crushed  coal 
as soon as  they  had  been  bored.  Beyond  this,  nothing  extraordinary  had  occurred,  although 
these  boreholes  had  been  continuously  maintained  in  narrow  headings." 

(2) Outburst of carbon dioxide and coal in the Rochebelle concession of Nord d'Alais 
Collieries, Gard coalfield, France, 6th July, I907 (Dougados, 1908). 

The Rochebelle  concession  was  in a shaft  that was being  sunk. A number of seams  were 
intersected by the  shaft  and  minor  outbursts  had  occurred during blasting  operations. 

According  to  Dougados,  "In 1906 the  shaft  was  sunk  deeper, and on October  25th of that year, 
at a depth of 836 feet a violent  outburst  occurred  after  the firing of a volley of shots. This 
outburst  came  from a seam of coal about 5 feet (1-1/2  metres)  thick,  underlying  the bed  of 
sandstone in which  the  shots  had  been  fired. At a depth  of  about 1,050 feet  (322  metres) a coal 
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seam  was  reached.  Six shots were fired in this  seam  without  causing a sudden outbursrof gas. 
At about 40 inches (1 metre)  further  down  another  round of shots  was fired in  the coal at 
4 a.m. on July  6th, 1907, which  caused a sudden  outburst of carbon  dioxide.  The  foreman, 
who fired the  shots  from  the  surface, felt a violent blast and heard  an  intense  noise, and an 
enonnous cloud of  black  dust  came  out of the  shaft, rising to a height of about 120 feet 
(36 metres). Dust and  carbon  dioxide  also  came  out  of  the  second  shaft  through  the  ventilator 
and  continued  for 1- 1/2 hours. A bed  of dust  about 40 inches  thick  was  deposited  on  the  roof 
of the  winding-engine  house. At the  shaft-top,  the  dust was  about 10 feet (3 metres)  thick  and 
the  ground  around  was  black  with  coal  over  about 50 or 60 acres.  Three  workmen  were  unable 
to  escape  from  the  vicinity of the  shaft-top  and  were  killed.  One  was  found  buried  in  dust  in 
the  open,  and  the  other two were  asphyxiated  in  the  engine-house.  People  in  houses  near  the 
pit  were  partially  asphyxiated,  and  fowls,  birds,  and  dogs  were  killed. An area of  about 650 by 
500 feet (200 x 150 metres)  remained  inaccessible  for 2 hours,  and  the  gas  was  observable  over 
an area of over 3,200 by 1,600 feet (1,000 by 500 metres).  Over 500 tons of cod-dust was 
collected on the  surface,  and  it was estimated that another 500 tons  were  spread over the 
country.  The  sinking  pit  was  connected  with  the  workings of  the  mine by two insets at  depths 
of 500 and 680 feet (150 and 208 metres)  respectively.  The  inset at 208 metres  was  completely 
blocked with the  blown  up coal,  that  penetrated  into  the  workings  for 460 feet  (140  metres)  and 
1,774 tons of it was collected in the  different  galleries. In the  shaft,  many  pipes  were  twisted 
and  broken,  and  the  shaft  itself  was  filled up for  over 160 feet (50 metres).  The  total  amount of 
projected  coal  collected  exceeded 4,000 tons." 

"When  the  shaft  was  cleared to  the  point  where  the  outburst  occurred,  disintegrated  (foisonne) 
cod was found  over  the  whole  section of  the shaft.  After  sinking  for a men-es in the coal, hard 
coal  was  found on one side; and  for  the  remainder of  the sinking  operation  through  the  coal, 
hard coal was encountered on one side and disintegrated  coal on  the  other.  The  separation 
between  the  two  presented a very  irregular  surface.  The  section of  the  shaft  was  sometimes 
almost  entirely  occupied by hard  coal  and  sometimes  almost  entirely by disintegrated  coal.  The 
seam  of coal  thus  traversed by the  shaft had a total  thickness of about 60 feet (20 metres).  The 
roof  and  floor  had  slight  inclination.  Analyses of  the  coal  gave  volatile  matter  varying  from 6.5 
to 9.5 per  cent." 

"The  great  thickness of the seam  was a surprise, it was  assumed  to  be lO-me5e  seam of the 
Fontanes Pit of the  Rochebelle  Mines, but it had  thickened  considerably.  The  shaft  was sunk 
only  about 16 feet (5 metres) below  the  seam  when a fault  was  encountered  and it was on the 
side,  next  to  this  fault,  that  the  disintegrated  coal was  noticed  in  the  shaft. A gallery  was  driven 
at the  roof of the  seam to find  the  empty  spaces  out of  which  coal  should  have  come,  but  only 
small  spaces  were  found.  This  space was filled up  with boiler-ashes mixed with water  under 
pressure.  Only 2,825 cubic  feet (80 cubic  metres) of ashes  could be forced  in." 
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"The  exceptional  Occurrence  of this sudden  outburst was attributed to  two  causes - (1)  the  great 
thickness of the  seam,  and  (2)  the  large  area of  the  opening by which is was reached.  The  area 
of the  shaft  bottom was more than 97  square feet (9 square  metres)." - 

(3) Methane and coal outburst in Ricard Colliery, Cevennes coalfield, France,  3rd  December, 
I938 (Chaineaux, 1947). 

Ricard  Colliery  mined  anthracite  coal at a depth of 800 m. The  mine  was  ventilated  with  an air 
quantity of 35 m3/s at a pressure  differential of  160 mm. The  outburst  occurred in level 555 at 
the  time of firing of 8 blast  holes drilled to a depth of  1.80 m and  charged with 2.25  kg  of 
saltpetre  explosive.  The  shots were fired  at  0.26  hours.  The  outburst  blew up the  stopping C 
(Fig. 5.2). The build up of gas  stopped  the  ventilation and initiated an explosion  at a point A 
close to  the downcast Ricard  shaft.  45  seconds later a large amount of fumes and flame 
appeared  on  the  surface of  the  shaft.  The  flame  shot up  the  shaft  to a height  exceeding  60 m 
and  continued  to  burn for 7 hours  when it was extinguished  (Fig. 5.3). The  outburst  resulted 
in sudden  lowering of  depression  of  ventilation  shaft from 160 mm to  125 mm which  fluctuated 
(Fig. 5.4). It was estimated  that  400,000 m3  of gas  was  liberated in  the outburst and  about 
1,300  tonnes of coal  was  ejected with coefficient of gas  emission  of 7,300 m3/t  of coal. 

* Point 

ll+ 

de Ddygwnwnc 

c 

Fig. 5.2 Plan showing  location of outburst and Ricard  shaft. 
Scale  1:2,000  (Chaineaux,  1947). 

Point  de Egagement - Location of outburst 
Centre  de  l'explosion - Centre  of  explosion 
Diplacement par digagement - Dislodgement  due to an outburst 
Diplacement par  l'explosion - Dislodgement  due  to  explosion 
Porte - door 
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Fig.  5.3.  Height of flame above the surface, Fig.  5.4.  Changes  in  ventilation  depression 
and air flow rate in Ricard  shaft in the  upcast  shaft - Gouffre 

(Chaineaux,  1947) (Chaineaux,  1947). 
Debits - quantity,  Hauteurs - height  Depression - Depression, H e m s  - Hours 

(4)  Outburst of carbon dioxide gas and  rock in the directional cross-cut in Piast Region of 
Nowa-Ruda Colliery, Lower  Silesian  coal basin,  Poland, 10th May, 1941 (Kruk et ai, 
1963; Polak and Szewczyk, 1983). 

The  outburst  occurred in the  directional  cross-cut No. 2 at level V at  a  depth of 610 m from the 
surface. On  the day of the  outburst, 10 blast  holes  were drilled at  the face and loaded with 
4.5  kg  of  the explosive. These holes  were fired from  cross-cut No. 2  at  level IV. At  the same 
time, two holes with a total explosive of  0.6 kg were  prepared  to be fired at cross-cut No. 3  in 
level IV and 6 holes on a  longwall face with a  total  explosive of 3.5 kg. All  these  holes  were 
fired from behind the barrier in  cross-cut No. 4 in level IV. In total, 18  holes were fired 
simultaneously in this region of the  mine.  Outburst  occurred in crosscut No. 2 at level V. In 
line  with  the  safety  rules,  3  holes  were drilled into  the  roof  prior  to  the  blast  (Fig.  5.5),  which 
did not  show  any coal nor any increase  in C02 gas, A 30  cm of coal and  shale  had  already 
been  intersected. 

This central firing was  done  between  the  change of  2nd  and  3rd shifts. Two minutes after the 
shot firing, the  whole of the  region  (south  and  north) of the  mine  was  inundated  with CO2  gas. 
The amount of energy of the  gas  was so high  that it reversed  the  ventilation  such  that CO2 came 
up  both  the 'Lech'  and 'Piast' downcast  shafts.  The  gas  coming up the Lech  (production  shaft) 
forced  the  bankman  and  his  assistant to leave  his  position of work.  Estimates  based  upon  the 
volume of excavations filled with C02 indicated  that  about 200,000 m3 of C02 was released 
along  with 4,458 tonnes of solid  material.  Out of 193 people  who  were  still  underground  (i.e. 
remainder of 2nd shift and all the  3rd  shift),  187  miners  were  killed,  5 of them were rescued 
and  one escaped himself.  After  this  outburst,  the  mine  introduced  use of oxygen  based  self 
rescuers,  stronger  isolation  and  protection  barriers. 
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Fig, 5.5 Location  plan of  C@  and A 
rock  outburst at Level V, crosscut-2, 
in  the  Nowa  Ruda  Colliery, 
10th May, 1941. 
(Polak  and  Szewczyk,  1983) 

Uskok - Fault 
Kawerna - Cavern 
Ostatni zabior - Late  slice, 1.5 m 
Otwory  badawcze 4.0 m - Test  holes 4.0 m 
Poklad Franciszek - Franciszek  seam 

" - 

(5) Outburst of carbon dioxide gas and salt in Menzengraben  Mine in Werra Salt Deposit, 
Germany  on 7th July, 1953  (Junghuns,  1953 a,  b). 

This is the largest outburst  that  has  ever  occurred  in  the  world. This outburst  though  did  not 
occur  in coal, but has been  included  in  this  report  because  of  its  size.  About 100,OOO tonnes of 
salt was thrown out together with 700,000 m3  of carbon dioxide with coefficient of gas 
emission of only 7 m3h. The outburst, as measured by gas emission time, lasted for 
25  minutes. The depth of occurrence  was 590 m. The  mine  remained  closed for six months. 

The  Werra  salt  deposit  extracted  in  Menzengraben  mine  contains  a  major  percentage of carnalite 
with sylvinite, with  an  average  thickness of sylvinite of about 3 m,  though in many places the 
cornalite thickness  reaches up  to  35  m.  The  basic gas in the deposit is carbon dioxide though 
methane  was detected at  places.  Over  950  outbursts  had  occurred  before this major burst in 
1953  at this mine.  Many  outbursts  exceeding  5,000  tonnes  have o c c d  in the  mine  and  most 
are  associated  with  sylvinite  and  rock  salt/carnalite  interface.  As  a  result of occurrence of large 
outbursts,  the  mine  management  introduced  central  blasting  from  the  surface  in  1949. In 1953, 
central firing was done from  the  surface at 23.55  hours  when all persons from the mine  had 
been  withdrawn.  The  outburst  occurred  immediately  after  the fining. The outbGst resulted in 
the  formation of a 10 m2 hole  in  the  reinforced  concrete  lining  of  the  windiag  shaft  and  damage 
to the surface structure.  The  gas  rushing  out of the  shaft  made  a  noise  like  the sirens of 4 - 5 
large locomotives whistling  simultaneously.  This  lasted for 25  minutes. The quantity of gas 
rushing out of the  shaft  was  estimated to be  about  12,000  m2/min  and  delivered  a  total of about 
300,000 m3  of C02 to  the  surface.  The  pressure  that  caused  damage  to  the  shaft  was  estimated 
to be 50 - 60 atmospheres.  The  mine  buildings  were  flooded  with  100%  carbon  dioxide. The 
valley floor, on the  surface of the  mine,  where  the  mine lies and  the  miners' township was 
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affected by carbon dioxide to a  distance of 5 km. Two  miners at the shaft were killed and 7 
persons  in  the valley were  affected by  C@. All residents of the  valley  were  evacuated. This 
was also  essential  before  the awciliary  fan for  clearing CO;! from  the  mine  could  be  started  and 
all  roads  leading  to  the  valley  and  mine  were  closed to traffic. C02 percentage  in  the 2nd shaft 
which  was equipped with an auxiliary fan of 250 KW continued  to  be ~ 5 0 %  at  depths of 400 - 
500 m 10 days after the  outburst.  Final  clearance of CO;! took  place  only  after 23 days on 30th 
July. 

Extensive damage occurred to  the  equipment at the pit bottom of No. 2 shaft (main intake 
ventilation  shaft)  and  underground  roadways  where  the  ventilation  ducting,  water pipes and 
brick lined air crossings were  completely  damaged  and  blown  away.  The electrical cables, 
transformer cables and  equipment  were  badly  damaged.  Track  lines  were  bent  and  sheared. 
Mine  cars  were  blown  away,  tipped  and  crushed  at  places. 

The development roadway in which the outburst  occurred  was 16 m wide and driven in 
carnalite  which  in  this  area  was of  specially  high  purity  and had higher  percentage of K20. An 
outburst  had  occutred in this  area in 1943 which  ejected 18,000 tonnes of salt. 

Because  of  the  previous  outburst,  drilling  was  undertaken  to  ensure  that  conditions  are  known 
and  an  outburst of C02 was  not  expected.  The  area  had  been  driven  through 50 m  from  the 
carnalite/rock salt contact zone  and  was  well established by surveying and geological 
investigation  which  was later proven  to  be  incorrect.  The  cavity  of  the  outburst  was  estimated 
to be 60 m  long, 12 - 15 m  wide  and 6 - 12 m  high.  Over 5 months later, the  cavity  was still 
full of  CO;!. Only large and very  large  pieces of salt  stayed  in  the  cavity  and  most of the salt 
was  blown out of the cavity (Fig. 5.6). The  non-uniform layer of sylvinite which has a 
thickness of 40 - 60 m is thought  to be the  source of C02 which  has come from the  basalt 
intrusions in solution form in hot  water at 800OC. C02 is present in the inter-and intra- 
crystalline  pore  space in sylvinite  in  liquid  state. This sylvinite-gas  system is in equilibrium till 
this state is altered on  blasting  and the liquid state changes  into  gaseous  stage causing an 
outburst. 

(6) Carbon  dioxide and coal outburst  at  Collinsville,  13th October, 1954 (Biggam  et al, 1980). 

This was  the  largest  outburst  that  occurred in Australia. A number  of outbursts  have  occurred 
in the Collinsville area where  gas  levels  exceeded about 6 m3/t (Fig. 5.7). *?his outburst 
occurred in No. 1 tunnel of Collinsville  State  Mine,  Bowen  basin,  Queensland,  working the 
Bowen  seam at a  depth of 220 m. The  gas  content  of  the  seam is estimated  to be about 8 m3/t. 
About 900 tonnes of coal and  stone was  dislodged  and  blown 30 m up the dip heading.  The 
seam gas  composition  was 98% C02 and 2% CHq and  seam  thickness  was  about 4.6 m. The 
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Fig. 5.6. Outburst in salt  in  Menzengraben, 7th July, 1953 
(Junghans, 1953). 

(a)  Western  part of  back  of  outburst  cavity. 
(b) Front  part of the  cavity with thin slices of salt. 
(c) Damage  to  the  cable station 17 and  face  slusher . 

outburst was associated with a 5 m  thrust fault in association with a 1 m normal fault. 
Subsequent drilling also  showed an igneous  intrusion of 3 m  (Williams  and  Rogers, 1980). 

On the day-shift prior to the outburst, a disturbance in  the floor was encountered (from 
evidence before  the  Royal  Commission, 1956). This  consisted of  broken soft  coal  and faulted 
coal showing  "black  lead" of slicken-siding.  This  was  recognised by the  deputy  to be a sign of 
a fault which  was evidenced elsewhere in  the  mine.  Expecting to find an increase in the 
evolution of carbon  dioxide,  the  deputy  was  surprised  to  find no carbon divide, not even  at  the 
boreholes  which  were being drilled  prior  to  blasting the face. 

The outburst occurred  at 5.50 p.m.  The  three  men  who  were  presumed  to be working at the 
face must have had  some  warning as their  bodies  were  found  well  away from the face and 
uninjured by the  flying  coal  which  was  blown 30 metres  up  the heading. 
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Fig. 5.7 Location map, outbursts  at Collinsville (Biggam et  al,  1980). 

Fig.  5.8 Outburst  cavity - 13.10.54 
(Rogers, 1955  internal  report) 
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The death of all seven men  was  caused by asphyxiation  in  an  atmosphere  of carbon dioxide. 
The gas  released  backed up  against  the  ventilation  to A9 level  and  went to level B6 on the return 
side.  A duty grey  haze  was  reported  immediately  after  the  outburst. ¶'his haze  was  thought to 
be caused by condensation as the  warm  mine air was  cooled  by  the expanding  carbon dioxide 
gas. The outburst which  expelled  carbon  dioxide  gas was associated  with  a faulted area. An 
interim report by the chief inspector commented,  "These  same faults had  been bared and 
penetrated for a distance of three quarters of a  mile (1.2 km) along the fault prior to this 
unexpected  occurrence". A reverse  fault  with  a  throw of nine  metres  up  ahead of the  working 
face intersected a  steeply  dipping  normal  fault. A dyke  also  occurred in this area (Fig. 5.8). 
Investigation revealed that  carbon  dioxide  was  not  uncommon  in  the  workings and was  often 
seen  bubbling  out of the  floor on  the dip face.  Evidence  given  to the Royal  Commission (1956) 
stated:  "During  the fortnight or three  weeks  prior  to  October 13, the date of the  outburst,  the 
bubbling  (of  carbon  dioxide  from  the  floor)  had  increased". 

The outburst  resulted in the  introduction of inducer  shotfiring at the  mine. 

(7) Outburst of carbon  dioxide and coal in Nowa-Ruda Colliery, Lower Silesian  coal field, 
Poland, 22nd October, 1958 (Kruk et al, 1963). 

This was  the largest outburst  that  ever  occurred  in  the  Lower  Silesian coal basin of Poland. 
The amount of coal thrown  out of the  cavern  was 5,000 tonnes  and  the  volume of gas emitted 
was 750,000 m3. It  is also  estimated  that  the  outburst  cavern  had  another 2,000 tonnes of coal. 
The period of occurrence of the  outburst  was 15 minutes.  The  outburst  was  induced  when the 
roadways  were  being  driven  in  the fire clay bed approaching  from  the floor of  the  Franciszek 
seam. 

The face was at a  distance of 1.7 m  (Fig. 5.9) from the floor of the  seam.  The fire clay bed had 
coaly layers. Holes drilled into  the  roof  intersecting  the coal seam showed increased gas 
pressure up to 0.17 MPa 12 blast  holes  were  drilled  into  the roof with  depth from 1.2 - 2.4 m 
and loaded with 11.6 kg of Barbaryt  explosive  and fired from an isolation  barrier from level V 
(-1 10 m). Outburst occurred  immediately  on  blasting.  It  was  noticed  that the air pressure 
outside  the  isolation  barrier  increased  to 0.3 MPa  gauge  pressure. This pressure caused failure 
of the steel-concrete structure of the isolation barrier. The fan in one of the'upcast shafts 
stopped. The air direction  control  flaps  in  the  ventilation fan were opened,by the  gas  pressure. 
About 40 tonnes of coal was  found  on  the  top of the  blind  shaft joining the  top level (IV) to  the 
bottom  level (V) which  had  an  interval of 150 m. The  lower  level  was  completely  blocked  up 
to 690 m  and  the  blind  shaft  was filled up to 6 m  from  the  bottom. 

225 



(8) Gas and coal outburst, Metropolitan Colliery, Sydney basin,  Australia, 8th November, 
1961 (Hargrcaves  et a/, 1964). 

This outburst  occurred  on  8th  November,  1961 at  Metropolitan  Colliery as a  result of inducer 
shotfiig. "On Thursday,  8th  November,  1961,  about  7.30 p.m. shotfiring  in No. 4 place,  2 
South District,  induced an instantaneous  outburst.  Face  preparation  was  similar  to  the  previous 
example. A 'couple of rumbles'  was  heard by the shotfirer  immediately after firing and on 
approaching  the face he  could  not  reach within 80 yd  (72 m) due  to the blackdamp  which  was 
gradually  building up. An airflow of 50,000 c.f.m.  (1,150  m3/min)  was  present in this last 
open  cut-through." * 

"The  auxiliary fan was  exhausting  approximately  6,250 c.f.m.  (158  m3/min)  from  No. 4 and 
No. 4 right  places,  and No. 4 right  place  was  entered  and  the  duct  sealed,  giving  the full flow 
to No. 4 place. It was  not  possible  to  enter  No. 4 place until 9.45 p.m. due to  blackdamp 
collecting  in  a  depression  between the first  and  second intersections back  from  the  face." 



"The coal heap  almost  touched the first bar which  was  about 4 ft from  the  face  before firing. 
The  characteristic  gap  between  the  top of the  heap  and  the  roof  extended  28 ft inbye, to 15 ft 
beyond  the  back  of  the shear  cut,  and  was more  developed  on  the  right  hand  (dip  side)  rib.  It 
appeared  like a well shot  place  with  no  evidence of violence  or  undue  projection of the  coal. 
Slabs of roof  spar  had  apparently  been canied forward  by  the gas  and  were  left  at  the  top of the 
heap. " 

"Cutting  or boring had  given  no  unusual  indications of either  gas  or  stress,  and  the  pilot  holes 
had  shown  no  unusual gas condition.  The  only  prior  indication  of  possible  outbursting  was  the 
zone  of soft coal  found  during bring the pilot  hole in the  right  hand  side of the place." 

"On loading  out,  the coal did  not  appear  exceptionally  dusty,  although  it  crumbled  on  falling 
into  the  shuttle car." 

"The series of slips, often slickensided, present  in  the coal and roof, combined  with the 
considerable  expanse of  roof  exposed, resulted in the  roof collapsing  in  the centre of the  place. 
No major  strata  disturbance was present,  although  the  outburst  occurred  in  an.  area  where the 
seam gradient  and  strike  was  abruptly  changing.  The  heading  was rising out of a depression." 

(9) Outburst of gas and  coal  at  Yubari Shin Colliery, Hokkaido, Japan, 16th October, 1981 
(Hirota et al, I983). 

Yubari Shin Colliery, 1ocated.at  Yubari  City,  Hokkaido,  started  operation in 1970.  The  coal 
measures lie below  the  Cretaceous  and  have a thickness of 600 - 800 m. The mine  was 
developed  at  the  centre of Penkemaya  anticline.  The  depth of the  workings in Yubari  Colliery 
at  which  the  outburst  occurred was  810  m.  The  #10  Shaku  upper  seam  in  the North No. 5 area 
is % m thick  and  dips  at 0' - 15'. The  outburst occurred in the development  roadway  driven 
from 760 m - 810 m under  the  sea  level.  The  area  had  been  pre-drained  by 54 cross measure 
boreholes from the borings station #2 during  the  period  from 1 lth June  to  23rd September, 
1981  and drained about 1.1 x lo6 m3  of gas  before  the  disaster  (Fig  5.10). Thirteen advance 
boreholes  were drilled on  both sides of No. 1 cross-cut and  about  190,000 m3  of gas was 
drained prior to  the  cross-cut.  The  maximum  values of pressure  build up  and  ?ow  of gas in 
borehole just before  drilling  were  31 mm Hg/min  and  150 Ymin respectively.  The No. 1 cross- 
cut was driven  to a total  length of  74.1 m by 8th  October,  198 1 and it hit tHt: coal seam on  25th 
September.  Eleven  boreholes of 50 m length  were  drilled  from  the  cross-cut  around  the gate 
roadway  to be driven  from 9th  October  to  12th  October,  1981.  Four of these  holes  were  drilled 
on each side of the  roadway  and 3 in  the  heading.  The  maximum  pressure  build  up  and  flow 
rates of gas  were  220 mm Hg/min  and  600  Vmin just  after  completion  and  130 mm Hghin and 
120 Urnin before  the  start of drivage of the  gate  roadway.  The  gate  roadway  advanced  to 
12.1 m before a major  outburst O C C U K ~ .  The  depth  from  under  sea  level at this point  was 
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809 m and 1,139  m  from  the  surface.  About 600,000 m3 of gas  and  5,300 tomes (4,000 m3) 
of coal was ejected.  The  outburst  occurred  2  hours  after  the  blast.  The  first  movement  showed 
signs  with increased emission  almost 30  minutes  after  the  blast  followed  by  the major burst. 
Coal  piled up the gate  roadway  and up  to 69 m up the #1 cut-through  completely  and 34 m of 
the North No. 5 under  seam  roadway, up  to almost  250  m  from  the  site of the  outburst.  The 
outburst cavity was 70 m in maximum  length  along the strike  and  80  m  wide along the dip 
(Fig.  5.1  1). The gas  flowed  right  into #2 cross-cut, all the  longwall  faces in the  western  area 
and right up to #1 shaft,  with  gas  concentration in the  North No. 5  Area  reaching 70%. Gas 
explosion  occurred  about 10 hours  later in No. 5 under  seam  roadway  and later  developed into 
a  fire.  Out of 164 workers in the  area, 83 persons  were  killed by the  outburst  and 10 rescue 
workers  were killed by the  explosion.  The  outburst  and  explosion  caused  large scale damage 
(Fig.  5.12).  Fourteen  arches up  to  12.1 m length  were  dislodged  and  thrown  away up to  8  m 
from  the  entrance.  The  roof of the No. 1 cut through  was  extensively  damaged  at  places. 
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Fig. 5.10. Status of gas  drainage in area of outburst, 
Yubari Shin Colliery,  Japan,  16th  October,  1981 

(Hirota et al, 1983). 
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Fig.  5.11. Plan of North 
No. 5 Area 
showing the cavity 
(Hirota et al, 1983). 

Fig.  5.12.  Destruction 
of gate roadway 
(Hirota et al, 1983). 

Plaa 

5 .4  EVIDENCE OF EYE  WITNESSES 

In  the  world literature together  with  descriptions of outbursts,  sometimes  the experience of 
persons who  witnessed  outbursts  underground  are  described. The number of such persons is 
extremely rare compared to the  number of fatalities.  These  are  the  personal experiences of the 
people related to  the  existence or absence of signs  prior to  the  outburst acd the course of the 
events. Great difficulty is expressed  in  reliably  observing outburst events because of their 
spasmodic occurrence and  risk of serious  injuries and death. The following extracts are taken 
from the description of outburst  events as presented by various  observers  and  in  investigation. 
The vast majority of these relate to small outbursts,  but these are  important  and cannot be 
ignored as these  have  helped in the  development of theories of outbursts. 
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( I )  Outburst of methane  gas  and  coal in Pespool drift, Haswell  Colliery, North ofEngland  coal 
field, UK (Taylor,  1852-53). 

The first drifts were  driven  through  three  small  faults  only  about 10 m prior  and no trace of 
methane gas was  experienced.  It  was  thus  expected  that  the  second  parallel  drift - 12 yards 
(1 1 m) away  would also be safe to drive  through  (Fig. 5.13). Taylor (1852-53) describes the 
experience of a hewer (miner) working in the  back  drift with safety  lamps  when  he  heard  the 
noise.  He  immediately  retreated  to  the  face starting where  the  sound  like  that  of falling  water 
continued  occasioned by the rushing out of the  gas at the  face.  "The air current  velocity  was 
only 1.4 4 s  (sectional  area 37 ft2 (3.4 m2)) and  the return from the face  was  used  to ventilate 
the  district further outbye  where men  worked with candles.  The  deputy  ran  immediately to 
warn  the  men outbye to extinguish their  candles. He  then returned, went  through a door 
leading  to the back drift almost 93 m away  and detected  dangerous  levels of methane.  With 
much judgement, he kept this  door  open  to  bypass  the  dangerous air and  gas  mixture  which 
diluted it.'' The  volume of gas  emitted was estimated  to be about 80 - 110 m3 which  could  have 
caused  the  explosion. In less  than 30 minutes,  the  face had cleared of gas.  (The  author  does 
not  mention  the  amount of coal  dislodged.)  There was  no cavity  at  the  face  but a mass of 
disintegrated coal was  present.  Taylor  mentioned  the  inefficiency of the  methods of tapping 
(drainage) of gas by  boring at intervals.  The  important  contribution of the  action  taken by the 
deputy  very clearly supported  that  it was a minor  outburst,  because if an explosion  had  taken 
place outbye, not  where  the  blower  issued  gas,  nobody  would  have  conceived of the source, 
leading  to  anomalous  results of the  cause of the  explosion. 

Fig. 5.13. Location of faults  and drift, 
Haswell  Colliery.  (Taylor, 1852-53). I - 1  

? 
i ( 2 )  Outburst of methane,  coal and water in the  Trencherbone  seam, 

west Lmcashire, WK, 8th March,  I91 8 (Siddal, I91 7-18). 

c 

Fedford Colliery, South- 

The  Trencherbone  seam is 4 - 4-112 feet (1.2 - 1.35 m) (Fig. 5.14) and dips 1 in 6 at 620 yard 
(558 m) deep. There is another 14 inches (0.35 m)  of inferior coal known as "Callis"  that is 
left in the  roof  (Fig. 5.1 5). The  seam  was  worked  in  the  virgin  area (200 yards (180 m)  away 



from  old  workings both  above  and  below this seam). The  coal was particularly hird and  dense 
and  much harder than  usual when approaching  the  site of occurrence for at least 3 yards 
(2.1 m). While driving the last 1/2 yard (0.45 m),  the  collier found-a soft patch 4 ft (1.2 m) 
long from the lower side at about a  foot (0.3 m) from  the floor level. The collier noticed 
issuing of water from the face (12.40 hours)  though  the  face  had  been  cleaned up and was 
vertical  and  solid  from roof  to  floor. 

Examination of water by the  fireman  showed  that  it  was  "boiling up" to 6 inches (150 mm) 
from a crack (12.45 hours). A prop  was  erected  at  the  face by the  collier  with  the  help of the 
fireman,  though  there was  no  sound of cracking or weighing. As the  collier finished erecting 
the  prop  and  the  fireman  bent  down  to  pick up his  lamp, a large  portion of solid  coal-face  blew 
off  "like a cannon  shot".  The  place was instantly  filled  with coal dust and methane.  The 
fireman's lamp was  buried  in  the  dust  and  he  himself  was  knocked  down. The air was 
instantly reversed  and  all  lamps  were  put  out.  The  fireman (an old  soldier) stated that  the 
concussion was greater than the  muzzles of a battery of 6 inch (150 mm) guns. Examination of 
the  face  showed  that a solid  coal 4 ft (1.2 m)  thick  had  been  blown  off  (Fig. 5.16) the face in a 
cone shaped formation with  smooth sides as if cut by a knife. An oval hole 12 inches 
(300 mm) wide and 20 inches (500 mm) high was found  in the middle of the  face  out of  which 
gas was  blowing out like  steam. A bank  of  small coal,  some of which  ground to finest  dust  lay 
piled  along  the floor for 10 yards (9 m) from  where  it  struck  the  side  of  the  heading. The coal 
had blown away the  prop  that had  been  set. 

Fig. 5.14. Plan of workings  at 
Bedford Colliery  in  which  the 
outburst occurred. 
Scale 50 feet to 1 inch 
(Siddal, 1917-18). 



Fig. 5.15. Section of 
Trencherbone  Seam at 
Bedford Colliery. 
Scale 3 feet to 1 inch 
(Siddal, 1917-18). 

Fig. 5.16. Plan showing 
outburst of  coal. 
(Scale 1:72) 
(Siddal, 1917-18). 
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(3) Outburst of methane  and  coal in. the Douglas seam,  Cassidy Colliery, Nanaimo coalfield, 
British Columbia, Canada, 7th April, 1926 (Wilson  and  Henderson, 1927). 

Douglas  seam has variable  thickness 1 - 25 ft (0.3 - 7.5 m),  but at the location of the outburst, 
it  was 3 feet (0.9 m)  thick. The depth of  Occurrence  of the  outburst  was 1,560 ft (470 m). The 
immediate  roof is a strong sandy shale with floor of light  coloured  shale. The folding of the 
coal  measures has caused a  thrust along the coal seam. The floor has  buckled  (Fig. 5.17) and 
this has  rolled  and  squeezed  the  coal so that,  with rare exceptions, it has no normal bedding but 
curved  slip  planes  which  frequently start at right  angles  to  the  floor  curing  upwards  and  then  in 
the direction of dip. Coal is soft  and  boreholes  collapse  after  the rods are withdrawn. No 
outbursts  occurred till the  depth of 900 ft (270 m). A total of 268 outbursts of coal and'gas  had 
occurred but the gas is not  instantaneously  released.  The  outbursts  have many,times pushed 
away 2-1/2 tonne  loaded mine cars  to  a  distance of 20 ft (6 m). Mining is done  using  advance 
boreholes.  The  seam  has not experienced  any  gas  from  boreholes, drilled in advance, which 
were  mandatory.  Coal face, even  when  exposed for two years  had  experienced  outbursts. The 
ejected  coal  is  always  fine,  scarcely  larger than a nut, is  moist  and  can be moulded in hand. 
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As the safety practice required, all the  men  were  withdrawn  to  safe places behind  the firing 
barriers  and doors of all the  barriers  were  closed.  The  fireman  responsible for one of the  faces 
was contacted on  the  telephone  who confiied that  firing of all  the  working places had  been 
completed.  Simultaneously, he  was  ordered to open  both  the doors of the  barrier  where he was 
positioned. The fireman, after having  confirmed  that  the  safety  indicator  lamp  placed in  the 
barred  section  was still burning, tried to open  the  door of the banier. After  opening  the first 
door, he  was surprised with  strong  noise  coming  from  the  second door that  was still closed. 
He  was  shocked  to  find  water  and  gas  coming  out of pipe  range as he opened  the  valve  which 
was previously closed. Both  these incidents which  occurred  suddenly  and simultaneously 
made  the  fireman decide to close the  first door of the  barrier.  He also observed  emission of 
carbon  dioxide  coming  out of the  cracks  caused  in  the  rib  sides of the  barrier  and  he  decided  to 
ring  the  colliery  control  office  suggesting  the  Occurrence of a large  outburst  on  one of the  faces. 
He  quickly left the  barrier  through  the  second  egress  roads to  the  shaft,  however  presence of 
gas  forced him to return and  escape  through  the  rise  heading  to  shaft  Anna  and  through it to  the 
surface. From  the statement of the fireman, it was  concluded  that  before he reached the 
surface,  he  became  unconscious for a moment  possibly  due to  the effect of C02, due  to its 
"pouring in from  the surface" as the  atmosphere  at  the  surface  was  flooded with C02 coming 
out  from  the other two shafts, Lech  and  Piast. 

(5) Outburst of coal in a roadway in #4 seam at Twistdraai Colliery, Main Karoo coal basin, 
South Africa, 18th February, I993 (Anderson, 1995). 

Anderson (1995) describes the first outburst that  occurred in this mine. The seam is 2.8 - 
3.1 rn thick, lies almost  horizontal  (Fig. 5.18) and is intruded  with a dolerite  dyke. The dyke 
has  multiple splits and coal in the  vicinity of  the dyke  is  completely  cindered. A roadway  was 
driven into the  burnt coal to a distance of 10 m. A flame proof diesel  driven  Tor0  Load-haul- 
dump (LHD) vehicle was  cleaning  up  prior  to  the  drilling  crew  moving  in. The operator had 
swept  the floor pushing  the  material to  the  face for the  purpose of filling  the  shovel  against  the 
solid face. The shovel was  in contact with  the face when  the outburst occurred. Finely 
pulverised  burnt coal (looking  similar to  ash  from a plant)  was  thrown  back  for a distance of 
12 m from the  originaI face burying  the  operator  to  shoulder  height.  The original face had 
disintegrated  and  advanced to 6 m  and  roadway  width  increased  to 8 m from an original  width 
of 5.5 m. The entire last  through  roadway  was  filled  with  methane  concentration of 4 - 18%. 
The LHD operator  was  not  injured.  The LHD was  stalled  under  the  heap  of b&t coal.  It  was 
confirmed  that the face advanced up  to  the  dolerite  dyke  and  due  to  the  increased  unsupported 
roof  span  caused  cracking  in  the  roof  which  was  subsequently  stabilised  with  cable  bolts. 

This outburst was  the first of a series of 15 outbursts  that  occurred  on  the dyke. Anderson 
does not give details of the  outbursts, but from  the  description,  it  looks  that  the first outburst 
resulted  in  ejection of about 150 tonnes of material. 
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Fig. 5.18. Outburst on  the  dyke,  Twistdraai  Colliery, LHD buried  under  burnt  coal 
(Anderson, 1995). 

5 . 5  PARAMETERS OF OUTBURSTS 

Some of the obvious physical  parameters of an outburst  such as its size, degassing factor, 
duration, shape of the  cavern  and  its  mouth,  shape of the  pile of  the  projected  material,  particle 
size dmribution, etc.  are  discussed below. The  purpose  is to provide  a  better  understanding of 
the  phenomenon of outbursts  and  gas  and  particularly  the  wide  range  in its parameters. 

5.5 .1  Size of an Outburst 

As a result of an outburst,  a  part of the  material,  coal  and  rock, is ejected  into  the excavations 
while some of it remains  in  the  cavern.  There does not  seem  to be any simple relationship 
governing the relationship between  the  material ejected and that remaining  in  the cavern. 
Therefore,  direct  estimation of the size of an outburst  depends  upon  the  following: 

Mass or the  volume of  the  material  thrown  outside  the  cavern  and  in  the cavern, and 
The volume of  the gas liberated. 

? 

It is rarely possible to balance  the  volume of the  material  thrown  out  and  the volume of the 
cavern. In general, the  volume of the  cavern  is  lower  than  estimated  based  upon material 
balance and sometimes  the  cavern may  not be recognisable  (Price, 1959). From  the  published 
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information on the size of the  outbursts, it is not  always  clear if the estimation of-the size of an 
outburst did take into account  the  volume of coal remaining  in  the  cavern. The volume of the 
solid material is invariably calculated from the  number of mine cars and shuttle cars filled to 
clear the roadway, or by  surveying the excavation  profile filled by the  material. The volume of 
the  material in the  cavern is included  only  when  this has to be traversed in further excavation. 
Some authors have provided estimates based  upon  physical  observations.  According  to  Cis 
(1971),  the total volume of the  outburst  is  twice  that thrown out of the cavern. "his means  that 
the  volume  of  material  remaining  inside the cavern is equal to  that  thrown out. Estimate may be 
based  upon density change of fractured and in-situ  material . For  example,  the  volume of the 
cavern in a coal and gas outburst is about 0.4 times  the  volume of coal ejected  in  an  outburst, if 
the  cavern remains full of dislodged  coal. 

The  problem of estimation of gas  emitted is more  difficult  particularly  if  mixtures of C02 and 
CHq occur  (Loiret  and  Laligant, 1923). 

Present ventilation monitoring  methods permit a  fairly  accurate  calculation of the  volumes of 
gases emitted during an outburst, if these  systems  are in operation.  While  many  gassy  mines 
have  methane  monitoring  systems  in  almost  every  section,  carbon  dioxide monitors exist only 
in  mines with high C02 and CHq m i x t u r e s  and  these  are  placed  only  in  the return shafts. 

Bykov (1958) classified outbursts into  four  groups  based upon  the mass of material thrown out 
in  a  single  outburst  event: 

Class I - Small outbursts - up to 10 tonnes 
Class XI - Medium  outbursts - from 1 1 to 100 tonnes 
Class III - Large outbursts - from 101 to 1 ,OOO tonnes 
Class IV - Very  large  outbursts - greater  than 1,OOO tonnes. 

Majcherczyk  and  Kobiela (1987) proposed  a  5-group  classification  system as follows: 

Group I - Outbursts of very  small force - from 0.5 - 10 tonnes 
Group  I1 - Outbursts of small  force - 10 - 50 tonnes 
Group III - Outbursts of medium force - 50 - 400 tonnes 
Group  IV - Outbursts of large  force - 400 - 1,OOO tonnes 
Group V - Outbursts of very  large  force - > 1,0oO  tonnes. # 

In many countries safety requires that outbursts be reported  to  the  government inspectors. 
While  each  Occurrence  is  recorded,  not  every  outburst  needs  to be reported. In the state of  New 
South  Wales, it is required  that  every  unexpected  outburst  must be reported  to  the Coal Mines 
Safety  Inspector of the  Department of Mineral  Resources. 
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5.5.2 Degassing Factor 

An important  parameter  related  to  the size of an  outburst is the  degassing factor i.e. volume of 
the  gas  per  tonne  of  material  ejected. The amount of material ejected should be related to  the 
total mass involved  in  the  outburst, i.e.  material  ejected  outside  the  cavern  and  that remaining 
inside the cavern. Since, in  most  cases,  the  amount of material  remaining in the cavern is not 
measured  and  reported,  the  degassing  factor  invariably  relates to the  material  ejected  outside the 
cavern.  Herman (1932) introduced this terminology,  though  the concept had been  in  use in 
much earlier times.  Loiret  and  Laligant (1923) reported that the  coefficient of gas emission in 
Rochebelle  in  Gard coal field  varied  between 30 - 40 m3/tonne of C02. In  this coal mine  in an 
outburst described by Dougados (1909-10) the total mass ejected was about 4,000 tonnes. 
Two months after the  incident,  gas  continued  to  emit up  to 16 m3/min.  Examination  of  the 
shaft bottom  where  the  outburst  occurred  showed  that  there  was no cavern in the seam which 
had  a  thickness of 18 m  through  on  one side swollen coal was  noticed.  Obviously,  therefore, 
calculation of this gassing  factor is virtually  misleading. This aspect is discussed further in 
Section 5.5 where  the  time of duration of outbursts  is  considered. 

In  the  Central coal field of France,  very  large  differences  in  the  value of this degassing factor 
were  noted.  In Brassac coal deposits,  the  gassing  factor  was  much  lower  than  in Single coal 
deposits. So also these  coefficients  are very,  very low  in  Cassidy  Colliery  (Canada) and very 
high (-1 10 m3/t) in some other  coal  mines. 

Cis and Suchodolski (1964, 1.967) estimate  that  in  Lower Silesian coal field, the degassing 
factor  varies  between 9 - 60 m3  of COdt. Szwajgier et al(1971) have  given  the  distribution of 
degassing factors for COz outbursts in the  Lower  Silesian coal field (Fig. 5.19). Low values 
10 - 20 m3/t are rare  and so also high values  exceeding 100 m3/t. 

According  to  Loiret and Laligant (1923), there  is  no  relationship  between  the  gassing  factor  and 
size of  an outburst.  For example, in  the  outburst  that  occurred  in  Agrappe Colliery (1879) 
during  the  drivage of a  heading at 300 m  depth  and  the fire flame that  burnt 30 m high above  the 
surface for two  hours,  the  amount of methane gas liberated  was  estimated  to  be 100,OOO m3 
and  the  mass of coal  ejected  was 420 tonnes,  giving  the  value  of  the  gassing  factor  equal to 240 
m3/t of coal. 

Obviously,  the  above  values  show  that maximum value of the  coefficient of gas emission are 
much higher than the  amount  calculated  based  upon  the  gas  content of the coal involved.  Even 
when it is assumed that all the desorbable gas  contained  in coal at atmospheric pressure is 
liberated,  the  amount of gas  released  must  come  from  a  much  larger mass of coal. 

a 
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To explain this, one  must  take  into  account  not only all the  coal  ejected  but also include  the  coal 
surrounding the outburst  cavity  that is 'affected' by the  outburst. 

The  "affected coal" is all coal that  is  involved in an outburst. A part of this  has  undergone 
displacement  and is either ejected from the  cavern  into  the  excavation  or  has  remained  in  the 
cavern. This is explained in Fig. 5.20. 

Fi g. 5.19. Th le dismbuti 
ofaegassing factor in 
CCb outbursts 

Fig. 5.20. Concept of coal 
affected by an outburst. 

A = B + C + D  

A = Total coal  affected,  tonnes 
B = Coal ejected  into  the  excavation, 

C = Coal remaining in the  cavern 
D = Coal  undisplaced  but  affected 

by the  outburst,  tonnes 

tonnes 

/ / Cavern \ I 



Campoli et al (1985) believe  that  the  amount of gas liberated in an outburst is equal  to the 
volume of gas yresent in coal.  The  problem  is much  more complex,  but  the  assumption of this 
hypothesis, as the  basis for reasoning, allows first  assessment of thevolume of coal  affected. 
The difference between  the mass of coal  affected  and  that  ejected  outside  the  cavern  gives  the 
total coal  disturbed including that  which  remained in the cavern and  that  which  has not 
undergone  any  movement. 

It is, however, well known that  the  duration of an outburst is limited  from a few  seconds  in 
smaller incidents to  several  minutes  in  large  outbursts.  Because of  low permeability  and  low 
(Dm*) (diffusivity/radius of partick?)  values,  the  percentage of gas  that can be liberated in a 
short time  perhaps is limited to a small fraction of the  total.  Obviously, therefore, if this 
coefficient  is  calculated based upon  reliable  information on the  amount of coal  ejected  and  total 
gas liberated over a certain time of duration of an outburst,  one  can calculate with some 
confidence the  total coal affected  and  hence  the  volume of the  coal  gas  involved. There is 
evidence to suggest that  smaIler outbursts show  lower  values of coefficient of gas emission. 
This is supported by  the  data  provided  by  Ujihira  and  Hashimoto  (1976a)  who  have analysed a 
number of outbursts that  occurred  in  the  period  1927-70 in the  Hokkaido coal field  in  Japan. 
These outbursts had  degassing  factor  varying  between 2 - 5 m3/t  with a mean  of 2.5 m3/t. The 
tonnage of coal ejected varied between 10 - 15  tonnes.  However, in the case of the largest 
outburst in this coal field that  occurred  in  Wtashimai Colliery in  1969,  which emitted 
140,000 m3 of gas and  2,500  tonnes of coal,  the  value of  the gassing  factor  was  56  m3/t. 

5.5.3 Duration of Outbursts 

The  duration of manifestation of an outburst  is a concept  that is stated  in  the  literature as if it  is 
self explanatory. It is rarely  defined.  However,  it  is  essential  to  differentiate  three different 
elements  associated  with the duration of manifestation of an outburst. 

(a) Duration of  an outburst which is strictly  related to the  destruction of the  coal  mass 
affected by the  outburst  events. 

(b) Duration for transportation of the  ejected  coal mass into  the  excavation. 
(c)  Duration of emission of gas. 

Depending  upon  method of measurement  and  the  equipment  used  for  recotding of the  outburst 
event  and its localisation with  respect to the  place of occurrence of an outburst,  the  duration of 
the  above mentioned elements of m,anifestation of an outburst can be defined.  The  values 
defined and so measured for the  three  elements  mentioned  have a common  point  of start and 
form  non  decreasing  series  for a single  outburst  event. 



The element (a) is an importa Lnt part of the  outburst  event that has been th Le subject of opinions 
and  discussion. Hargraves (1993)  has  analysed  the  use  of  the  word  Instantaneous outburst in 
relation  to  the  duration  which  varies  over  wide limits together  with their prectrrsors. 

Roblings  (1926)  describes  the  use of telephones  for  assessment of the  duration of outbursts  that 
have  been provoked in  Ponthenry  Colliery,  West  Wales coal field (UK) in 1925 using the 
French  method of inducer  shot  firing. This was  perhaps  the fnst trial in UK and  a  method of 
measurement of duration of occurrence of an outburst. The equipment was simple. 
Microphone  was  mounted  on  a  prop  placed  close to the  face where  an  outburst  was  induced  and 
a  speaker  was  placed  on  the  surface  from  where  shots  were  fired.  This  allowed differentiation 
of the signal from shot  firing  and  the  noise  generated by  an outburst, if it was  induced. The 
signal  was  transmitted  till  the  microphone  was  buried by the  coal  mass  ejected. This method 
was also  used in the  largest  outburst  that  occurred in Ricard  Colliery  in  1938. 

Antsyferov  and  Konstantinova  (1956)  used  acoustic  geophones  to  measure  the duration of 
outbursts. Provoked outburst on 11th  March, 1953,415 tonnes of coal was ejected and the 
period of duration  was  4.5 rnin, which  included the period proceeding  the  main  event. The real 
outburst occurred in two  main  phases of duration of 9 s and  22 s separated by 2 minutes of 
relative  quiet period. 

During  the fifties, measurements  were  conducted on the  Occurrence  of outbursts in Ricard 
Colliery,  Cevennes coal field  (France)  using  seismometers.  Reinhardt  (1  956)  gives two typical 
examples.  Time of duration of an outburst of 379  tonnes  of  coal  was  about 30 s, while the 
duration of occurrence of outbursts with a  mass of  357 tonnes,  not  much  smaller,  was 1 s. It is 
thus  clear  that  duration of an event  must  not  increase  with  its  size. 

Palm and  Menneking  (1977)  using  acoustic  and  seismic  signals  conclude  that outbursts of gas 
start  slowly, like a large rocket,  even  when  these  are  initiated  with  the  use of explosives and 
may last up to 5 minutes.  These  can  occur  repeatedly  in  steps with quiet  intervals  in  between. 

Najsznerski et al  (1985)  measured  three  provoked  outbursts of carbon dioxide and rock in 
Nowa-Ruda  Colliery.  Remote  registration  was  done  for C a s ,  velocity  and  pressure of the air 
wave right at the location of  the  outburst.  The  duration of the  outburst  was recorded three 
times,  For  sandstone  outbursts of 100  tonnes  and 400 tonnes,  the  period of duration was 19 
and  22 seconds respectively. The duration for 120  tonnes  outburst  provoked  'on  a longwall 
face mining the fireclay bed was 15 s. The  period of intensive  emission of gas was  much 
higher,  1.5  to  5  minutes  while  the  period  of  disturbance of ventilation  was still longer. 

Hargraves (1993) gives examples of two recordings of outbursts that occurred on 19th 
December, 1991 in high C02 areas of Metropolitan  Colliery,  South  Coast,  NSW, Australia. 
These  outbursts  were  induced  using  delay  detonators with a  total  delay  time of 0.2 s. The noise 
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of the outburst extended overall to  6.5 s and  9 s (Fig.  5.21). According to  H-argraves, the 
progress of a long outburst is not like a succession of explosive shots, but, as described 
variously,  "resembling  high  winds,  the  falling of timbers,  picturesquely as a  couple of rumbles 
and so on. It is obviously a process  involving  change of conditions  within  the coal over such  a 
space of time allowing such  a  rapid  manifestation.  Certainly outbursts are not explosive in 
nature  although  usually quite violent." 

Styles (1 995) shows a  number of records of high gas emissions prior to  outbursts.  These are 
recorded using surface seismometers  over  Cynheidre  Colliery (South Wales, UK). These 
records show  that individual gas  emission events last 0.2 - 0.5 seconds, though these events 
may repeat  themselves. 

An example of measurement of the  period of gas emission is given by Krach and Trutwin 
(1990) and Dziurzynski et a1 (1995)  (Fig.  5.22). It shows air pressures (PI and P2) and 
velocities in  a roadway over 36 seconds  as a result of very large outburst that occurred at a 
distance of 140 m. The equipment  was  completely  destroyed  by  the  outburst  but  the air shock 
could be measured.  Fig. 5.22 shows  non-monotonous  and  non-uniform jumps in velocities 
and  pressures  extending  beyond  36 s when  the  equipment  was  damaged. 

Fig.  5.21.  Noise  record of 
two  induced  instantaneous  outbursts, 
Metropolitan  Colliery,  1961 
(Hargraves, 1993). 
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Fig. 5.22. Development of pressure and velocity of air in a  roadway, 
140 m  away  from an outburst  (Krach  and Trutwin, 1990). 

Gritsko et al (1995) gives data of Voloshin et al on the  violence of small  to  medium size 
outbursts with  a total mass varying  from  20 - 200 tonnes. The violence of these  outbursts 
varied  from  180 tonnedmin to 360  tonnes/min. 

- To understand the nature of an  outburst,  it  is  important  to  know  the  kinetic of the process of 
ejection of coal mass and  the  emission of gas.  Noack  and  Pollock  (1987)  have  given results of 
measurement of velocity of flow &d the  percentage of gas  in  the  methane  outburst cloud 
generated  when 90 tonnes of coal with 6,650 m3 of gas  was  ejected.  Percentage  of  gas-air 
mixture  and velocity was  measured at 490,4,400 and  6,800 m away  from  the  outburst  (Fig. 
5.23  a,  b  and  c).  Based  upon  these  measurements,  they  have defied the  maximum  percentage 
of methane,  quantity of emission of  gas, rise time of gas concentration  and time for  recession of 
gas concentration. The percentage of gas  in  the air depends  upon  the  violence of the  outburst 
(intensity of gas  emission),  quantity  and  velocity of air at the  position of the  outburst, and the 
distance of the  measuring  point  from  the  location of  the  outburst. 

Based  upon  the  result of measurement of  39 outbursts  that  occurred  during  the  period  1972-85 
in seam 54 and 59, in  size  varying  from  92  to 500 tonnes,  and  volume of gases  emitted  from 
440 - 17,000 m3, they  have  given  the  distribution of maximum  rate of gas  emission  (Fig. 
5.23b). In 90% of the outbursts the maximum  rate of gas  emission  was  below  250  m3/min 
with  a  mean value of 137 m3/min and  standard  deviation of 106  m3/min.  The  rise  time for the 
methane  concentration  always  lagged by 1.5  minutes.  The  mean  elapsed  time  for  methane  to 
rise >3% is 4.2  min  (Fig. 5.23~) and  above 3% is 9.6 min. This elapsed  rise  time  is  higher, 
the further the measurement station (Fig.  5.24). The gradient of the rise in methane 
concentration  had  a  maximum  value of 1.5%/min (0.025%/s). 

* 
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Fig. 5.23a. Outbursts of gas and 
coal on a  longwall 
(Noack and Pollak, 1987). 

a) 1. nachgeschaltetes Geriit: 
Entfernung zum Ausbruchsort = 490 m; 
Laufzeit = 7 min, V = 1950 m3/min - 

Distance to outburst  site = 490 m; 
Elapsed time = 7 min; V = 1950 m3/min. 

After switching on of equipment: 

b) 2. nachgeschaltetes Geriit: 
Entfernung zum Ausbruchsort = 4400 m; 
Laufzeit = 23 min; V = 8450 m3/min - 

Distance to  outburst  site = 4400 m; 
Elapsed  time = 23 min; V = 8450 m3/min. 

After switching on of equipment: 

c) 2. nachgeschaltetes Geriit: 
Entfernung zum Ausbruchsort = 6800 m; 
Laufzeit = 37 min; V = 18200 m3/min - 

Ye CH. 

b) mgescho l t e t e s  Gerot: Enrf6rnunq rum AUS- 

brucnsort=LLOOm;  Laufze+23 min: 9.8 L50 dlmtn 

'6 cil ' 

%CHI 

After  switching on of equipment: I 
Distance to outburst  site = 6800 m; 
Elapsed time = 37 min; V = 18200 m3/min. 

3asausarun 

Gasausbruch - Outburst 
Uhrzeit - Clock time 

Fig.  5.23b.  Distribution of maximum 
flow rate of methane in outbursts 
of gas and coal 
(Noack  and Pollak, 1987). 

Maximaier  Gaszustrom in m3/min - 
Maximum flow in  m3/min. 

Fig. 5.23~. Distribution of rise 
time of methane  concentration 
(Noack  and  Pollak, 1987). 

Gesamtanzahl - Total No. 
arithm. Mittel - Mean 
Standardabweichung - 

Standard  deviation 
Zeit - Time 
der Werte - Value 
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Fig.  5.24. Rise time in methane 
concentration as a function of 
elapsed time (Noack  and Poilak, 1987). 

Anstiegszeit - Rise time 
Laufzeit - Elapsed time 
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5.5.4 Violence of an Outburst 

The  violence of an  outburst  is based upon its  duration  and the volume of the material  (coal, rock 
and  gas)  ejected. Cis and  Suchodolski  (1964)  define this as  follows: 

M V  Violence of an  outburst = - or - 
t t 

where M = Mass of coal  and  rock  ejected,  tonnes 
V = Volume of gases  ejected, m3 
t = Time of duration in minutes. 

According to Suchodolski (1977),  for  the  largest  outburst of  CO;! and coal that  occurred in the 
Lower Silesian coal basin, the violence of outburst  for  coal  was  330  t/min  and for gas it was 
50,000 m3/min. Obviously, the  measurement of time  used  in  these  calculations is important. 
In  the above case, 750,000 m3 of gases  were  liberated  over  15  minutes  which  is  much larger 
than  the duration of displacement of coal.  Obviously,  these large volumes  can result in  the 
development of high pressures underground  and  destroy  all  stoppings and change  ventilation 
systems. 

Najsznerski et a1 (1985) based  upon  monitoring of three outbursts in Nowa-Ruda Colliery, 
found that the average violence of gas  in  the  outburst  varied  between  300 - 600 m3/min. The 
maximum rate of violence was  3,000,  5,400  and  3,600 m3/min for the three outbursts. Their 
important  conclusion is that during  the  period of eruption of coal,  only  a smal l  amount of gas is 
liberated.  They  estimated  that  this  varied  between 6.6 to  10  m3/t  of  coal  ejected.'These values 
were also determined for the two  outbursts  provoked in a  cross-cut in a  coal  seam as well as for 
the  outburst  provoked  on  a  longwall  face  in  a  fire  clay seam. Gas liberated  during  the  eruption 
of rock mass was 8.8 - 11.5%  of  the total gas liberated. The authors believe that the 
manifestation of an outburst has  two  phases  (a  and c) instead of the  three  outlined  in Section 
5.5.3. 



5.5.5 Out burst Caverns 

Outburst caverns have  certain  distinctive  features.  These are distinguished by their  size,  form, 
location of neck of cavern in the  roadway,  orientation  of  cavern  in  relation  to  the axis of the 
excavation. In the case of small  outbursts, for example  collapse,  thrusting  out, or pouring  out 
of coal results in the formation of a  cavity in the coal or in  the  roof  like  an  'inset'.  In  a large 
outburst, the whole  section of the  seam may  be  involved  and  the  cavern  may cover large areas 
forming  a  large  room  with floor of the  room  covered  with  broken  coal  and with unstable  side. 

Because of the variety of shapes,  the size of the  cavern is characterised by defining its major 
measurements  such  as width, breadth and height; or by its volume, based upon its 
measurements, or the  material  loaded  out of it. The  volume of the  cavern is always less than 
the  volume of the disintegrated  coal  (de  Castelnau, 1887; Dufranc, 1887; Bureau, 1909). There 
are many  problems in defining  the  size of a  cavern. 

Price, N. J. (1959) describes a  number of cases of outbursts that occurred during the period 
1943-58 where  there  were  no  caverns in  anthracite  mines  in  Gwendraeth  Valley in West  Wales 
coalfield (UK). In these  mines,  Price  states  that  though  hundreds of tonnes of coal was ejected 
into the  workings from faces and its roadways,  the face frequently  showed  no change with  an 
occasional blow  hole. In a  large  outburst,  according  to  Price, coal is derived  from  a  relatively 
large "catchment I' area. This area  has  structures  associated  with  the  outbursts.  However, it is 
not thought that the coal in this zone  is  completely  ejected  or  that  there  has  been  an  immediate 
and  considerable  decrease  in seam height. 

The ejection of many  hundred of tons of coal  without  apparent  movement of the face can be 
explained by changes in the  structure of the  coal. It is suggested  that during an outburst, coal 
breaks  down  from  the  solid  over  a  relatively  large  area,  a  portion of this  coal  is  ejected into the 
roadway and a portion is partially recompacted in an area previously in advance of the 
workings. The difference in the  density  gives  rise  to  expansion of the  material. 

Thomas, D. A. (1963) also  refers to the  problem of location of site of the outburst from where 
the material is  ejected. In general,  a  few  centimetres (5 cm) of space  is  visible  close  to  the  roof 
level which tapers into the coal to  nothing.  Davies (1980) confirms  that  in West Wales, the 
cavities found after outbursts  are  comparatively  small  and  cannot  be  related to the  volumes of 
coal and gas produced. 

a 

The question arises if this  absence of  outburst  cavern  is  a  characteristic of anthracite mines  in 
West Wales or does it also  occur  in  other  coal  fields?  Plastic  deformation of coal with volume 
changes is not  possible in such  a  dynamic  phenomenon.  Change in volume as noted by Price  is 
the most  probable  reason. The small  cavity at the  throat  remains  open  through  which  gases are 
ejected at a  high  velocity. As won as  the  outburst  subsides,  the  gas  velocities  drop  and  material 
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is deposited  back to fill the  throat.  Material in an outburst  has  been  noted to have  travelled  from 
a  few to several metres  away from its original position  and  deposited close to  the  roof level 
inside or outside  the  cavity. 

Stalski and G6rkiewicz (1983) are of the  opinion  that  the  cavern after an outburst is like an 
excavation  that  has  collapsed.  It  has  varied  shapes  and  it is not  always possible to define it 
properly. Its surface may be very  large,  from  a  few  hundred  to  a  few  thousand square metres. 
This results in additional  stresses at the  boundary  of  the  cavern,  which  may  superimpose  on  the 
stresses developed as a result of mining.  These  places  are particularly dangerous from the 
outburst point of view. It is very  difficult to destress  these  using drilling as these regions can 
go beyond  the  zones  of  penetration  by  destressing  boreholes. 

The  shape  of  the caverns is very  irregular.  The  most  important  factors  that  determine  the  shape 
of  the cavern are as follows: 

Geological  disturbances,  stress  and gas pressure  gradients. 

Orientation of geological  structure  with  respect  to  the  excavation. 

Shape  and  size of the  structure. 

Presence of large  joints,  their  direction with respect  to  the  excavation  and  the structure. 

Some  additional  factors  such as presence of soft  coal  and  effect of gravity,  particularly in 
highly dipping seam,  where  the outbursts are controlled by stress and gas pressure 
gradients;  the  shape of the  cavern is dictated by these two  factors  in  relation to the shape 
of the  excavation. 

Moore  and  Hanes (1980) describe  outbursts in the  Gemini seam which  is 6 m  thick  and lies at a 
depth of 370 - 400 m at Leichhardt  Colliery.  Methane outbursts O C C U K ~ ~  here in machine 
mining  (Joy 10 CM and  Alpine 50 continuous  miners) as well as with  blasting.  The outbursts 
were of 4 0 0  tonnes, and caverns here are of typical cone shape  (Fig. 2.25). Moore and 
Hanes  describe  intense  cleavage  formation  and  state  that  where  the  density of cleavage is high, 
outbursts do not  occur.  Yet  in  the  cones,  high  density  induced cleavage is visible. This high 
density cleavage is like thin slicing which is also observed  in outbursts ge5erated in the 
laboratory. The boundaries of the  bursts are defined by induced fractures, separating the 
relatively  solid coal from the coal within  the  burst  cone  which,  although  heavily fractured and 
bulged outwards into the  opening, is not  necessarily  completely ejected. The coal in and 
immediately  around  a  burst cone is  intensely  cleaved  parallel  to  the face cleat, the cleavage is 
induced by smss differential (01 - 03) within  the  region of the  burst. In these  bursts  the axes 
of the cavity are perpendicular  to  the  most  prominent  discontinuity  in  the  seam  i.e. face cleat. 
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These bursts  occur  from  the  ribs  or  face  generally on  the  side  which first encounters  the  cleat. 
Many  bursts  occur  from  the  coal roof  when  the 3 m, 4 m or 5 m  parting is used  as  the  main 
roof. Their axes are perpendicular to bedding  (Fig.  2.26). In places an elliptical cross section 
is developed  in  the  horizontal  plane with the  short axis of  the  ellipse  oriented  parallel  to  inferred 
virgin  maximum  stress (01). The  majority of bursts  occur  at  or within 2 m of the  face. 

Biggam et  al(1980) have  given  a  number of examples of vertical  cross  section of caverns of 
outbursts that O C C U K ~ ~  in No. 1 State Mine, Collinsville, Australia (Fig. 5.27). These 
outbursts occurred  when  blasting  was  introduced  (Hardie  and  Hargraves,  1960).  Fig. 5.28 
also  shows the cross section of  the  shape  of  the loose  material  together  with its relationship 
with the  geological  structure.  These  outbursts  occurred with high C02. When  cutting the face, 
coal swelled to grip the cutter jib. All these outbursts are associated with geological 
disturbances  and no  relationship  to  cleavage  was  recognisable.  The  largest  outburst  ejected 800 
tonnes of coal  and  rock and  occurred  on a  thrust  fault  located  next  to  a  dyke  which is of later 
geological  times  than  the  fault.  The  outburst  was  triggered  with  induced  shotfiring. 

Analysis of outbursts  in  the  Bulli  seam  at  West  Cliff  Colliery with methane as the  major  gas are 
described by Marshall et a1 (1980).  Here,  outbursts  have  occurred  on  the  shear  zones  running 
N. 106 - 110'  with  a  thickness  of  sheared  coal  varying  from 30 - 1,560 mm. The  thickness of 
the  shear  zone is smaller  close  to  the roof  by a  factor of 2 - 3, and  is  associated  with  a  number 
of joints with  increasing  intensity  close to the shear  zones.  These  shear  zones  show very little 
vertical  displacement (-0 - 110 mm). The  depth  of  mining is 460 - 480 m  and  seam  thickness 
is 2.4 - 2.8 m  with  a  gradient- of 3 - 5'. Figs.  5.29  and  5.30  show occurrence of outbursts 
when the shear zone is parallel to  the  roadway  and  right  angle  to  the  roadway.  In these 
outbursts, the coal present in the  shear  zone is the main  contributor  with  some large blocks 
from the sides. The shape of  the  cavern is controlled  by  the  shape of the  sheared coal present  in 
the  shear  zone  with  some  modifications  associated  with  the  barrier  width  that is dislodged  as  a 
result of an  outburst.  The  shape of the  cavern is thus  modified  by  the  position  of  the  shear  zone 
and  the  angle  this  makes with the  roadway. 

Shape  and  size of the  outburst  cavities are described  by  Cis  and  Suchodolski  (1964)  from  their 
experience in  Nowa  Ruda  Colliery in  Lower Silesian coal field  (Fig.  5.31).  In  roadways 
driven to the rise, there is, in  general,  extension of the  cavern  to  the  rise along the  roadway 
axis.  This  gets modified with  the  presence  of  structure  (Fig.  5.31b).  Figs:  5.31  c  and  d  show 
outbursts on  longwall  faces,  which  occurred  both  on  the  upper  and  lower  roadways. 
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Fig. 5.25.  Cone shaped outburst 
(Moore and Hanes, 1980). 

WRKING 'ICOF 

Fig. 5.26. Roof outburst with a  flat  cone  cavity, 
Leichhardt Colliery  (Courtesy, J. Hanes,  1980). 
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Figure Outburst 

a 19.4.60 
b 13.5.60 
C 27.5.60 
d 2 1.6.60 
e 5.8.60 

f 

i 

# 

Figure Outburst 

f 9.1 1.60 

h 7.2.61 
i 6.3.61 

g 17.1  1.60 

Fig. 5.27. Outburst  cavities  in No. 1 State  Mine,  Collinsville, 
(after  Ogg,  1960 and 1961, State Mine Internal reports) Piggam et d, 1980) 
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Fig. 5.28. Outburst cavity - 4.3.60, 
No. 1 State Mine,  Collinsville 
(Biggam et al, 1980). 

Fig. 5.29. Outburst No. 3 West  Cliff  Fig. 5.30. Outburst No. 1 West  CIiff 
Colliery,  Bulli  seam.  Colliery, Bulli Seam. 

Drivage with shear  zone  parallel  Drivage  with  shear  zone  intersecting 
to roadway  at  right  angles  to the roadway 

(Marshall et al, 1980). (Marshall et al, 1980). 
# 

The shape of the  cavern  can change during the clean  up  operation as a result of the damage 
particularly the roof  rocks.  The  extent of damage  can  vary  and  in  places may be several metres. 
This disturbed  rock  should  not be considered as a part of  the  cavern. 



e a 

I I  

I 
I 

- 
C d 

Fig. 5.31. Examples of outburst  caverns,  Nowa  Ruda  Colliery 
(Cis and  Suchodolski, 1964). 

a & b - Outburst  caverns in roadways  driven  to  the  rise,  Franciszek  Seam 
c & d - Outburst  caverns  on  longwalls  in  Roman  Seam. 

Uskok - Fault 
Dowienchnia - Roadway  driven  to  the  rise 
Przekop - Cross  cut  in  rock 
Chodnik  nadscianowy - Ventilation return roadway 
Chodnik  podstawowy - Transport  roadway 

Cis (1971), Palm and  Manneking (1977) have  described the caverns  in  detail. 

The characteristics of walls of the  cavern  that  are  formed in  coal  which ars heavily  associated 
with  the presence of geological  structures  such  as  faults, dykes and  shear  zones, are governed 
by the geological structure  themselves.  This  applies both to  the  internal  face of the  caverns as 
well as the  sides.  These  surfaces may be very  smooth  or  like  slicken  side  that  were  inherent  to 
the  structure  formed as a  result of  high frictional  forces  during  shearing in geological  times. 
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The  surface  limiting  the  caverns may also be governed by  major cleat  structures or interbedded 
surfaces of strong  and  weak  coal. 

Other  characteristics of these  caverns in coal is the  structure of their  walls formed as a  result of 
the  breaking of sequential  layers of coal.  The  internal  surface of the cavern so generated  has 
flaking layers of varying  thickness,  from  large  to  thin  wafers  limited  to  a  few  millimetres. This 
appearance of the  surface of the cavern  is  evidence of the  chain  process of destruction of coal  as 
a  result of tensile  stresses  (Kristianovich,  1953a, b and  c). 

Caverns have a  very irregular shape.  Cis  (1971)  considers  three factors that  have  the  most 
influence  on the shape of the cavern: 

effect of gas  present  in  the  coal  seam 
presence of soft  coal  layers in the  coal seam 
effect of gravity. 

The  shapes of the  caverns  are  classified  into  three  forms: 

mug 
pocket 

0 cone. 

Caverns of 'mug' shape occur  when  an  outburst is initiated  at  the corner of an outburst of a 
roadway or a  longwall.  These  can  have  elongated  shape  running  at low  angle  or  along  dip-rise. 
Similar  shape of caverns  occurs when  steep  seams are opened.  Fig.  5.32  shows  a  pear  shaped 
cavern  that  occurred  possibly  as  a  result of a  combination of gravity  and  a  large  well  developed 
low  angle joint. The outburst  occurred on  4.4.1952.  during  drilling of a 300 rnm diameter  hole 
at the  face of a  roadway  in  11-Kamenski  seam,  Artem  Colliery  in  Donetsk  basin. 

Caverns of the shape of pockets  occur  in  steep  seams  and  sometimes  in seams with  low dip 
when  mined  along dip rise  using  stepped  faces  with  the  main  gate  ahead of the tail gate.  They 
are characterised by a large amount of crushed  coal  remaining  in  the  cavern.  Fig.  5.33  shows 
this  type of a cavern in  a  low dip seam.  Sudden  displacement of loose coal together with 
emission of gas  that  occurs  in  steep  seams  gives rise to  caverns of pocket  shape. 

Cone  shaped caverns are associated with  small  outbursts  where  coal has well dtveloped cleat 
systems  (though  this is not  always  essential)  and  outbursts  are  stress  driven. The direction of 
failure of coal is at  right  angles to  the  cleat  system  or  the  bedding  plane. The cone  shape  is  also 
an expression of an outburst  that is dying out. 

252 



The appearance of the  material  around  the  cavern  gives an impression of plate  buckling.  Each 
plate is defined by a  locally  intensified  cleat  pattern.  Sometimes  the  ribs of the  burst  cavity  are 
smooth over most of their  length and are  formed by induced cleavageparallel to  the  ribs  (Fig. 
5.34). (See also Fig. 5.25.) 

Fig. 5.32. Pear shaped cavern, Fig. 5.33, Pocket  shaped  cavern close 
#11 Kamenski seam, #lo Artem Colliery, to the  roof,  Smolaninovski seam, 

4 April, 1952 (Khodot, 1961a). #17/17  bis, 10 February,  1951) 
(Khodot,  1961a). 

c 

Fig. 5.34. Mining  induced  cleavage,  Gemini seam, Leichhardt  Colliery 
(Courtesy of J. Hanes,  1980). 

It is worth  mentioning  here  about  the  publication of a  catalogue of outbursts of coal and gas by 
Platonov (1989) which presents geometrical shapes of the caverns together with other 
parameters of the  outbursts  that  occurred in Donetsk  coal  basin  during  the  period  1976-87. 
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5.5.6 Shape of the Outburst Material Pile 

One  of  the conditions of development of an  outburst of coal and gas or rock is the ability of 
removal of material disengaged from the  rock  mass into the excavation(s). The gas that is 
liberated during an  outburst fulfils this  function  as the medium for the transport of this broken 
mass. The process of transport of the  material  during an outburst is not  clearly  understood. 
Most of our understanding of this effect is based  upon  the  shape of the  heap of the outburst 
material.  One can assume that it is a  fluidised  transport  process of the  movement of small 
particles. 

The  particle size distribution of coal is quite  variable. In general,  comminution  degree is larger, 
the greater is  the  size of an outburst. In a small  outburst,  the  outburst  heap is like coal  that has 
been cut by a  machine or by blasting. In larger  outbursts,  most of the  material is disintegrated 
into particles of size of dust.  The  different  particle  size  distribution of the  material  involved  in 
an outburst, and particularly coal, is basically the result of difference in the geological 
conditions and  structure of coal at  the  place  and  the  mining  process  that  activates  this  dynamic 
phenomenon. 

The turbulent process of transport of material has a large influence on the comminution of 
bigger particles that are dislodged from  the  rock  mass.  During  the  loading of the outburst 
material,  one  can  clearly  differentiate  the two types of materials. 

The vertical cross-section of the  pile  from  floor  to roof shows increasing fineness of 
particles. 

The longitudinal cross-section of  the pile shows  that with increase  in  distance from the 
throat of the outburst  cavern,  the  proportions of finer  particles  increases. 

Majcherczyk  and  Kobiela  (1987)  determined  the  size of the  particles  from 11 outbursts  of C02 
gas, coal and rock (coal,  sandstone  and  shale) in  Lower  Silesian  coal field. They determined 
+10 mm and -0.1 mm size particles as  well as mean particle  size  using  Borisenko's  (1979) 
method. Their results are given in Table 5.2. However, this analysis of particle size of 
materid after an outburst is not  a good basis for determining  the  particle size of material as it 
disengages  from  the  solid  rock  mass. # 

Another  characteristic of this pneumatic transport of material  is  the  formation of canal  above  the 
deposited material.  Cis  (1971) is of the  opinion  that in small  outbursts, this transport canal 
does  not  exist  and  there is no fine coal on the top of the  pile. 

The  capacity by gas for  transport of solids  is  dependent  upon  the  violence  of  the  outburst.  Well 
known are the  excavations  filled  with  coal  or  rock  material up  to several  hundred  metres. 
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Table 5.2. Characteristics of pile  distribution of different  outbursts  (Majcherczyk  and  Kobiela, 1987). 

Serial 
No. 

1 
1 

2 

- 
3 

4 

5 

6 

7 

8 

9 

10 

11 
- 

Mine 

2 
Walh. 

Nowa 
Ruda 

T h O R Z  

Manifest 
Lipcowy 

Manifest 
Lipcowy 

Nowa 
Ruda 

Nowa 
Ruda 

Nowa 
Ruda 

Nowa 
Ruda 

Nowa 
Ruda 

3 
Seam 309 

Seam 
t 10/2+ 
112 

S e a m  671 

Seam 
36oB 

seam 
403/1 

* 
Seam 304 

Date 

4 
23.10.78 

7.9.76 

13.10.84 

10.8.79 

12.6.85 

18.4.85 

26.3.86 

17.3.84 

8.4.84 

11.12.79 

1  1.9.85 

Size, 
tonnes 

5 
350 

1,500 

- 
- 

50 

15 

95 

3,100 

2,500 

150 

70 

150 

1,200 

GaS 
liberated, 

m3 
6 

30,000 

180,000 

- 

10,300 

2,170 

5 ,OOo 

33,000 

5 1,300 

6,500 

3,700 

8 ,OOo 

110,000 

legassing 
factor, 
m31t 

7 
86 

120 

- 

2P6 

145 

53 

10.6 

20.5 

43.3 

52.9 

53 

91.6 

Type of 
material 

9 
Coal 

coal 

Coal 

Coal 

Coal 

Sandstone 

Sandstone 

Coal and 
Shale 

Coal  and 
Shale 

Coal 

Coal 

Length of 
pile, m 

10 
71.0 

190.0 

- 

12.0 

9.0 

12.0 

300.0 

300.0 

27.0 

12.0 

29.5 

97 .O 

Distance 
firom 

:avern, m 
11 
48 

70 
40 

_I_. 

6 

4 

+ O  

50 

140 

25 
20 
15 

10 

4 
10 
22 

80 
50 

Particlr 
> 10 
mm 
12 

2.3 

3.8 
2.2 

- 

35.7 

15.3 

21.7 

18.8 

1.3 

15.1 
18.0 
15.7 

2.4 

6.33 
3.53 
8.30 

5.8 
5.4 

ize, % 
co.10 
mm 
13 

13.5 

40.8 
15.5 

- 

5.3 

0.9 

9.1 

8.1 

13.6 

16.1 
15.8 
15.1 

22.74 

5.28 
4.42 
9.50 

10.7 
9.4 

Equivalent 
Wcle 
size, pm 

14 
106.8 

52.5 
104.6 

- 

325.7 

261.2 

175.9 

145.3 

124.3 

130.1 
132.7 
137.5 

96.2 
I 

184.9 
158.1 , 
155.6 

152.1 
160.0 



Table 5.3. Type of  flow  of a  mixture of gas  and  coal  in a  mine  roadway  under  an  outburst  condition 
(Petrosyan et al, 1978). 

Serial 
No. Type of flow 

I 

1 2 
c 

I 1 I Suspended  flow 
~~ 

2 Stratified  flow,  fluidised 
transport 

3 Dense medium  flow 

4 Gravitational  flow 

Packing 
characteristics 

B 
3 4 

Characteristics of flow of particles? 

Particle  interaction is limited -0.03 
I 

I 
Movement  of  mass  of  particles  together  with 0.03 - 0.3 
constrained  conditions 

I 
Movement of mass  of  particles  with  great 0.3 - 0.7 
constraint,  particles  are in  contact  with  each 
other  and  form  a  sieve  for  the  movement of gas 
through  the  mass 

I 

1 
Movement  occures  under  gravity  with  gas 
playing  a  supporting  role  only.  It  is  the 
limiting  form of  movement  of  particles 

>0.7 

I 

Gas  quantity  rer 
flow of tl 

Laboratory 

5 

-25 

25 - 2.5 

2.5 - 1 

ired  to  maintain 
mixture 

Outburst 

6 

-50 

50 - 10 

< 10 



According to Kuroiwa and  Tashiro  (1962  a  and b)  the  analysis of material piles can provide 
important information  on  the  mechanism of outbursts.  After  a  careful  analysis of the  pile  after 
an outburst of 800 tomes in a  mine in Hokkaido  coal  field,  they  concluded  that it was  a  typical 
pile of an outburst and that gas  pressure at the  throat of the outburst was  small  and changed 
during an  outburst. For material  transport,  the gas pressure  required  was 0.2 - 0.4 MPa. The 
important parameter helping the  transport of material  was  the large volume of gas and the 
distribution of gas during the  outburst. The material  thrown out disintegrated as a result of 
friction. 

Kuroiwa and Tashiro (1962 b) have  supported  their observations by simulating transport in 
pipe  lines. 

Palm and Mennaking  (1977)  consider  that  coal  discharged  in  an  outburst is pulverised and gas 
carries these particles. The larger particles move at lower levels like a flowing mass, 
overcoming the obstacles and carrying with  them larger particles and blocks along the 
excavation. 

Thomas, D. A. (1963)  notes  that  large  amount of coal  ejected  consists of very fine dust which 
becomes airborne with  very little  disturbance  and in some  instances  consists of small percentage 
of large size  coal. The small  size  when  wetted  becomes like mud. 

Based upon the work of Gorbis, 1970;  Busroid,  1978; Buyevich, 1975 and Borisenko and 
Tkachenko, 1978,  Petrosyan et al(1980) have  presented  a  concept of mechanism of transport 
of coal ejected fi-om the cavem. They  have  considered four types of flow of mixture of solids 
and gas depending upon  the  volume  percentage of coal particles  (packing of solid particles), 
and the volume of gas  per  tonne of coal.  The  flow  conditions  modelled by them are: 

Suspended  particle flow 
Stratified  flow 
Dense  medium  flow 
Gravitational flow. 

Column  5  in Table 5.3 shows  the  laboratory  data  based upon a  pipe  and  column 6 shows the 
field data from an  outburst.  They  have  considered  particles  >1  pm  and  do  not  define the upper 
limit of the particles. The average size of the  particles defined by the4 is 2 - 5 mm. For 
describing  the  flow of suspended  solids,  they  have  introduced  two  Reynolds  numbers 

Re, = % , and 
V 



where Re, = hydrodynamic  characteristics of the  particles 
Us = terminal velocity of the particles in the suspension determined by 

aerodynamic  resistance  and  equilibrium of the  particle mass, m/s 
dT = particlediameter,cm 
v = viscosity of gas, m2Is 
KT = Reynoldnumber 
UT = particle  velocity. 

Stokes'  law is valid for the  range 104 < KT <1,  and  Newton's  law is valid  for 3 x 102 < &T 
<1@. &T values  and  velocities  for  different  particle  sizes of coal  are  given in Table 5.4. 

Table 5.4. Dimensionless  characteristics of flow of suspended  particles 
(Petrosyan et al, 1978). 

In  an outburst flow of mixture of coal and gas takes  place  possibly  in all the four forms. In the 
case of bedded flow, close to  the  top  layer  the type of  flow is  close to suspension of particles  in 
the  gas while the lower layer moves as stratified  flow. This can  move large particles of coal 
over  longer  distances,  can  overcome  resistance  and turn comers.  This type of flow  comes to an 
end  at  a  velocity of 10 - 15 m/s. 

Dense  medium flow is  associated  with forces of adhesion  in its early parts. It results in  the 
development of some form of order  in  the  particle  size  distribution  (packing) requiring high 
pressure  gradient.  Movement  takes  place by  overcoming  the  frictional  resistance e f  the particles 
and  the  walls  of  the  cavern. This type of movement  is  like  pushing  through  a cylinder and  is 
possibly  associated  with  early  phase of an outburst. 

Most  particle  degradation  takes  place  only in the  last  two  types  of  movements  and as  a  result of 
frictional  contact  and  differential  movement of particles. 
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The emission of gas during an outburst is not uniform. Trutwin (1990) has differentiated four 
stages  when an outburst is associated  with  inducer  shotfiring. 

Stage I: This corresponds  to  the  blasting of the  face  which  suddenly  increases  the  velocity  and 
pressure in the  roadway  and lasts for a  few  seconds. 

Stage II: This is associated  with  slow  release of gas and  build  up  of  pressure. 

Stage III: This is the period where maximum pressure  and  velocity  is  arrived  at. 

Stage IV: This is  the  stage  where  the  velocity  and  pressures  drop  back to the values prior to an 
outburst. 

The complex changes occurring are shown  in  Fig. 5.22. The emission of gas from coal is 
highly sensitive to the  back  pressure  that  develops  in  the canal, which  can greatly slow  down 
the gas  emission  and  fracturing of  coal  in  slices  and so the  velocity of gas  in  the  throat. This in 
turn results in  deposition of  material at the  throat  and  almost  its  closure.  Continued  build  up of 
pressure  behind it reaches  a  stage when  the  material  at  the  throat is cleared  again and the  process 
repeats itself. A large outburst  thus  manifests  itself as a  series of wave  fronts. This concept 
looks to be one of the main factors  influencing  the  dynamics of an outburst. 

Najsznerski et al (1985) in their  analysis of piles of five outbursts of  Co;? and rock in  Nowa 
Ruda mine with sizes in the  range of 100 - 400 tonnes,  could  not  differentiate if the  movement 
and  sedimentation of the mass  of  the  pile  had  taken  place  layer  by  layer  or  successively. 

The distance to  which  the  material is transported is dependent greatly on the volume of the 
material ejected, the cross-section of the excavation and to some extent on the packing 
characteristics of the  material  in the excavation.  Ujihira  and  Higuchi (1986) present data of 87 
outbursts  (Table 5.5). The  effect of size of an outburst  on  the  distance is clearly  visible. 

Cis (1971) has introduced an  index  that defines the  amount of  work required to clear the 
outburst debris. This is defined as  the mass of debris  per  metre of the  length of the  roadway 
affected by  an outburst and characterises the  work required to clean up after an outburst. 
(Undoubtedly, this depends upon the size of  an outburst  and  these  vary  greatly.) The values of 
this index for Nowa  Ruda  mine  for  different  seams are as follows: a 

Ferdynand  Seam = 20.8 t/m 
Roman Seam = 47.6t/m 
J6zef seam = 3.8 dm 
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Table 5.5 Relationship between ejected  coal  volume,  number 
of outbursts  and  ejected  distance  (Ujihira  and  Higuchi,  1986). 

Ejected 
volume (m3) 

0 - 50 
50 - 100 
loo - 200 
200 - 300 
300 - 400 
400-500  
500 - 600 
600-700 
700 - 800 
800 - 900 
900 - 1,000 

1,000 - 
TOTAL 

T- 

0-5 

3 

3 - 

- 
5 -  10 

8 
2 

10 - 

9 
4 

11 
1 

1 
1 

27 - 

stance( 
20-50 

- 

2 
6 

12 
4 
4 
1 

1 

30 - 

1 
3 
2 
3 
2 
1 

1 

1 
14 

loo- 

1 

2 
3 

T 
Total 

22 
12 
24 

8 
6 
5 
3 
1 

2 
1 
3 

87 

5 .5 .7  Particle Size Distribution of Coal  Detached from the Solid in an 
Outburst 

Particle  size  distribution of outburst  pde  is  the  final  result of the  process of disintegration  during 
an outburst.  Two  elements of this  process  can be distinguished: 

Detachment of the  particle  from  the  solid  during  its  destruction. 
Disintegration of the  particle  during its transport 

There are no  methods  available  to  define  the  particle  size  distribution of particles  detached  from 
the  solid. It is a complex problem  because of the unknown conditions of stress, gas pressure, 
the dynamics of the  outbursts, its development  and its decline/dying  away.  However, after an 
outburst,  a  part of the  material remains in  the  cavern.  This  material is not  disintegrated  during 
its transport in the roadway, though some disintegration may have occurred during its 
movement  within  the  cavern.  This material is detached  at  the  last  phases of the osburst when  it 
is dying  out. 

Gray  (1980) has given size distribution of three coals collected  from  outburst caverns. Two 
samples  were  taken  from  the  face of  the  cavern  and  one  from  the  outburst pile  from the Gemini 
seam at Leichhardt Colliery. The  samples  are  taken from outbursts initiated by continuous 
miners  and by shotfiring. The size of these  outbursts was >200 tomes. He also took samples 
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from the largest outburst  associated  with  a  reverse  fault (1st December, 1978) that  threw  out 
400 tomes of coal. He also  determined  petrographic  compositions. The three  samples  were: 

a - Normal outburst  coal  from  D-Heading East. 
b - Brecciated  material  from the ribs of the  largest  outburst 
c - Mylolinised  material  from  the  ribs of the  largest  outburst. 

Results are given  in  Table 5.6. 

Table 5.6 Particle  size  distribution of outburst  coal  samples 
from the  caverns (Gray, 1980) 

Serial No. 

1 
2 
3 
4 
5 
6 
7 
8 

Total surface 
area m2/m3 

Apparent  relative 
lensity, gm/ml 

Size, mm 
~~ ~ 

+12.7 
6.35 
3.18 
1.0 . 

0.50 
0.25 
0.125 
0.0 

(Sample a) 
Normal outburst 
D heading East 

Rank 1.24 
Macerals %, 
Vitrinite 35, 
Exinite 1, 

Inertinite 59, 

% retained 
31.0 
26.6 
18.1 
15.0 
4.3 
2.6 
1 .o 
0.9 

2907 

1.215 

(Sample b) 
Brecciatedmataial 

December 1st outburst 
Rank 1.23 

Mace& %, 
Vitrinite 5 1, 
Exinite 0, 

Inertinite 43, 

(Sample c) 
Mylonite, 

December 1st outburst 
Rank 1.28 

Macerals %, 
Vitrinite 56, 
Exinite 1, 

Inertinite 38, 
Mineral Matter 6 

% retained 9% retained 
Mass, Mass, 

Mineral Matter 5 

7.2 12.3 
20.0 14.2 
23.0 16.2 
25.4 

11.8 10.8 
21.2 

6.6 10.8 
3.1 
3.9 

6.1 
8.0 

7674 13148.5 

1.24 1.124 

For comparison, Gray calculated  the  surface areas of the  coal  particles  assuming that particles 
have cubic shape.  The  length of the size ai  is  the  arithmetic  mean of the  me3h sizes  between  the 
two classes. The surface  area  is  calculated using the  equation 

Where Wi = % of mass of coal  particles in that  class. 
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Table 5.6 shows  that  the  coal  sample  (a)  has  the  lowest  surface  area  and coal sample  (c) has the 
largest  surface  area.  Gray  used  sieving  for  classification  which  can further deteriorate  the coal 
because of its softness, but samples were  taken  from  the ribs, and this may be taken as the 
particle size that is detached  from  the ribs during an outburst.  Gray,  however,  has not given 
the  particle  size of coal from the  outburst  pile  out of the  cavern  and  hence  the effect of transport 
on the  final  particle  size  cannot be established. 

5.5.8 Temperature of the Pile of an Outburst 

Temperature  changes  have  been  noted  at  the  face just before an outburst,  during an outburst  and 
in  the pile of material after an outburst, though this aspect needs further investigation. 
Observations  show  both cooling and  heating of the coal mass thrown  out. Cooling is noted  in 
C02 outbursts and  heating  has  been  observed  in CHq outbursts.  Graham  (1931) observed 
temperatures  reaching 140°F (60°C) in the coal mass in CHq outbursts  in  the  anthracite coal in 
Penthery  Colliery  (West  Wales, UK) and  explained this as a  result of rapid  oxidation of finely 
crushed  anthracite.  Graham  himself  measured  temperature  up to  100"  (37.7OC) in the  upper 
layer of the  coal  pile  a  few  days  after an outburst  in  the same mine. 

Cooling of the pile is  explained  as  a  result of quick  desorption of CO;! from  the coal during the 
destruction of the  coal  sample  and  during its transport.  The  rate of desorption of  C@ is almost 
50% greater  compared to CHq for the  same gas content. 

5 . 6  WARNING SIGNS OF AN IMMINENT  OUTBURST 

Where  there is any  danger  to  which  humans are exposed,  there is a  conscious  or unconscious 
need to identify the signs of the imminent  danger. Two main purposes of identifying the 
warning  signs of an  outburst  are: I 

(i)  Define  the  strategy to  avoid  or  to  decrease  the  effect of an outburst. 
(ii) Maximise  the  methodologies so that  outbursts  are  completely  eliminated. 

The warning signs can be divided into two categories depending  upon  the association of 
various parameters with  an  outburst of gas, coal and rock. These can be grouped into the 
following: 

(i)  Signs  that  can be observed by  human  senses; 
(ii) Signs  that  cannot be observed by human  senses. 

Only  the first group of signs  are  described  here. 
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These  determine  the  behaviour of the  people who  were  present  when  outbursts occurred. Both 
geotectonic  and  mining  associated  signs are differentiated.  Geotechnical signs are described  in 
Chapter 9. Signs that  were directly observed while mining  and d-king the Occurrence of 
outbursts by miners who experienced  the outbursts and survived, and  those  who  were  not 
directly affected by an outburst but did  experience  it  one way  or  the other  are  noted  here  in 
chronological order 

Taylor (1852-53) gave  particular  importance to this aspect.  When  publishing  the  statistics of 
explosions in North of England coal fields for the  period 1743-1852, for the first time, 
distinguished that  the  explosions  were  associated  with  high  gas  emissions  and  outbursts. He 
describes the  observations of a hewer  working  in  Pespool drift, Haswell Colliery, North of 
England  coal  field,  who  heard a "loud  noise"  first.  While  he  immediately  retreated  to  the  face 
stenting,  where a sound  continued  to be heard,  "noise  like  that of falling  water,  Occasioned by 
the  rushing  out of gas  at  the  face".  Taylor  also  notes  "diminution in the  ordinary issue of the 
fire damp"  and  approach of "small  troubls"  (small  faults)  in  advance of Wts. 

Gerrard (1899-1900) studied  outbursts of gas  and  coal  in  Broad-Oak  Colliery,  Lancashire  coal 
field (UK) that  occurred  in 1885-93 in Royal  coal  seam  dipping  at 19 - 27'. The  seam  was 2 
ft (0.6 m) thick of  good coal with 1-1/2 ft (0.45 m) of soft  lower  quality coal containing  pyrite 
above. The upper  coal was  over  cut 2 ft (0.60) ahead  of  the  lower  part of the coal seam  during 
mining (Fig. 5.35). Outbursts  started  at 460 m depth. In his experiences, he states .the 
following: 

"No warning was given, and  the  coal  burst  out  with a sound  like a number of rifle- 
shots." 

"The  'minings'  were  very  'wick'  and they  kept  cracking." 

"Two  men  were  at  work;  the  cracking  coal  gave  them a slight  warning,  they  ran  away, 
and  one of  them  looking  around  saw  the  coal  coming  towards  him  like a 'wave'." 

"While driving one of the  brows (headings), 5 feet (1.5 m) in  width,  the  soft  coal shot up 
into  the brow  when  two  men  were  work:  one man was  smothered,  and  the  other man was 
so stuck  fast  as  to  require  liberating by  the fireman,  who  visited  the  place  while  going  his 
round. 'I 

"The  outburst  occurred in the  comer of a place 30 feet (9 m) wide,  to  the  rise of the  level. 
A man  had  bored a hole in  the lower  part of the  seam:  when  the  man  was about to 
measure  the  hole, an outburst  occurred, he  was knocked  down  and covered with the 
small  coal,  but  got  free  and  escaped." 
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"The  engine-brow  was  extended  to win another rank, while driving a narrow  place 6 feet 
(1.8 m) wide from the main  engine-brow  towards  the  back  brow,  the  miner  noticed that 
the upper soft coal began  to  'boil  out'; he moved  away,  immediately a large quantity of 
fire-damp issued and small coal was  blown  out into the  place,  but  the miner being 
fastened by the leg was  not  able  to  get  away,  subsequently  a  hole  was bored in  the  face,  a 
pressure-gauge fixed, and the highest  pressure  recorded was 14-11'2 lbs per square inch 
(0.1 MPa)." 

"The level was driven 36 feet (1 1 m)  wide,  and 5 men  were  at  work,  3  holing in the 

upper  part of the  seam,  the  'minings' of  the soft  coal;  2  men  were  engaged  in getting the 
bottom coal. There was  a  sudden cracking noise,  immediately. 3 of the 5 men were 
overwhelmed  with  the  expelled  small coal and  fire-damp.  One  of the survivors  stated  that 
hearing  the  cracking,  he  shouted to his  mates  'come  on'  and  ran for his  life.  After going 
10 or 15 feet (3 - 5 m),  looking  around he  saw his  lamp,  which  he  had left hung  on  a 
prop, was extinguished, then he felt gas which  smelt  very  strong.  From starting work 
(4 hours  before  the  outburst)  everything  had  been  perfectly  quiet,  there  was  no cracking, 
the  'minings'  were  not  'wick'  and  the  workman  had  not  received the slightest warning of 
impending  danger.  The  only  remark  made by one  of  the  workmen  was  that  the 'minings' 
looked  'blacker  and  shinier'.  The  under-manager  passed  through  the  place,  25 minutes 
before  the  outburst,  and  made  a  thorough  examination,  there  was  not  a single 'fisser' of 
gas, not a rap or a crack, and  the  'minings'  were  not  working. There were no boreholes 
in the place, and  none  had  been  bored for some  time.  There  would be over 1,800 feet 
(550  m) of cover on  the  seam  at  this  point.  About  20  tons  were filled in 72 tubs,  of fme, 
crushed, loosened  coal."  (Fig. 5.36.) 

"The  borers  frequently had  alarming  experiences. In one case, the  manager,  fireman  and 
a collier were  putting  in  a  hole, when 5 feet (1.5 m)  in,  there  was  a  crack like a  shot;  they 
all ran  back 15 or 20 feet (4.5 m - 6 m).  Returning in  2 or 3 minutes,  they tried the  hole 

Fig. 5.35. Section of Royal coal seam,  Fig.  5.36.  Plan of outbursts, 
Broad Oak Colliery Royal  coal seam, Broad Oak Colliery, 

(Gerrard, 1899-1900). 3 1st January, 1893 (Taylor, 1899-1900). 
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and  found  gas  issuing.  They then  resumed boring: for 1 foot (0.3 m) the 'njinings' were 
very  soft,  the  issuing gas made a noise  like steam, the  scraper  choked  up,  and on loosing 
it a handful of dust  was  blown  into  the man's face." 

e "In another case, all  was  quiet  before  beginning  to  bore,  the  'minings'  were a little 'set' 

and  clayey at the front, when  the  hole  was 3 feet (-1 m) in the 'mining',  the  bottom  coal 
began  to  crack  and  work,  and  gas was given  off  from  the  hole  freely. It was so abundant 
that  the men were  withdrawn for 1/2 hour.  On  resuming  work,  at a depth of 4-1/2 feet 
(- 1.5 m) the  cracking  again  began,  and  the  whole  face, 15 feet (-5 m) in  width,  sounded 
as if it  would  blow out. The  men  were  withdrawn,  the  next  morning the hole was  bored 
to a depth of 9 feet (-3 m), all was quiet  and  no  gas  apparently  was  being  given off; but 
when  the  colliers  took  off 3 feet (-1 m) of 'minings',  gas  began  to issue from the  bore- 
hole with a loud  blowing noise. At the  commencement of this hole, it should be 
observed, the  boring  was  very stiff, as hard  clay  prevailed,  but  the stratum became  very 
soft at the  end  of  the  hole.'' 

0 "Several  times  it  has been  proved  that  the  outbursts  were  coincident  with a marked change 
in  the  upper stratum of the  coal-seam - from containing much  hard fire-clay to  being 
almost all coal.  The  coal was  extremely  friable  and  could  be  easily  crushed in the  hand, 
and apparently the  gas  was  impounded  within  the areas of friable coal. Outbursts 
occurred in  narrow  places, up to 6 feet (1.2 - 1.8 m) wide;  and  in  comparatively  wide 
places, 30 to 50 feet (9 - 15 m)  wide.  They  all  occurred  in  opening  out  while  cutting  into 
the  solid  coal.  There were no outbursts  while  working  out  the  coal  in  the  pillars." 

Buckley (1906-7) writing  about  outbursts  in  Shelton  Colliery, North Staffordshire, describes 
warning signs as "Prior to  each outburst, one  or two unusually  heavy  'goths' or 'bumps' 
sometimes  accompanied by a peculiar  grinding or rendering  noise,  had  taken  place.  Heavy 
goths were, however, of frequent occurrence  in this seam  heading out, and no  special 
importance  was  attached  to  the  goths  preceding  these  outbursts.'' 

Loiret and Laligant (1923) while  describing  outbursts of CO;! in  Gard coal field state  the 
experiences of those who survived  outbursts  as  follows:  Immediately  before an outburst, 
various  audible  signals such  as Knacken, Knistern (creackle,  creak,  gnash,  sputter), 
Abbrockeln (crumbling, spalling) of coal,  Pfeifen  (whistling,  blow  out),  DriShnen (thunder), 
gas  and dust emission  etc.  were  heard.  These  signs are the  beginning of an outburst. In  Nord 
d'Alais,  it  was found that increase in moisture  in a coal  seam  was associated with CO:! 
outbursts of coal  and  gas. 

Wilson  and  Henderson (1927) state  that  in  Cassidy  Colliery, Nanaimo coal  field,  outbursts  are 
"preceded by a humming  noise  like  the  working of a jack hammer drill or the firing of a 
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machine gun and are accompanied by a rumbling  noise similar to a runaway  trip-of cars on an 
incline". 

In C02 outbursts in Lower  Silesian  collieries,  Wilson P. A. C. (1931) states,  "Warning  noises 
or  at least some things of that kind, were  noticed  formerly,  before  working in outburst  coal  was 
done by blasting. When  the  coal  used  to be  worked  by flat-edged  picks,  it was claimed  that in 
the  neighbourhood of outbursts  the wall pressed  forward  into  the  open  working  place  and  that 
winning  could be done without  any  labour. In these  cases, a cracking  and  breaking  in  the  coal 
was heard - the  coal was working by  itself. This natural  extrusion of the  coal  was  suspected  as 
a warning." 

Pescod (1947-48) describes an outburst in  Pumpquest  seam in Ponthenry Colliery, South 
Wales in which  "The  collier  noticed  the  coal-face  commence  to  move  towards  him  and fled. 
The  usual  poundings  occurred,  followed by an outburst of gas  and  coal." 

Swift (1964) describes analysis of the problem of warning  signs  in  the UK. According  to him 
"Warning signs of an  impending  outburst  often  take  the  form of cracking  noises,  appearing  to 
come &om the coal mass itself and  accompanied by spalling at the  face.  The period of the 
warning  noise and build-up  in  intensity to  the  moment of eruption  usually  varies  from a few 
seconds  to  some  minutes. In some  instances,  these  warning  noises  have been maintained for 
several  minutes  and  have  then  subsided,  and in such  circumstances  the ~ s ~ p t i o ~  of work at 
the face can disturb the fine state of equilibrium  and precipitate an outburst.  Spontaneous 
outbursts,  without  preceding  warning, sofnetimes occur  and are the  main  hazard." 

Davies (1980) writes that  "a  typical  outburst in the  anthracite  area  at  West  Wales follows a 
period of difficulty with strata  control and is usually  preceded  by a characteristic  warning  noise 
associated  with  the release of energy, known locally  as  'pouncing'  and  is  compared  with  the 
noise of a two-stroke  engine." 

Wilson, W. A. (1954) describes  warning  signs  in  mines  in  Canmore  coalfield, Western  Canada 
as "generally it can be said  that  for some little  period  (and)  distance,  there  is a definite  softening 
of the coal, very  often to  such a degree  that  the  coal  could  easily be won without  blasting. 
Sometimes (a) hardening of the face has been  noted  immediately prior to an outburst. 
Predominantly, for several days before an outburst  (and  this  observation  is  confined  to  those 
heavier  bursts  accompanied by great  gas  outflow),  the  place  seems  to be 'alive'. A single pick 
blow on the face produces much  sparking  and  spitting of the coal, even  minor bursting, 
attended by more deep-seated thumping, bumping and rending sounds. Sometimes 
immediately  before a heavy  burst,  the  face  and  adjacent  ribs  appear in an  almost fluid  condition, 
with fine coal  trickling  like  sand  over  the  surface of  the  coal." 



Bobrov and Krichevski (1954), based  upon their studies in Donetsk coal basin on 283 
outbursts that occurred during the  period  1946-53,  found  that  audible  signals  occurred in 52% 
of the outbursts, and  in  29%  of  the cases these  audible  signals  occurred  together  with other 
signs, the most common  was peeling of the coal from the face, collapse of coal face and 
increase in gas emission. In Kuznetsk  and  Egorshinsk coal basins  the  most  common  warning 
signs were 

Audible  signals  in 43%  of  total  outbursts 
Peeling of the face in 50% of total  outbursts 
Increase  in  stress on support  in 38% of outbursts 
Change  in  strength  of coal in 7% of outbursts 
Increase in  gas  emission in 6% of outbursts. 

Ujihira  and  Hashimoto  (1976e)  note  the  appearance of warning signs,  sufficiently in advance of 
the  event.  "As  an  omen or presign  several  days  before or several  hours  before  rock cracking 
sounds,  an increase in gas emission, an increase  in  roof  rock  pressure, swelling or protrusion 
of the coal face, exudation of  water  may be seen  but at times  the  outbursts  may  occur  without 
warning. It has been  noted  that the texture of coal  at  outburst  sites  are  fragile  and  weak. In the 
case of outbursts, a thunder like rumbling of rock cracking sound or a machine gun like 
staccato  sound,  followed by a  tremendous  amount of gas and coal  dust",  "and  a  sudden  gust of 
wind  occurs". 

Marshall et al(1980) describe CcHq outbursts in the  Bulli  seam  on  the  South  Coast of Sydney, 
Australia  and  draw  attention  to the warning  sign  before an outburst: 

"The time lapse for an outburst to manifest  itself  varies  from several seconds to almost a 
minute,  and it is  a  comparatively  slow  movement of coal  at  the  face. Coal becomes so soft  that 
the  machine  head can penetrate  the  face. The outburst is associated  with  loosening of face  and 
movement of coal from the  face as a  shear  zone is approached. This gives  warning for the 
machine driver to notice the  movement  (in  the  form of filling of the frontal areas of the face 
ahead of the  machine)  but  not  enough  time  to  raise the winning  head  of  the  machine,  switch  off 
the power, and escape to the point of safety. This  warning was evident even at the first 
occurrence, when  the  machine driver was  not  aware of this  phenomenon  and  where almost 
120  tonnes of coal  were  thrown  out to a  distance of about  7  m  from  the  fac6." 

Marshall et al also mention  other  signs  noted  during  drilling.  These include brown  haze of 
drilling fluid, soft coal, high  gas  emission  from  borehole  during  drilling,  pushing  back of rods, 
gripping of rods, large particles of cuttings,  etc. 
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Stalski and G6rkiewicz (1983) describe  the  situation  in  a  roadway in seam #410/2 and 8412 in 
Nowa  Ruda Colliery which  resulted  in  the  use of induced  outburst of Co;! in coal on  30th 
August, 1978. The face was 48 rn ahead of the  longwall.  78 rn was  driven'successfully  using 
destressing  holes  without  incidence of outbursts.  During the drilling of destressing  holes in the 
last cycle, increased activity was  noticed.  Every  hole,  when it reached the stressed region, 
resulted  in  increased  emission of gas and  eruption of coal  in  the  hole.  These  volumes  exceeded 
the safe values established.  In spite of repeated  attempts to destress,  the  region  did  not  move 
forward into  the solid. The outburst was induced by blasting resulting in  a  throw of 
1,370  tonnes of coal and 213,000 m3  of C02 with  gasification  factor of 185 m3/t in spite of the 
fact  that the face was  closed  off by a  barrier  which  limits  the  size of outbursts. 

One can note, that most of the cases, with  few  exceptions,  described  above  relate  to small to 
very small outbursts. Various observations  made  directly  prior to the  occurrence of an outburst 
relate  to 

Audible  effects  from  the  face or  the  surrounding  rock. 
Increase in stress, rock pressure. 
Change  in  gas  emission  rates - increase  or  decrease. 
Hardening or softening of coal or  soft  patch of coal. 
Pushing  out or bulging of coal from the  face. 
Appearance of water  at  the  face 
Dust  generation 
Changes in induced  cleavage ' 

Worsening of  roof conditions. 

The signs  observed  during  drilling of boreholes  include 

Audible  signals 
Increased gas emission 
Changes  in  resistance to drilling 
Jamming of rods 
Increase in volume of cuttings 
Change  (increase)  in  particle  size  of  cuttings 
Pushing back  of  rods. c 

Ujihira and Higuchi (1986) have  analysed 49 outbursts  in  Hokkaido  coal  field and give a list of 
22 warning signs which  occur  prior  to an outburst.  Some of these  signs  occurred  in  only 24 of 
the 49 outbursts. The other 25 outbursts  did  not  give any  warning  sign. The results of their 
analysis are given  below. The figures in  the  brackets  give  the  frequency of an observation  in  a 
population of 49 outbursts. 
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Commonlv occ- 

Coal and  rock falls 
Rock  sound 
Increase of gas  concentration 
Break down or slip out of a  coal seam 
Softening of  the  wall 
Creaking of a  coal seam 

elv occ- 

Swelling of  wall or heading 
Sudden  attack of heavy  pressure 
Fall down of  wall 
Delayed  reduction of gas  concentration  after  blasting 
Gas blow 
Instability of  gas  concentration 
Smell of petroleum 
Jamming of boring rod 
Earthvibration 

Appearance of extremely soft coal 
Changes in coal  thickness 
Small outbursts  occurred  several  times 
Swelling of floor  rock 
.Sinking of roof  rock 
Hardening of wall 
Gas concentration  decrease 

From the above analysis, it is clear that  in  almost 50% of the cases, there  were  no advance 
warnings of an imminent  outburst.  Most  probably,  there are warning  signs,  but no records are 
available. The probability of survival  decreases  rapidly  with  increase  in the size of outbursts 
and in a majority of very large outbursts there are no survivals and  hence absence of any 
description of the  warning  signs. 

In general symptoms observed by miners are the signs of initiation and development of 
outbursts. The evidence by the  miners  show  that  they  had  possibly  a  few  minutes to escape 
from the face. Signs giving  a  longer  warning  period, as mentioned by Ujihira, are possibly 
very  specific to the coal  field as other  authors  state  that  the  time period is very smal l  (Marshall et 
al, 1980). Seismic studies also do not  support  long  time  period. This c y o t  be generalised. 
Hargraves' (1958) opinion  "that larger the  outburst,  the  more likelihood of warning before 
hand" is not confirmed in the  general  sense. 

Chernov and Puzyrev  (1979)  divide  outburst  warning  signs  into  three goups: 
In-situ - natural  sign 
Technological - mining sign 
Mixed signs. 



Each of these groups has  subgroups  consisting of types of signs  (Table 5.7). - 

Table 5.7 Classification of warning signs before an imminent  outburst 
(Chernov  and  Puzyrev, 1979) 

Group 
1 

In-situ - Natural 

Technological 

Mixed 

Subgroup 
2 

Morphological 

structural 
(Tectonic  structure) 

Texture 
(Tectonic  texture) 

Hydrogy 

Audio  effects 

Stress changes 

Processes  occurring 
on the free  face 

Mechanical 

Gaseous 

Basic  signs 
3 

Tectonic  changes in thickness, 
(increase or decrease),  folds, rolls, 
changes  in  dip,  splitting  etc.  and  other 
changes  in seam. 
Brecciation,  lenticular,  mylonitic. 

Small - medium - large  faults. 

Dryness of  coal. 

Noise,  leaky  sound,  whistle,  bump, 
thunder. 

Bending,  buckling,  collapse of 
support. 

Cracking,  spurting from the faces, 
dislodgment of smal l  pieces, 
destressing, dust cloud. 

Changes  in  strength of coal,  reduced 
stability of coal  mass,  coal  face 
collapses. 

Increase in early  emission of gas. 
Increase in overall  gas  emission  into 
the  workings. 

The  first  group  is  related to the characteristics of the  coal seam at the  location of  an outburst. Of 
the four types of signs,  three are as a result of tectonic  processes. The fourth sign relates to 
hydrogeology  which  may be related to  more  recent  changes in geological  times. In the  second 
group, these signs are related to the  mining  methods  and as a  result of redismbution of stresses. 
The  third  group  signs  are  influenced  both by geotectonics  and  mining  methods. ? h e  clarity of 
different  signs  may be very varid, some  may  not  occur  at all. 
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Analysis of elements of work performed by miners  at the  face just before  the o c c k n c e  of an 
outburst  shows  that  outbursts  can  occur  during  virtually all work  conducted at the  face  such  as: 

Drilling of holes  at  the  face 
Under/over cutting of the  face 
Machine mining or blasting 
Squaring of the  face 
Support erection (Khodot,  1961a, P. 27, Kelly,  1995). 

However,  most  outbursts  occur  immediately on exposure of the  new surface at the  face. 

These signs do not occur every  time,  and  when  these do occur,  the  time  period is not large 
enough. 

In more recent publications, authors do not give enough attention to the warning signs, 
Perhaps  these signs are not  noted,  though it is difficult to believe  they do not  occur.  One of the 
reasons that these  signs are not  noted is the  dissociation of the  miners  from  the  face. The work 
of a  pick  is  replaced by  machines  and  the  miners  have  virtually lost their close association  with 
the rock and the signs of distress that  it  shows  up.  Even  in drilling process, large machines 
have replaced smaller or hand  held  machines. The reaction of the machine to changing 
conditions of the  rock mass is  lost  and  hence  subtle  signs are no longer  noticed. 

In the above analysis, the  observations of the  miners  have  been  narrated from different coal 
fields. These observations form  the  basis of the  techniques for the predictive methods. The 
drilling techniques and  observations  made  during drilling is possibly  the  best  approach  as this 
exposes new surfaces and  the rate of drilling represents the rate of exposure. Besides, 
prediction  techniques  cannot  be  based  upon  a  single  parameter.  (See  also  Chapter  9.) 

5 .7  PROVOKED OUTBURSTS 

In  truth, all outbursts  must be called  provoked  outbursts as all these  occur as a  result of mining. 
However, this term here  has  been  reserved for those  outbursts of gas, coal and  rock  that are 
intentionally  provoked  at  a  particular time and  place.  The  purpose of provoking an outburst  to 
remove  their  unexpected  (spontaneous)  Occurrence  at  an  unknown  time  at tl4e face  when  miners 
are  present  and or when  other  machines  are in operation. 

A number  of  methods exist for  provoking  outbursts.  The  oldest  and  most  common  method is 
induced  shotfiring. This lies  somewhere  in  between: 

Extraction of coal by blasting  (grunching) 
Destressing  blasting or camouflet  blasting. 
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The difference between induced shotfiring and the other  two  methods of blasting is thai in the 
first case the main aim is  to  induce  an  outburst,  though  outbursts  may  be  induced  in  the  other 
two cases of blasting  also. 

The other method of provoking  outbursts is using  hydraulic  perforation  of coal seams. This 
method  was developed in Mecsek coal field (Szirtes, 1964)  and  was  extensively  used  in coal 
seams of low strength and highly susceptible to outbursts particularly in cross-cuts and 
roadways  driven in coal. 

5.7.1 Inducer Shotfiring 

This method of eliminating unexpected (spontaneous) outbursts by provoking them  was 
developed in France by the  end of 19th  or  beginning of the  20th  century  in  the  Gard coal field. 
According to Quentin (1952),  the  method found extensive use only after the  publication "On 
Methods of Outburst  Elimination" by Lange  (1  892).  The  method  depends  upon firing a certain 
amount of explosive in the coal  face. The explosive charges are fired, depending upon  the 
outburst  hazard, from behind  the  barrier or from the  mine  surface.  In  the last case, f i n g  is 
called central firing. Depending  upon  the  hazard,  the  miners are either  withdrawn  behind into 
safe barriers or removed  completely to  the  surface. In this  case, f i n g  is  done  in  accordance 
with a set  timetable  and  most  frequently  between  the  change of  shifts. 

Loiret and Laligant (1923)  have  analysed  the use  of this method  in  Gard coal field. Their 
statistical analysis shows that after the introduction of inducer shotfiring, the number of 
outbursts  increased  greatly both in CH4 and C02 mines.  While  during the period 1879-99,23 
and 79 outbursts occurred in C02 and CHq areas  respectively,  but in 1900-21 their number 
increased to 1,084 and 422 outbursts of C02 and CHq respectively. The ratio of outbursts 
(CO;! and C&) which caused fatal  accidents  decreased by 6% during  the  period 1879-94 and 
by 1.3% during the  period  1900-21  with a tendency of systematic  drop  with  time.  However, 
these statistics also show  that  fatal  accidents  per  million  tonnes of coal rose  from  0.19 during 
1879-99  to  2.0 during the  period  1900-21. This index  was  2.4,  1.8  and 0.3 for the period 
1900-09,1910- 19 and for the two years 1920-21 respectively  thus  showing a decreasing  trend 
after a sudden increase in the first 10 years, 1900-09. Loiret  and  Laligant do not give the 
reason for  increase in this index after the introduction of inducer shotfijlg. Besides 
emphasising  the  advantage of  this  method  such as allowing  extraction of coal  in  Nord  d'Alais 
and  Rochebelle coal fields,  they  also  noticed  the  disadvantages: 

Increase in the number of development  headings. 
Excessive  drop  in  the  size of coal  produced. 
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Increase in the cost of  maintenance of roadways as a result of damage caused by 

Dangers  associated  with  accumulation of  gas  in  the cavities  formed in the roof  (C&)  and 
outbursts. 

floor (CO2). 

There  is  a  general  agreement  that  this  method  should be used  only  where all other  methods  have 
failed  to  control outbursts and  where  the  danger of outbursts  has  not  been  understood  as, for 
example,  in  opening of  new deposits  not  worked  previously by shafts,  blind shafts or cross- 
cuts driven from rock to  intersect  the coal seam.  The  major  disadvantage is the increase in 
number  of  outbursts,  which  would  not  have  occurred  if this method  was  not  used. 

Inducer  blasting,  as  a  method of provoking  outbursts, also found  its  use  in  many coal fields  in 
Europe  and other continents facing outburst  problems. In  the  Lower Silesian coal basin, 
mandatory  central  blasting was  introduced  with 3 m deep test  holes  in  1910.  Two  years  later 
safety barriers were introduced-for the  protection of workers. The use of picks was also 
forbidden  (Noskowski,  1980).  Wilson P. A. C. (1931)  considered  inducer shotfiing as the 
common  method in this  coal  field. 

Vandeloise  (1966)  mentions  the  use of this  method  in  Belgian  coal  fields.  However  Laligant 
(1913) mentions this as the only  method of anticipating  spontaneous  outbursts.  Robbings 
(1926) introduced this method  in  West  Wales  coal  field.  In  Mecsek coal fields (Hungary) 
inducer shofiring was an important  method  for  eliminating  danger of unexpected  outbursts. In 
Donetsk coal field (Ukraine)  'inducer shotfiing was introduced  during  the  period 1933-34 
(Bilenko,  1932,  1933,  1935,  1936). 

In  Canmore  coal  field  (Western  Canada)  this  was  used  in  the  forties. All outbursts  occurred in 
this coal field after the introduction of this  method (Wilson, W. A., 1954). At depths 
>200  m,  this  was  the  standard  method of extraction  (Patching  and Botham, 1966).  In  Cassidy 
Colliery,  Nanaimo coal field,  Vancouver  Island,  this  method  was  considered for introduction 
(Wilson  and  Henderson,  1927),  but  the  Department of Mines  refused  to  accept it from the point 
of  view of safety  especially  as  blow  outs  had  occurred  during  the  change  of  shifts  where  there 
were  no  men  in  the  working  place. 

Direct  reason of introduction  for  this  method  in  Australia  was  the  occurrence of C02 outbursts 
in No. 1  State  Mine  in  Collinsville, Bowen  basin  and  in  Metropolitan  Colliery,  Sydney  basin 
(Hardie  and Hargraves, 1960;  Hargraves et al,  1964). Roberts (1981)  has  very positively 
remarked about this method.  Hardie  and  Hargraves  (1960) in their study  on outbursts 
concluded as "the only  widely  adopted  and  generally  applicable  safety measure against 
instantaneous  outbursts  is the practice of inducer shotfiing". The  method  was also used  in 
Leichhardt  Colliery  where many outbursts  occurred  with  blasting, 
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In Japan, in Hokkaido coal field,  inducer  shotfiring  has  not  been  widely  accepted. Ujihka and 
Hashimoto (1976a) confirm that in development, provoking of outbursts using inducer 
shotfiiring is an empirical method  and is the  last  resort  when  no  other  methods are available. 
This is due to high  costs  associated with the  damage to excavations  and  delays, etc. Because of 
its empirical  nature,  large  variations  exist in its application  in  different  coal  fields  and different 
regulations governing its use. Further  development of this  method  was  aimed at eliminating 
spontaneous  and  delayed  outbursts  and  reducing  the  effect of induced  outbursts. 

In Metropolitan Colliery, first 2 x 6 shots  and  later  a  full  face firing (1961)  with 12 - 16 shots 
was introduced (Hargraves et al, 1964). IC1 short  delay  detonators  with delays of 1 ,2  and 3 
were  used  with  shearer  cutter  with  a  centre  line  cut as well  as  without cuttings (Fig. 5.37 a,  b), 
with care that if cutting caused  uncontrolled  bumping,  then  solid  blasting  (grunching) will be 
adopted. Exhaust ventilation with 18 inch  (450 mm) ducting  was  used  delivering  6,000 cfm 
(-20 m3/min).  A summary of regulations  relating  to full face shotfiig prevailing at that  time 
are given in Appendix  la.  Observations  showed that  at  no  time  the  outburst  products  built  up  to 
jeopardise safety at 100 yd  on  the  intake  side  of  the  place fired. Any  gas  accumulation  has  not 
been instantaneous but rather slow, rising in  level from the floor, giving warning to the 
approaching  shotfiirer by its apparent  warmth,  smell,  and  its  extinguishing effect on his safety 
lamp.  In the introduction of inducer  shotfiring  in State Mines  in  Collinsville,  the conditions 
applicable are given in Appendix Ib. 

Numerous outbursts occurred at Metropolitan  Colliery.  The  roof  conditions  deteriorated  either 
due to shotf i ig  and  exposing more roof  or  due  to  outbursts or both.  Many  times  more coal 
was  dislodged with higher gas emissions. 

The  standard shotf i ig  technique used  at  Leichhardt  Colliery  was  as  follows:  (Fig.  5.38) No 
undercut was given. The length of the  holes  was  2.13 m. The  top  holes  were  placed 0.3 m 
from the  roof  horizon  parting.  "Morcol",  a  semi-gelatinous  explosive  with  high  bulk factor 
(bulk strength 50% BG) with good water  resistant  qualities  was  used. All holes  were  charged 
with 800 g of explosive. Holes  were  inversely  initiated - with  delay  action detonators of 
100  ms. Firing was done from  a  distance of 200 m  (Hanes,  1980)  off  the  roadway. Blasting 
from  the  line of the  roadway  should be done  only in the  case of absolute  necessity.  According 
to Hanes  and  Moore  (1980),  inducer  shotfiring  has  been used as preventive  measures against 
outbursts,  however,  the fact that  his  method  has  not  been  sufficiently  effective, & because  it  is 
unknown  whether  blasting  itself  can be the direct cause of  gas  outbursts. 
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Fig. 5.38. Standard shotfiring  round  at  Leichhardt  Colliery 
(Moore  and  Hanes, 1980). 
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5.7.2 Capacity of Inducer Shotfiring to Provoke an Outburst 

While considering the  question of provoking an outburst  with  inducer  shotfiring, one has to 
understand two aspects.  Firstly,  one  must h o w  the location  and  depth of the cut  (pull) i.e. the 
distance  from  the  face to the  newly  developed  surface  that  ensures  the  initiation of an  outburst. 
Secondly,  one  must  consider  the  quantity of explosive  and  the  placement of holes  to  break  the 
coal mass lying between the face  and  depth of  the  cut  to  the  point  of the newly  created  surface. 

Modern blasting technique ensures optimum  solution  to  the  second  aspect of this problem. 
Much  more  difficult is the  solution of the  first  aspect. Till today  there are no methods to defiie 
the following: 

Location  of  the  position  in  the  heading,  where  the  face  preparation will induce an outburst 
and  where it is essential. 
The  depth of the  blast (pull) that  when  blasted,  will  initiate an outburst. 

As a consequence,  two  undesired  effects of inducer  shotfiring  occur.  These are, either there is 
no induced outburst, or the outburst is delayed.  The  non-occurrence of an  induced outburst 
creates  conditions  and  danger of a  delayed  outburst. 

Khodot (1961 a,  p. 317) tried  to  solve  the  above  problem.  He  made  a  tacit  assumption  that  the 
location of the face occurs at a  point  where  the  conditions  for  an  induced  outburst are fulfilled. 
He  then  determined  the  depth of the  pull  required to initiate an outburst.  He  assumed  that coal 
seam is a  brittle elastic material  (Hooke's  medium)  and lies between  two  elastic beds. Solving 
the plain strain equation, he calculated the elastic strain energy liberated with sudden 
displacement of face for a  given  depth of  pull.  The  amount  of  energy liberated is calculated for 
two  depths. In the first case where  the seam at  the  face is at  critical  position  and  in  the  second 
case where  the seam changes  from  the  critical  state  to  the  elastic  state.  Increase  in  depth of the 
pull  beyond  the second zone does not cause increase  in  the  capacity of inducer blasting to 
initiate  an  outburst. 

The  conditions for an initiation of an outburst are that  the  potential  elastic  strain  energy of coal 
and  the  seismic energy of the  blast is greater than  the  work  required  to  fracture  and  deform  the 
coal mass. The role of gas is only to crush  the  coal  and  transport it. Table 5.8 shows  the  depth 
of pull  required  to  initiate an outburst. 7 
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Table 5.8 De~th of DUU reauired to initiate an outburst 

-Egz 
Mining, 

m 

300 

500 

800 

Shear  strength 
of coal, 
kg/cmz 

0.2 
1 .o 
5.0 

10.0 

0.2 
1 .o 
5.0 

10.0 

0.2 
1.0 
5.0 

10.0 

(Khidot, 1$61a, p. 321) 

hth of ~ul l .  m - 

12 

4.40 
3.1 1 
1.88 
1.37 

4.80 
3.52 
2.26 
1.73 

5.20 
3.90 
2.62 
2.08 

16 
3.90 
2.76 
1.70 
1.27 

4.25 
3.13 
2.03 
1.57 

4.60 
3.46 
2.35 
1.87 

20 
3.43 
2.45 
1.50 
1.13 

3.74 
2.76 
1.80 
1.41 

4.03 
3.05 
2.05 
1.67 

25 
2.89 
2.08 
1.30 
0.98 

3.14 
2.33 
1.53 
1.21 

3.38 
2.57 
1.76 
1.42 

The above values have  been  determined  for  the  conditions  prevailing  in  Donetsk coal field for 
thickness of coal 1 m,  and for weak  to  medium  strength  coal.  (Protodyakonov  index f = 0.4, 
for density of overburden = 2.5 kg/cm2).  The  table  shows  that  increase in the depth of blast 
holes above 1.5 - 2.0 m  is  useful  only  in  coals  with  very  low  strength, for which  shear  strength 
is ~ 0 . 1  MPa  and 9 <25 - 20". In  most cases, in Donetsk coal field, the depth of cut lies 
between 1.5 - 3.0 m. 

According to Khodot,  energy  released in  inducer  shotfiring  and  energy  required to induce an 
outburst i.e. energy for crushing  and  deformation of coal, are fairly close to each other  and 
hence  inducer shotfiig is  not a reliable  method  for  inducing an outburst. 

The prediction,  whether an outburst  is  induced  during fiing is important.  Measurement of gas 
during blasting  gives an  indication of  the  outburst  potential  and  the  occurrence  of  an  outburst. 
Studies conducted in Germany  (Noack  et al, 1983) have  shown  that if the amount of gas 
liberated in  the fiist 30 minutes  is  greater than 60% of the  total  desorbable gas content of  the 
blasted coal, then there is a great danger of  an outburst.  The  amount of gas liberated in 
30 minutes can be calculated from  the  shape of the  gas  emission curve with  an  accuracy of 
+lo%. 7 

5.7.3 Suppressed Outbursts 

Based  upon  the analysis of a series of outbursts  in Nowa  Ruda Colliery,  Lower Silesian coal 
basin, Halamaj and Szwajgier (1965) have  divided  the distance between  two successive 
outbursts within a heading into five zones  (Fig. 5.39) in  an area not disturbed by  tectonics. 
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These  zones were differentiated  based  upon  measurements  of  gas  pressure, gas contenb-rate of 
increase of gas pressure (AP), and  macrostructure of coal at  the  face. The five zones are as 
follows: 

A - Outburst  cavern 
B - LOo~ecoal 
c - Degassedcoal 
D - Coal  with  low  potential  energy 
E - Coal  liable  to  outburst, 

This distance between  these two successive  outbursts  is  called "Outburst Step". In mines, 
where  the value of this step is  small,  the  economic  consequences of frequent clean up are 
enormous. In an effort to control this,  barriers  were  introduced to increase resistance to  the 
movement of coal mass. A design of the  barrier  used in Poland is given in Fig. 5.40. The 
barrier  consists of a  steel m e  that  can be easily  installed in the  roadway  against  the  face. 

The frame of the barrier is covered  with  expanded  metal  mesh of 20 mm cross-section for 
additional resistance to  the  outbursting  mass.  Another  design of the  barrier  used  in  Donetsk 
coal basin is given  in Fig. 5.41. This  barrier is much  more  permeable  and  hence is mounted 
very close (3 m) from the  face.  It  is  installed  at  a  distance of 8 - 15 m from the face position 
where an outburst is expected ensuring that it is not  mounted on the side from which an 
outburst is expected or which  form  the  throat  of  the  outburst  cavern  (Khodot,  1962, p.  319). 

The use  of a  barrier  has the following  positive  effects. 

Decrease in the length of the  zones A and B by 58 - 63%. 

Only  fine coal escapes  out of  the barrier  zone  and  is  limited  from a few  to  several  tonnes. 

Increase  in  the  density of packing of coal  mass  between  the  barrier,  outburst  cavern  and 
the  zone €3. 

Decrease  in  the  time for re-installation of ventilation in the  roadway  (section)  to about 4 
hours  and  reduction of gas  emission  in  the  suppressed  outbursts by a factor of  almost 8 
(e.g.  from 300,000 m3  to 40,000 m3). 7 



Fig. 5.39. Position of 5 zones 
(A - E) between two successive outbursts 
(Modified from Halamaj 
and Szwajgier,  1965) 

Kierunek  postepu  chodnika - 

cisn aazu w a m  - gas  pressure, am. J 

direction of development of roadway 
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Fig. 5.40. Outburst  suppression  barrier,  Polish  design 
(Halamaj and Szwajgier, 1965) 

przekroj  p6dluzny - longitudinal  cross-section 
pnekroj  p6przeczny - face  section 
siatka MM - expanded  metal mesh 
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The major negative effect of introduction of the  suppression  barrier is the reduction in the 
degassed zones A - D (Fig. 5.42) and as a  result,  decrease  in  the value of the  "Outburst  step". 
This in turn required more frequent  inducer  blasting  to  initiate  an  outburst.  Table 5.9 gives  the 
mean  lengths of the various zones.  While  the  length of all zones  reduces,  the  length of zone E 
remains unchanged. It is worth mentioning that the zone E is the safe barrier which if 
maintained, an outburst will not  precipitate. Only when this barrier is broken  by inducer 
shotfiig, the  new surface is created and an outburst is initiated.  Kozlowski  and Pol& (1978 
a, b)  have  assessed this technology very  favourably. 

Table 5.9. Mean  length  of the  various  zones  in  suppressed and 
normally  provoked  outbursts (Halamaj and  Szwajgier, 1965) 

No. 
1 

1 
2 
3 
4 
5 

I 

Mean  length of zone, m. Outburst 
Zone Suppressed Normally provoked 

2 

5 8 D 

3 7 c 
4 11 B 
5 12 A 

4 3 

E 3 3 
Total (A - E) 20 41 

5 

Fig. 5.41. Outburst  suppression  barrier,  Donbass  design  (Khodot, 1962). 

1 - Concrete  support, 2 - Steel  arch  segment 
3 - Steel rope ring, 4 - Steel  rope  eye 

5 - Steel rope forming the  barrier 
6 - Steel  rope  eye  holder, 7 - Face 
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Fig. 5.42. Positions of zone 
A - E when  using  outburst 
suppression  barriers 
(ModifiedhmHalamaj and 
Szwajgier, 1965) 
kierunek  postepu  chodnika - 

direction of  development of roadway 
cisnienie  gazu  w atm - 

gas pressure, am. 

P 
+- 

Y 

Suchodolski (1990) has  analysed  the use of this  technique  over 20 years of its use. Table 5.10 
compares  the  parameters of normally provoked and suppressed outbursts in various 
excavations during the  mining of fireclay beds in Nowa  Ruda Colliery.  Here,  the  outbursts are 
associated with the coal partings  lying  within  the  fireclay beds. The main conclusions drawn 
are as follows: 

There is no real difference in the  length of "outburst  step". 

The mass of rock displaced in  suppressed outbursts is lower,  though statistically the 
difference is not real. 

The degassing factor found by Suchodolski in suppressed outbursts is higher than  in 
normally  provoked  outbursts. This is in  contrast  to  the results that  one  would  normally 
expect.  There  is  no  data  on  the  accuracy of gas  emission  measurements. 

5.7.4 Double-Pull Inducer Shotfiring 

Double pull inducer  shotfiring  has  been  practised  in  Lower  Silesian coal basin  (Suchodolski et 
al, 1976). Traditional method of inducer shotfiing has  been describedearlier. A similar 
technique  with  much  larger  number of blast  holes is given  in  Fig. 5.43. This was  used in areas 
with very high probability of an outburst.  The  number of holes  varied  between 15 - 30 and 
their depth from 2 - 3 m. In general,  the  amount of explosive  used  was 1,000 g  (Barbaryt)  in 
each hole and were fired  simultaneously,  centrally.  Suppression  techniques  were  used from 
time to  time. 



Table  5.10.  Characteristics of normally  provoked  and  suppressed  outbursts 
in fireclay beds # 11,III and IV in  Nowa  Ruda  Colliery, 

Lower  Silesian  coal  basin  (Suchodolski,  1990) 

Size of outburst 
Range 

DeDth Mean 
Fireclav bed 

outburst 
Type of Period 

“Outburst 
steD”  range 

Mean 

Degassing 
Index  Ran& 

Mean 
[ m3. tonnes] 

Type of roadway 
and  number 
of outbursts R&ge 1- [ml [tonnes] 

Volume of gas 
r103.m31 

4 

2.0 - 18.Q 
11.6 

2.3-36.1 
9.0 

!3!&m I 1968 - 80 
Nonnallv 

420 - 800 30 - 700 ‘ I  158.4 
40.5 - 150.0 

93.4 
Strike  roadway - 12 
Dip  roadway - 1 

provokeh 

3.0 - 24.5 
9.3 I 720 - 816 50 - 250 

146.0 
Bed # 11 1975 - 79 
Suppressed 

Bed # III  1968 - 81 
Normally 
Drovoked 

8.0 - 28.0 
12.5 

6.0 - 22.0 
11.2 

42.8 - 200.0 
110.6 

50 - 180 
65.3 

Strike  roadway - 19 
Dip  roadway - 1 

2.5 - 27.0 
12.2 

554 - 768 40 - 707 
151.5 

Strike  roadway - 10 
Dip  roadway - 42 
Cross-cut  in  rock - 2 

6.5 - 23.0 
11.1 

1.5 - 21.0 
8.0 

Bed # 111 1968 - 81 
Suppressed 

481 - 828 50 - 180 
90.0 

5.1 - 210 
84.6 

Strike  roadway - 75 
Dip  roadway - 10  (88) 
Cross-cut  in  rock - 3 

Strike  roadway - 15 
Dip roadway - 6 (25) 
Rise roadway - 2 
Cross-cut  in  rock - 2 

Strike  roadway - 20 

Bed # IV 1979 - 86 
Normally 
provoked 

2.1 - 24.0 
9.8 

640 - 825 20 - 460 
111.9 

0.7 - 15.0 
3.8 

8.7 - 70.0 
40.5 

0.7 - 20.0 
7.8 

Bed # IV 1983 - 87 
Supressed 

7.2 - 20.5 
12.8 

640 - 829 15 - 170 
11 1.3 

35.0 - 142.0 
71.1 



The main problem, as outlined earlier, was  the  location  of  the position of face (zone E) 
(Halamaj and Szwajgier, 1965)  and  defining  the  depth of pull (Section 5.7) such  that  an 
outburst is not initiated during  preparation  and  prior  to  inducer  shotfiring.  To  overcome this 
problem, double-pull inducer  shotfiring was  developed.  The  arrangement of holes is given in 
Fig. 5.44. The initial position of the  face  lies  in  the  zone D. The f i i t  shallow  pull  is  defined 
by shorter holes of 0.6 - 1.3 m. These  are  loaded  with  explosive  material  varying  between  300 
- 700 g. The purpose of these  holes  is  to  prepare  the  coal  for an eventual  outburst,  i.e.  creation 
of a new surface lying at the  beginning of the zone E. The depth of the  second,  main  pull, 
varies  between  3.1 - 4.0 m from  the  initial  face  location.  The  second  pull  must  lie in the  zone 
E. These  holes are loaded with  explosive  material  varying  from  700 - 150 g and  are  fired  with 
a delay of 26 - 52 ms in relation  to the shorter  holes. 

Suchodolski et  al(1976) have  conducted  an  analysis of the  first 10 outbursts  provoked  using 
this double  pull  method.  Their  conclusions are as  follows: 

The double pull method  allows  provoked  outbursts  using a longer  length  of  safety  zone 
part of zone D and  zone E). This allows  preparation  work  to be carried  out at the 

face which  has a lower  probability of  an outburst  (lower  outburst  parameters by  38 - 
50%) 

This allowed  safer  operation in  provoking  of  outbursts. 

The damage  to  the  roadway  support  between  the  face  and  the  outburst  suppression  barrier 
was  reduced. 

The elongated bench  produced  between  the  safety  zone  and  the cavern acted as a 
suppression  barrier  (Fig. 5.45). 

;I-Zi3m-9: 

Fig.  5.43.  Traditional  blasting for ;6 4% /4 ?O 

provoking  an  outburst 0 27 

(Suchodolski et al, 1976). 8 16 2 
27 3 7 iq., 
:o 2 I6 

i* 0 
9 
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Fig. 5.44. Double-pull  inducer shotfi ig (Suchodolski et al, 1976) 

1 - Preparatory  holes 0.8 - 1.3 m long  loaded  with 300 - 700 g of explosives 
2 - Provoking  holes 3.1 - 4.0 m long  loaded  with  700 - 1,500  g of explosive 

Fig. 5.45. A scheme of a  cavern 
in  a  double pull 
provoked  outburst 
(Suchodolski et al, 1976) 

spag - floor 
strop - roof 
Czolo  przodku  przed 

wywolywamiem wyrzutu - 
face  position  before 
provoking  an  outburst 

wyrobisko - roadway 
kanal laczacy  kawerne 

powyrzutowa  z  wyrobiskiem - 
elongated  throat of the cavern 
connecting  the  roadway 

Kozlowski  and  Pol&  (1978a)  have  commented  very  favourably  about  double  pull  method from 
a  practical  point of view.  Increase in the  amount of explosive  allowed  destruction of this safety 
zone  ensuring  an  outburst. 
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One of the problems of safety during preparation is to ensure that an outburst is not initiated 
prior to blasting.  Drilling  operations,  particularly  when  a  large  number of holes are required, is 
particularly dangerous. Special barriers have  been developed  (Noack et al, 1983) which are 
placed right at the  face  and  the  face is drilled through the barrier.  Windows are provided in the 
barrier to locate the drill hole  position.  These  barriers  may be made  from  wooden planks and 
beams or of steel construction  (Fig. 5.46). A  gas  monitor is placed close to  the drill machine. 
All unnecessary electrical equipment is shut down. This is particularly so when drilling 
destressing holes. 

Fig. 5.46. Securing of face  in  large  X-section  roadways 
(6.50 x 4.60 m, A = 24.3 m2) in  a  coal  seam  up  to 1.80 m 

(Noack  et  al, 1983). 

Spreizhulsenanker M24 - bolts, 24 mm diameter 
Offnung - openings 
Holzbohlen - wooden  beams 
Rohr 105 x 8 - Pipe  105 X 8 t 

5.7.5 Delayed Outbursts 

One of the  disadvantages of provoked  outbursts  are  the  delayed  outbursts.  Delayed outbursts 
are  those  that do not  precipitate  simultaneously  with  blasting,  but  occur  with  some  delay  which 
may extend in some cases to  a  few days (Pescod, 1947-48; Chlap and Barcinski, 1980). 
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Pescod  (1947-48),  in  his  analysis of outbursts  that  occurred  in  anthracite  mines k West Wales 
during the period 1907-47, relates these  to  the  presence of geologically disturbed areas and 
frequently  states  the  occurrence of delayed  outbursts  in  relation  to  the timeof f ~ n g  and  some 
times at the firing of single holes.  Pescod  also  mentions  outbursts  that  occurred in the  absence 
of miners at the  face  and  without  any  provoked firing or use  of explosive  while  mining. 

An outburst  that  occurred  in  Pumpquart  seam,  Ponthenry  Colliery  is  a  very clear example of a 
delayed outburst. The outburst caused the loss of five lives,  and four other persons were 
rescued  unconscious.  The  East  Level had  been driven  10 ft (3 m)  wide  through a  bed of soft 
thick  coal.  Immediately  on  the  outbye  side of this,  the  usual  top  holes (gate roadways in the 
step-longwall face) were  being  driven  to  the  rise.  A  round of shots  at  the face of the  heading 
some  45 - 50 yds (40 - 45  m)  away  had  been  fired  about 10 min prior  to the occurrence of the 
burst. A huge  volume of fire damp  was  liberated along with  110  tons of coal.  The gas forced 
itself  against  the  air-current in the main intake start for  several  hundreds of yards. 

Subsequent to the loss of five lives  in  this  outburst,  recourse  was  made,  under an exemption 
from  the  Mines  Department,  to  volley firing as a  safety  precaution,  in  locations suspected of 
likely  bursts,  with  the  intention  to  precipitate  the  occurrence. 

One of the  early  assessments of inducer  shotfiring  from the  point  of  view  of delayed  outbursts 
was done by Szirtes (1964)  for  the  Mecsek coal field  (Hungary)  for  the  period  1955-60.  He 
divided  the  outbursts  into  three  groups  as  follows: 

Instantaneous  outbursts - 54.8% 
Inducer shotfi ig - 22.5% 
Delayed  outbursts 23.7%. 

Obviously,  in this case every second  induced  outburst  was  delayed. The delay  varied from a 
few  minutes  to 30 hours. Also the  most  severe  outbursts  were  the  delayed  outbursts. Szirtes 
also  notes  that  while induced outbursts  during  this  period  1945-59,  decreased from 3 1.9% to 
22.596, the  percentage of delayed  outbursts  increased  from  17.4% to  23.7%  when compared 
with data  prior to 1945. Szirtes explains  that  delayed  outbursts  are  because of low  strength of 
the coal seams  and the occurrence of large  geological  disturbances.  According to  him,  such  a 
large  percentage of delayed  outbursts  is  not  experienced  in  other  coal  fields  with  equivalent  gas 
conditions. 

Similar analogous statistics are presented by Ujihira  and  Higuchi  (1986) for Hokkaido coal 
field.  Their  results  are  given  in  Table  5.1 1. 
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Table 5.1 1. The  time  intervals  between  shotfirings and outbursts 
(Ujihira  and  Higuchi,  1986) 

Time  lapse  after 

outbursts 
65 4 2 4 3 3 1 1 7  31 Number of 

- 180 60 30 20 5 after  shotfiring shotfiring (min) 
Total 180  Indistinct 60 - 30 - 20 - 5 - 0 - Immediately 

Table 5.1 1 shows the time intervals from shotfiring to outbursts which occurred only after 
blasting. Many outbursts have occurred immediately after shotfirings. These outbursts 
occurred 31 times out of 65 (48%). On the  other  hand,  some  outbursts  have  occurred  with  a 
delay of more  than 60 min and  cause  serious  problems. 

Ujihira  and  Hashimoto  (1976a)  believe  that  this  delayed effect is associated  with  the  seismic 
wave  induced by blasting.  The  direction of this  dynamic  wave  propagation is opposite to the 
direction of movement of  the  material.  While the pulverised  coal is temporarily  compressed by 
blast pressure, with  the  advance  in  gasification several minutes later, the outburst comes 
pushing back. The excavated coal which is in  the drift immediately after the blasting 
suppresses the  new  heading  face  which  causes  a  temporary  delay of the  outburst. In such  a 
case, as the blasted  and  piled coal at a drift heading  is carried away, the coal face of drift 
heading is often  pressured  out. 

The rock cracking sound  which is a  presign of  an outburst  may  arise  as  a result of blasting in 
front. At times  even when  rock  cracking  sounds  are  heard,  gas  outburst  may  not  occur. 

Delayed  outbursts  have also been  reported  in  the  Bulli  seam. An outburst  occurred  towards  the 
end of  the  bolting cycle in  Oakdale  Colliery  in  high CO2 area some 20 minutes after mining 
using  a continuous miner  had  ceased.  The  outburst  threw  out about 10 tonnes of coal. Kelly 
(1995)  describes  the  conditions  as  follows: 

After  mining ceased, bolting  was  commenced  and  the  following  unusual  changes were noticed 
at the face: 

Water  issuing  from  the  left hand comer of  the face. 
Cinder  like  material  appeared in  the  roof,  and  spalled  from  the  face. 
Roof  breaks  intensified  and  were  more  readily  apparent. 
Coal on  the right hand  side  took on a  disturbed  appearance  and seemed to contain a 

t 

clayey  substance. 

The miner  had  sumped -1 m. It  was  decided to cease  mining  and  hence  the face was  squared 
up.  When  the final support  was being erected,  the  outburst  occurred. 

287 

"" - "" "" - """"" " - ~  ~ "" 



Patching and Botham (1966)  describe  that  in  Carbonado  Colliery  (Morrisey),  Crows  Nest  coal 
field,  Western Canada, in 1904, after  the  mine  had  been  shut  down  for two weeks, an outburst 
occurred upon resumption of  work in which  about  3,500  tons  of coals were  thrown  out, 
releasing 60,OOO to 140,OOO m3  of methane  in  30  minutes  and  asphyxiating 14 men. 

A  description of two major  delayed  outbursts is given  below. The first outburst caused 151 
fatalities and the  second  caused three fatalities. 

(a) Delayed outburst of C02 and coal in Waclaw seam, Waclaw region of Nowa Ruda 

Colliery, 9th July, 1930. 

Wilson, P. A. C. (1931) and  Kruk et a1 (1963)  have  analysed  this  outburst in detail. This 
outburst caused 151 fatalities. The mass of rock  and coal ejected was  3,350  tonnes  with 
30,000 m3 of gas liberated. 

The  outburst  occurred in the  lower  part of  the  longwall  face  with a  face  length of  190 m in  seam 
of 1.5 - 2.5 m thickness and lying between 260 m  and  350  horizons  (Fig.  5.47)  and  the 
immediate  roof and floor consisted of sandstone.  At  13.15  hours  on  the  day shift, remote 
firing  was done at the  face at three  positions,  in  the  ventilation  roadway  in  the  top 50 m  section 
of the roadway, in the transport roadway  and  in  the "x cut" in  rock at "2,800  m"  placed 
immediately  below  the  longwall  face  where  the  outburst occurred. 5 kg of explosive  was  fired 
in the "x-cut". Till the  beginning of the  second  shift,  at  14.00  hours  there  were  no  warning 
signs of the  danger.  Face  extraction and drilling was  continued at the  face.  Wilson, P. A. C. 
(193  1)  and Kruk et  al(1963) describe  the  course of  the  outburst as follows: 

"Several  minutes after 16.00 hours, an  immense  and  instantaneous  outburst  of C02 occurred. 
In  a  moment,  the gas filled the  whole 17 section  and  after  one  or  two  seconds  had  travelled  to 
the  main  haulageway  of  the  third  level  about 750 m  from the place of the  outburst. Gas first ran 
against  the  main fresh air current  and  was  carried  into  the  neighbouring section, panel  18, 
filling both the gates and the face. All  men  in  this  and  the  next  panel  were  killed.  Several 
minutes passed before  the  occurrence of  the outburst  became  known  on  the  surface.  It  was 
impossible to examine the  section 17  or  the  panel  before  the  afternoon  of  the following  day. 
The physical effects of the  outburst  in  section 17 in the lowest  third of the  Jongwall face 
showed  that  a great block of coal, 16  m  long by 8  m  deep had  been  pushed  out  of the face  to  a 
distance of about  2  to 3 m  without  crushing.  Moreover, an immense  amount of very  fine  coal 
dust  had  been  blown  out  and  filled  the  longwall  face  to  a  length of 130  m  from  floor  to  roof. 
The  plan surface of  the  outburst  area  was  about 700 m2. After  the  longwall  had  been  cleaned 
up, three headings were  driven  to  examine  the  physical conditions at the  place where the 
outburst  occurred. It was  found  that  a  fault  (that was  not known) had  existed  about 15 m  ahead 



of the face immediately  prior  to  the  outburst.  The gas stored  at  the  fault,  however,  could  not be 
detected in advance, the  holes  bored to  examine  the  wall  were  not  deep  enough.  Just at the 
moment  when  the wall of coal  retaining  this  accumulation of C@ wasweakened by advance of 
the  face, the pressure of gas in the  cluster became strong  enough  to  burst  out  suddenly  without 
warning at one small place  and  then  the  torrent of gas  pushed  away  the  block  of coal  and  threw 
it out  with an immense  amount of extremely  fine  coal  dust." 

Wilson ends with a note "This explanation, however, is only a personal opinion. The 
government of the  mine  believes - and so do  the  officers - that  the outburst was  caused by 
rupture or by a shock  imparted by  the strata. The  precise  reason why the  outburst  could  happen 
at all and how it caused  the  observed  effect will remain a real  secret,  all  eye-witnesses  being 
dead". 

Fig. 5.47. Map  and  sections 
of the  longwall  at  Wenceslaus  Mine, 
where the outburst  occurred 
on July 9, 1930 
(Wilson, P. A. C., 193 1) 

Former  outbursts are marked 
by dates and  quantities  blown  out 
are given  in  metric  tons. 
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Kruk et al (1963) present the  reason of this outburst  based  upon the mine management as 
follows:  "Just  after 16.00, the  driver of  the  locomotive at the start of the  field  cross-cut, 800 m 
away from the  position of the  outburst  experienced  a  shock  wave  due  to  destressing. The force 
of this destressing  was  located at  the  face  which stood this  stress. This impact  affected  the coal 
face causing the displacement of the  coal  block 30 m  long,  2- 1/4 m  high  and  a  few metres wide, 
throwing it together  with  the  coal  cutting  machine,  that  was in motion,  towards  the goaf. This 
also allowed release of a large amount of gas,  sufficient  to  asphyxiate  the  miners. The burst 
advanced  further,  crushing  the  coal which  had  no  support  as  a  result of the  displacement of the 
block. As a result of sudden  increase  in  width of the coal exposed,  the  rate of emission of gas 
increased  rapidly. The miners  became  unconscious  and  were  killed  instantly. The destressing 
continued further, almost  three  hours  prior  to  the  detonation  wave from the  "x-cut  had  resulted 
in  the  attainment of critical state of coal  and  gas.  At  this  place,  with  low  strength  of  coal,  with 
most probable conditions of outburst,  bumps  occurred  like  a detonation of the explosive or 
firing of a  bullet. The emission of suddenly  large  amount of gas  accelerated  the  movement of 
coal,  covering  the  rniners  and  throwing  them  together with the support." 

From  the two analyses  presented  on the same  outburst  event,  one  can  underline  the two points: 

(i)  For  Wilson,  the  outburst  is  a  real  event,  as  described by  him. 
(ii) For Kruk et al, it is a  historical  event  with  their  analysis  based  upon  the  document left by 

the  mine  management. 

The above  analyses  present differentconcepts on  the  nature of the  outbursts as prevalent in the 
thirties. 

(6) Delayed outburst of CH4, coal and  rock in Wtashinai Colliery, Hokkaido  coal field, 

Japan, 3rd March, 1967. 

The analysis of this  outburst is given by Ujihira  and  Higuchi (1986). The  outburst  occurred  in 
a development roadway at a depth of 440 m  (Fig. 5.48) under  highly faulted zone. In this 
zone, fault was recognised once  per  10  m of driving.  Although  the drift had  been  advanced 
along  the coal seam, it moved  to  rock  because of down  throw  of coal seam Before shotfiring, 
existence of fault and coal seam  ahead of the  heading  had  not  been  checked  by mring because 
drilling through rocks was  difficult. Shotfiing was  practised  and  the  number of centre cut 
shotholes was 4 and their length 1.5 m. There  were 37 shotholes  and  their  length  was 1.2  m. 
No. 51 1 ammonium nitrate  explosives of  12.3 kg was  charged in holes.  The  outburst  occurred 
4 hours  and 50 minutes  after  the  blasting.  It  is  considered  that  gas  pressure gradient in network 
of cracks in the coal seam ahead of the  heading  was  increased  following gradual destruction of 
the coal. The low gas permeable  cover  rock of 1.1 m  thickness  supported gas pressure but 
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Fig. 5.48. A typical type outburst in the  district of geological  disturbance. 
(Ujihira  and  Higuchi, 1986). 

might have lost the resistance finally. In this  incident, 3 workers who  were loading waste 
rocks  were  buried  and died. A man in charge of safety  could  not  find  any  symptom  because  the 
rock cover was hard. If the presence of coal seam  in front of the heading was exactly 
prospected and local gas drainage practiced,  there  were possibilities of prevention of this 
disaster. 

5.7.6 Hydraulic Perforation 

Because of a large number of delayed  outbursts  in  soft,  high stress regions  in  Pecs  Collieries of 
Mecsek coal field (Hungary) .a new  technique  called  hydraulic  perforation  was developed 
(Szirtes, 1964). 

In this coal field, studies  indicated  that  the  frequency  and  violence of the  outbursts  is  inversely 
proportional to the stresses and  gas contained in coal seams. It was concluded that gas 
outbursts could be prevented by removing  some  material  ahead of  the  faces.  This  would  relieve 
stresses as well as the  gases. In these  mines, it was  easy to do this  because of low  strength of 
coal. Tests on relieving the  stresses  were  done  between 1961 and 1963. Two methods for 
removing of materials, i.e.  hydraulic  excavation  when  the  seam is intersected  (Fig. 5.49) and 
perforation in drifts advanced  to  the  seams (Fig. 5.50) was  applied on a  large  scale. 

The first method is based  upon  increasing  the stress to  a  level just above  the,critical level so that 
an outburst is induced. In the  second case, the  removal of  the  material reduces the stress. 
Fairly large amount of material  is  required to be removed for stress build up or stress reduction. 
There is no definite  data on the amount of material that must be removed. As a first 
approximation, about 1 m3 of coal  needs  to be removdm thickness of coal. In another case it 
is  estimated  that  about 4% of the  material  is needed to be removed. 
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In the perforation method,  large  diameter  holes (120 - 200 mm) are drilled  (Fig. 5.49) through 
a safety barrier (-3 m of ruck). High pressure (5 - 10 am) water jet  is used to  wash  the coal 
away. The removal of coal  is facilitated  by  the  release of gas and  minor  explosions at a  high 
rate that  sweeps the fragmented  coal. 

When  headings are driven in coal or on  longwall  faces,  the  depth  of  the cavity is much  larger 
(8 - 12 m) and high pressure (45 - 50 atm) is used at a  rate  of 30 Vmin. The tube diameter is 
3/4" (18 mm). The removal of the material  and  the  formation of the  cavity is associated  with 
the  following  phenomenon. 

Under  normal  geological  conditions  no  difficulties are experienced  in  the  first 3 m  section. The 
gas emission rate does not  exceed normally  expected.  Where  there are faults or  thin  parts of the 
seam this section  may be shorter  than 3 m.  As the  advance  continues,  gas  and  coal may begin, 
at any  moment, to flow out and  the  gas  blows  out so violently  that  it  ejects  the  coal  to  a  distance 
of 5 - 6 m. The maximum  intensity of the  eruption of gas and coal is  reached at a distance of 
5 - 8 m from the face.  When  the  second  hole is drilled, the  eruption of gas and coal is more 
intense. It requires 20 - x) minutes  to  make  a  hole  8 - 12 m  long  and  to  remove 3 - 4 m3  of 
material  through it. While winning a  given  amount of material, the road support  has  to resist 
high  pressure. 

During the  second stage (Fig. 5.50b) the  outflow of the  gas needs to be controlled  using  a 1-1/2 
inch (37 mm) casing. The casing string consists of 1 m sections  screwed  together, so that they 
can be added  while  drilling is continued.  The  outer  three  sections (3 m  long) of the string  reach 
the  face,  and are unperforated.  The  other  sections are perforated  in  advance  by  boring 50 holes 
of 1/2 cm2 area each in order to  allow  the  gas to flow  freely from the  seam into the casing 
string. The string so prepared is pushed into the  cavity. As  the rock surrounding  the cavity 
frequently  heaves  in  a  very  short  time,  it is very  important,  and  indeed  essential,  to use a  high- 
pressure  water  spray to create the  necessary  conditions  for  the  introduction of the string.  At  the 
end of the string a hose is fitted through  which  methane flows to the conduit.  Once the 
perforating operation has ended, a considerable quantity of methane (3,000 - 5,000 m3  in 
24 hours) flows out from the  seam  through  the  string. 

Fig. 5 . 5 0 ~  shows the third stage, i.e.  injection. 8 hours later the  tubing string is placed during 
the second stage, it  is surrounded by the  heaved  coal so that  a seal is formedwhich allows 
injection  operations to be carried  out.  High-pressure  pump  outlet  is  connected by a hose  to  the 
casing and injection into the coal face  starts. This is  essentially  the  same  operation as water 
injection for dust suppression.  Water is applied  at  a  pressure of 40 and 50 am. Injection  time 
is 15 - 25 min, during which 450 - 750 1 of  water  if  injected  into  the coal  face. 



" 
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Fig. 5.49. Hydraulic  perforation  method for use in  cross-cuts  (Szirtes, 1964). 

In Pecs collieries, it was  possible  to  reduce  the  rate of gas outbursts considerably by these 
methods. A roadway with perforations driven over a length of 3,900 m experienced 2 
outbursts while another roadway  under  similar  conditions driven over alength of 2,300 m 
experienced 18 outbursts, a  reduction of thus 94% in  the  frequency of outbursts.  Though  the 
method is very  successful, it has  disadvantages  that  it  requires large amount of material to be 
removed, and in the case of  an outburst may cause  problems for the  miners to escape if the 
material remains deposited on the  floor.  This is particularly so in dip and rise headings. The 
method also requires mechanisation,  but  both  these disadvantages can be overcome with 
modern  technology. 
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Fig. 5.50 Hydraulic  excavation  and  cavity  formation  ahead of the faces in coal 
(Szirtes, 1964). 
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5 .8  COMPACT OUTBURSTS 

Observations on outbursts of gas  and coal in  mines  using  shotfiring as a  method of extraction 
of coal show that characters of location of outbursts  follows  a  certain  well defined order. This 
is particularly so in narrow  headings  but  rarely on longwalls.  Loiret  and  Laligant  (1923)  stated 
that the outbursts are closely spaced  and  almost  neighbour  to  each  other.  He gives an example 
of outbursts in  Rochebelle and Fontaines  mines  where 8 outbursts  occurred over a distance of 
17 rn. Wilson, P. A. C. (193 1) gives an example of a series of outbursts that occurred in 
development roadways in  Lower  Silesian coal field (Fig.  5.51  a  and  b). These figures show 
that the sides of the caverns almost meet each other  and their shape has a characteristic 
relationship with  the  direction  of  advance  of  the  headings or the  orientation of the  faults. 

Ujihira and Hashimoto  (1976a),  while  commenting on  the  data  given by Wilson, state that  the 
gas outbursts in  a level roadway  (Fig.  5.51a)  are  smaller in size  while  in  the up dip drift (Fig. 
5.51b), these are larger.  Besides  the  shape of the cavities in  an  up-dip  drift, cavity like the 
stretched out fingers of a  hand  indicates  that  shotfiring  was  possibly done at the  wrist  level. 
This also shows  the  direction of the  blast  initiation.  The  direction of force of the  shotfiring is 
augmented by gravity. 

Moore and Hanes  (1980)  present  a  plan  showing a number of outbursts  that  occurred in the 
Gemini seam, Leichhardt  Colliery  in  Bowen  basin  during  the  period  1974-78. Gemini seam 
has a total thickness of 6 m with  partings  at 3, 4  and 5 m  and  dips  at 3' to the South East. 
Almost 200 outbursts occurred  in this mine  both  with  blasting  and  with  machine  mining. The 
northern roadways (Fig.  5.52) were driven with  a  Joy 10 CM continuous miner cutting 
rectangular  roadways, 3 m  in  height  and  5 - 6 m  width or using  arched  shaped  roof  with AM 50 
roadheader. Roadways  were  driven at various  levels  with  the  natural  roof  partings.  Outbursts 
were of size from small to  medium  with  most  not  exceeding 200 tonnes. The south eastern 
headings were  driven with  blasting.  Outbursts  occurred in both  these  areas.  The  occurrence of 
closely spaced outbursts using  machine  mining  in  the  absence of any linear  structure  is  a rare 
example of such  types of outbursts. 

Cis (1963, 1971) and Cis and  Suchodolski  (1%4),  while  differentiating outbursts depending 
upon their location  in  the  plan of a  coal  seam,  divide  them  into three groups as follows: 

Isolated outbursts 
Dispersed  outbursts 
Compact  outbursts. 

? 

The isolated outbursts by their  definition  are  uniquely  placed  and  are  related  to the opening of 
deposits by shafts, blindshafts, crosscuts etc. Dispersed outbursts are those that occur 



independent of each other and are associated with the  structures,  faults  and dykes, location of 
regions of reduced  strength of coal,  etc.  These  also  include  outbursts  at  low  depths.  Each of 
these  outbursts  has  its  own  parameters of size  which  is  typical of its  location. As such,  in this 
class of outbursts,  one  cannot  speak of the  size of an outburst or predict  the  size of the next 
outburst. 

Outbursts that  neighbour  each  other,  as  discussed  earlier,  are  the  compact  outbursts. These 
occur  in  groups  like  chain links linked  together  (Fig. 5.53). In Roman seam  in  Lower  Silesian 
coal  basin,  the  longest  chain  had  30  such  outbursts  (Wilson, P. A. C.,  1931). 

Fig.  5.51a.  Outbursts of C02 in Level  Gallery of Ferdynand  Seam, 
Ruben  Colliery  (Wilson, P. A. C.,  1931). 

I 

? 

Fig.  5.51b.  Outbursts of C02 in the  Anton  Seam, 
Ruben  Colliery  (Wilson, P. A. C.,  1931) 
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DEVELOPMENT  LIMITS AT 
TIMES OF MAJOR  BURSTS - - DEVELOPMENT BY 
SHOTFIRING . DIAGRAMMATIC  REPRESENTATION 
OF RECORDED  BURSTS 
MANY 8URSTS OCCURRED IN 
NCRTH 8 WEST 3UT ARE 
NCT RECORDED' 

Fig. 5.52. Plan  showing  occurrence of compact  outbursts 
in Leichhardt  Colliery,  Bowen  basin  (Moore  and  Hanes, 1980). 

A  dispersed  outburst  that  occurs  while  a  coal seam is first  intersected may be the first of a  series 
of compact outbursts. 

? 

For this type of compact  outburst to occur,  certain  conditions of stress, gas  content, coal quality 
etc.  must be fulfilled over  longer  distances. At the  same  time  the  mining conditions also must 
remain  uniform  and fulfil conditions for an  outburst  to  occur. 
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Fig. 5.53. Occmnce of compact  outbursts 
in Roman seam, Nowa Ruda Colliery  (Cis,  1971). 
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5.8.1 Outburst-Step in Compact  Outbursts 

As a  result of fairly uniform conditions  favouring  outbursts,  compact  outbursts  occur at defined 
distances  from  each  other.  The  distance  between  the  throat of these  outburst  caverns is defined 
as the 'outburst-step'. This is the distance between the zones A - E (Fig. 5.39). Though 
outbursts are distributed  at  random,  they  have  a  certain  cyclic  character  and  one  may forecast 
the  location of the  next  compact  outburst of the  series as well as the  occurrence  of  the  outbursts 
from  the  knowledge of various  elements  associated  with  the  outbursts  such  as 

Removal  of  the  outburst  material 
Extension  of  the  excavations  through  the  cavern  and  loose  coal  (zone A + B) 
Extension of  the excavation  through  the  degassed coal and  low  potential  energy  (zone  C 
+ D), and 
Initiation of  the  next  outburst  using  inducer  shotfiring  (part of the  zone D + E). 

This outburst-step  depends upon a  number  of factors, as mentioned  earlier,  including  whether 
outbursts  are  suppressed  or not. Cis (1971) has  given  the mean value of the  'outburst-step'  for 
three  mines  in the Lower  Silesian  coal  basin  (Table  5.12). 

It is clear from  Table  5.12,  that  both  the  outburst-step  and  the  number of outbursts in a series 
vary between wide limits, Correlating these series is not useful because of different 
geotechnical  conditions  operating  at Merent mines  and at different  sites  in  the  same  mines. 

As mentioned earlier, the  distance  between  the  zones A - E decreases with the  introduction of 
suppression  barriers.  This is clearly  seen  in  the  above  table for Roman  seam.  For outbursts 
55 - 112, its value was 40.5 m and after  the  introduction of suppression  barriers, it dropped to 
23.3  m. The drop in  the  amount of coal and  rock  thrown  out is also  obvious  in  Roman  seam 
where it decreased  from 47.6 t/m  to  31.5  t/m  length  of  rock  driven. It is most  pronounced in 
the  Ferdynand seam where it dropped  from  208  t/m  to  12.8  t/m  length  of  roadway  driven. 

5 . 9  ACCOMPANIED OUTBURSTS 

One  would  normally  expect  that  immediately in the  neighbourhood  of  the  outburst  cavern,  there 
would be no outburst  hazard.  However,  experience  shows  that  after an outburst,  mining  stops 
for some time  and in large  outbursts from a  few  months  to  years. In such  a  situation, it is  quite 
logical  that an outburst  will  not  occur  when  mining  is  resumed. 
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Serial 
No. 

1 
- - 

1 
2 

3 

4 

5 
6 

7 
8 
9 

10 
11 
12 
13 

14 
15 

16 - 

Table 5.12.  'Outburst-step'  for  different  series  in three mines 
of Lower  Silesian  coal  basin  (Cis,  1971) 

Location and number 
of compact  outbursts 

2 

Mine#3 
a. Seam 72 No. 21-24 
b. Seam 73 No. 44-51 

Mine# 11 

Mine#12 
a.  Waclaw  Seam No. 2-21 

Mine#4 
Pole P 
a.  J6sef Seam No. 12-24 
b. Level N No. 1  17-  138 

htoni seam 
a. No. 231-238 
b. NO. 67-87 
C. NO. 294-301 

NO. 2-27 

Ferdynand  Seam 
a NO. 55-59 
b, NO. 27-54 
C. NO. 63-75 
d. NO. 76-78 

Roman Seam 
a. No. 55-1  12 
b. NO. 115-126 

Franciszek Seam 
a. No. 26-48 

No. of outbursts 

3 
in series 

4 
3 

24 

11 

12 
12 

6 
9 
6 

4 
23 
5 
2 

12 
6 

2 

Mean  size, 
tonnes 

4 

58 
44 

31 

- 

24 
284 

214 
167 
76 

659 
350 
648 
243 

1930 
734 

3  100 

Mean  outburst 
step, m 

5 

8.8 
18.3 

14.0 

16.3 

7.2 
19.0 

17.7 
10.2 
8.0 

21.5 
19.2 
3  1.2 
19.0 

40.5 
23.3 

62.0 

Note: In  outbursts  numbered 76 - 78  in  Ferdynand  coal seam and in  outbursts  numbered 
1  15 - 126  in  Roman  seam,  suppression  barriers  were used. 

However,  documented  material on the  manifestation of outbursts  and  world  literature  has  many 
citations  which  show  the Occurrence of accompanied  outbursts.  These  accompaaied outbursts 
are those that manifest when  mining is resumed.  In  this  case,  the  accompanied outburst is 
defined as the one which  occurs  in  the  immediate  vicinity of a  previous  outburst, called as the 
primary  outburst,  and  independent of  time  elapsed  between  the  two  occurrences.  According  to 
Khodot  (1961a, p. 28), this differentiation of primary  and  accompanied  outburst  was  used as 
early as 1934-35 in some of the  mines in Donetsk  basin. 
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Stassart and  Lemaire  (1910)  have  presented a number  of  occurrences  of  accompanied  outbursts 
in Belgian Collieries which  occurred  after a lapse of  many months.  Laligant  (1913)  published 
two  characteristic  occurrences of accompanied  outbursts  in  Bess&ges &d Molieres  Collieries  in 
Gard coal field.  Wilson,  P. A. C. (193  1)  describes  the  case in Ruben  (Nowa  Ruda)  Colliery in 
Lower Silesian coal basin.  While  roadway  in  Ferdynand  seam  was approaching a fault, an 
outburst  occurred on 4th  April,  1916.  The  size of the  outburst  was  29  tons.  The  drivage of  the 
roadway  was  stopped.  Work  was  restarted  on  10th  January,  1918  and  the  next day, i.e. 1 lth 
January, 1918, an  outburst  occurred  during  blasting  (Fig.  5.51a)  with  the  ejection of 476 tons. 

Pescod (1947-48) describes the occurrence of a number  of  accompanied outbursts. One of 
these occurred in anthracite coal in Tareni Colliery. Here a level cross-measure drift 
encountered very disturbed ground.  When a 2-feet  (0.6 m) seam of soft coal, in  an almost 
vertical position, was reached, heavy  issues of fire damp  suspended  work for some days. 
After  the drift proceeded  another  10 yds (9  m),  heavy  bouncing  and  weighting occurred, and 
the resultant crushing necessitated repairs to  the drift. When  these  were  commenced the 
following day, an  outburst of firedamp  occurred  and 300 tons of coal came  through  an  aperture 
3-1/2 ft (1.1  m)  wide,  upon  the  removal  of  the  first  roof  supports  at  the seam mentioned. 

Outbursts described by Pescod  occurred  in  highly  dipping anthracite seams  when  roadways 
were driven through locally disturbed regions (thinning,  thickening, folding and faulting of 
seam). 

Veryaskin (1949) has given- two examples of CHq and coal outbursts that occurred in 
Lutuginskyi II coal seam  in  Severnaya  Colliery, in  Kuznetsk  basin,  Russia. These outbursts 
occurred at the  opening of the coal seam by a cross-cut.  The  accompanied outburst occurred 
15 - 20  minutes  after  the  primary  outburst  (September  1947). 

Ignatieff  (1954) states that "quite  frequently,  the  resumption of work  on a stationery  working 
face  brings  about an outburst.  This  is a reminder of the  delicate  state of balance,  underground 
and its response, in relation to  the  abrupt  stress  differential  that  exists  very  close  to  the  sides of 
a mining  excavation". 

According  to  Khodot  (1961a),  the  cavern  formed in the  accompanied  outburst  may be the direct 

elongation or extension of the  cavern  formed by  the  primary outburst.  Fig.  5.54a  represents a 
series of caverns formed in  Mazurka  coal  seam  in #1-2 Krasnyi  Oktyabr  Colliery  in  Donetsk 
basin  Cavern  (2) is the  extension of cavern  (1). 

Fig.  5.54b  shows  where  the  cavern  (2) is the  elongation of cavern  (1).  Outbursts  occurred  at 
the comer of the  longwall  face  in  Devyatka  coal  seam  in  Karl  Marx  Colliery in Donetsk basin. 
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Fig. 5.54. 

(a)  Extension of the  cavern, 
1 - cavern  on 18th April, 1951, 
2 - cavern  on  10th  May, 1951. 

(b) Elongation of the  cavern, 
1 - cavern  on  29th Oct. 1952, 
2 - secondary  burst. 

(e)  Elongation of cavern  along 

1 - cavern  at the 3rd  step  (20th Jan. 195 1, 
2 - cavern  at the face  of the 4th step 

3 - joints in  roof, 
4 -joints with  displacement  of roof. 

(Khodot, 1961a, p. 26, 27) 

the longwall, 

(23rd Jan. 1951), 
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5.10 OUTBURSTS OF ROCK AND GAS 

Outbursts of rock and gas occur in  Germany  and  Ukraine,  with  a few incidents in Poland, 
Canada and  Czech  Republic. 

Most outbursts have occurred in Donetsk  basin  in  Ukraine. The first rock and coal outburst 
occurred in 1955 in 'Kochergarka'  Colliery at 750 m depth and since then their number has 
increased. In 1970,500 rock bursts  occurred  (Abramov  and  Shevelev, 1972) and by 1975 the 
number had dropped to 50 outburstdyear (Nikolin, 1976). Most outbursts have occurred in 
A. A. Skochinskaya Colliery  which  mines at a  depth of -1,500 m. The  minimum depth of 
occurrence was 703 m. The largest  outburst of rock  and coal ejected 3,400 tonnes of rock  and 
liberated >10,000 m3 of methane The second  mine  most  liable to rock  bursts  is  Pietrowskaja- 
Glubokaja mining at a depth up  to -1,200 m. Here  gas  pressure  measured in rock has been 
9.1 MPa. Discing is a  common indication of the  danger of rock outbursts and is used as a 
method of prediction. 

Table 5.13 shows the  occurrence of rock  and  gas  outbursts in Donetsk  coal field. All outbursts 
have occurred in development.  There is no  evidence to suggest that rock  outbursts  occurred in 
extraction  panels. 

Table 5.13. Outbursts of rock  and  gas in Donetsk  basin 

smo.  No. of rock  outbursts Year 
1 

3 1960 1 
3 2 

1965 
1970 
1975 
1980 
1985 
1986 
1987 

109 
356 
26 
57 
13 
52 
46 

In Germany  a large number of outbursts of rock  have  occurred in Ibbenbiiren  coal  field. In fact 
the first outburst that  occurred  here was in  rock (1962) almost 10 years  before  the first outburst 
that  occurred  in  coal.  This was a small outburst (20 tonnes),  though  the  largest  outburst  ejected 
1,625 tonnes  with 10,000 m3 of methane  and  occurred  at 800 m. 



All outbursts have occurred in  Westfalen  sandstone of  low  strength (42 - 70 MPa) and high 
porosity (7 - 10%). This material  disintegrates into fine particles giving a  volume density of 
1.8 m3/t. The amount of gas liberated has varied considerably with gassiness index from 
1 - 26 m3/t. 

In Poland,  the first outbursts of rock  and coal occurred  with  carbon  dioxide  in  'Piast'  region of 
Nowa  Ruda Colliery at a depth of 575 m in 1974 (9th  August)  while  blasting in rock. The 
outburst ejected 1,840 tonnes of rock  and 20,000 m3  of  gas. Rock  was  ejected  to  a distance of 
187 m  and 87 support units  (arches)  were  destroyed  with damage to equipment, ventilation 
tubes  and  transport  wagons  (Najsznerski, 1985; Socha et al, 1985). Another  outburst  occurred 
on  25th  April, 1975 after the cross cut was  advanced  another 11 m ejecting 1,255 tonnes of 
rock and releasing 13,000 m3  of carbon dioxide at 1,160 m position. The cross-cut was 
stopped for 5 years.  In 1985 extension of  the cross cut was restarted with  remote drilling of 
blast holes and inducer shotfiring. Another outburst occurred after the face advanced by 
another 156 m (1,416 m position) ejecting 1,800 tonnes of rock  and  33,000 m3  of carbon 
dioxide. 

In Czech Republic, an outburst of rock occurred in 'Staric'  Colliery at 420 m  and ejected 
30  tonnes of rock. The outburst  occurred  at floor level of the cross cut which  was  partially in 
sandstone, coal and  shale.  Discing  was  noted  with  a  thickness of 0.5 mm in sandstone of very 
high  strength  (UCS 122 - 154 MPa)  but  very  low  modulus of elasticity (E = 1.47 GPa) and 
low  Poisson's ratio (-0.11). 

In Ostrava  Karvina coal field, a  number of rock  and  gas  outbursts  have  occurred during the 
sinking of the Slany Colliery  with  carbon  dioxide  gas.  All outbursts were associated with 
blasting. Table 5.14 gives some detail (Exner et al, 1991). The rock here consists of 
sandstone, mudstone and siltstone and  is  highly  disturbed. It has  low  strength and requires 
heavy support of shafts (3.5 MPa radial stress and 100 - 120 mm of deformation). The 
porosity of sandstone and conglomerate is 15% and siltstone and  mudstone is 10%. The 
triaxial compressive strength is 24 - 32 MPa  and tensile  strength of 0.5 - 3.8 MPa. Carbon 
dioxide  here is present  together  with  water  in  sandstone  and it is presumed  that  carbon dioxide 
is present  as dissolved in  water.  It  is  theorised  that drop in stress releases  the  pressure  and so 
the amount of free gas is evolved. The stress release  can  be caused by static or dynamic 
changes  that  occur  independently  or  simultaneously. 

a 

In Canada, 37 outbursts of rock  and gas occurred  between  the  period 1977-84 in  #26 Colliery, 
Sydney coal field. All events occurred at depths  below 700 m  and  only  when  the sandstone 
bed came close (-3.7 m) to the seam level.  All  events  were  triggered by blasting except one 
when  the face was being  prepared  and  hole drilling was in operation.  In 23 cases out of 36, 
substantial  amount of gas  was  also  liberated  (Aston and Cain, 1985). The amount of material 
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Table 5.14. Rock and  gas  outbursts during the sinking of Slany Colliery 
(Exner et al, 1991). 

smo.  

1 

Explosive 
D e  Gas  emitted used, Depth 

K n  d/h 7 Volume of 

involved 

Gefas shaft 
9.4.1986 
24.6.1986 
21.10.1986 
13.1.1988 
4.5.1988 
10.8.1988 

Gestell  shaft 

8 14.5 
831.5 
856.0 
886.0 
897.2 
908.7 

220.0 
240.7 
240.4 
280.6 
160.0 
75.2 

16.2.1989 
952.5 910.0 15.3.1990 

19.0 855.0 

41,000 / 24 hours 
62,000 / 24 hours 
105,000 / 24 hours 
72,400 / 7 hours 
11,OOO / 7 hours 
82,000 / 6 hours 

120 
2,500 
4,000 

17,000 
600 

3 1,000 

79,200 / 7 hours 3,3 10 

ejected  varied from a few  tonnes  to 320 tonnes.  Fig. 5.55 shows  the  volume of material  ejected 
at various  depths. The overbank  sandstone bed lying  above  the coal seam is a  Paleolithic  river 
channel  which  traverses  the  Sydney  basin. Gas is  supposed  to be contained in the pore space 
and outbursts are triggered when  the  blasting  impulse (P-wave) further reduces one of the 
stresses particularly when  the face is approaching  a  reduced  barrier  between  the  roof  and  the 
sandstone resulting in tensile fracture (Aston et al, 1989). These rock outbursts exhibit a 
characteristic 'onion  skin' foliation, pulverisation of the  sandstone material and the severity 
increases with  depth. Stress measurements close to  outbursts  have  shown  no increased stress 
(25.3 MPa  compared  to  stress  calculated for the  depth 21.7 MPa)  (Aston  and Cain, 1985). In- 
situ gas pressure  measured was 2.7 MPa,  and  uniaxial  compressive  strength of 60 - 100  MPa 
with  tensile strength of 2.6 - 8 MPa, though  calculations  show  that gas pressures could be as 
high as 47 MPa.  Water  infusion  was  proposed,  but  the mine has  now been closed. 

In #26 Colliery there are indications that  bursts  have  occurred in the  goaf  in the longwall 
extraction  panels as indicated by increased gas emission  levels  (Aston et al, 1989). 

Outbursts of rock  and coal always  occur  in  sandstone.  Studies  on  the  properties of sandstone 
liable to outbursts and  not liable to  outbursts  show  the following (Abramov  and Shevelev, 
1972; Suchodolski, 1971,1977; Gil and  Swidzinski, 1988) (Table 5.15). 

c 
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Fig. 5.55. Volume  of  ejected  material 
against  increased  depth of working 
(Aston  and Cain, 1985). 

Table 5.15 shows  that  while  there  is  not much  difference in the  porosity  and  permeabilities, the 
most  important  difference is the  ratio of compressive  and  tensile  strength  and  presence of shear 
fractures  and  possible  higher gas content.  Depth is the  most  important  factor.  Comparing  the 
depth of occurrence (Table 5.16) it becomes  obviously  clear  that  these  outbursts are stress 
controlled. 
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Table 5.15. Properties of sandstone  liable to outbursting; 

property 

2 
Porosity, % 

Permeability, mD 

Gas content, m3/t 

Moisture  content, % 

Compressive 
strength  (UCS), 
MPa 

Tensile  strength 
US),  m a  

ucs Ratio of - 
TS 

Elastic modulus, 
GPa 

Tectonics 

Grain size, mm 

Type of gases 

Sandstone  liable 
to  outbursts 

5.4 - 10 (Ukraine) 

7 - 10.0 (Germany) 
4.5 - 5.5% (Canada) 

0.1 - 0.642 (Ubaine) 
0.2 - 0.5 (Canada) 

0.2 - 5.25 (Ukraine) 
0.15 cc/g (Canada) 

3 
6.8 - 8.4% (Poland 

0.4 - 1.62 

40 - 80 
42 - 70 (Germany) 
120 - 150 (Czech) 
60 - 100 (Canada) 

3 - 5 (Ukraine) 
2.6 - 8 (Canada) 

> 15 (Ukraine) 
>12 (Canada) 

22 - 36 (Ukraine) 
12 - 20 (Canada) 

Shear fractures 

0.2 B . 4  
> 2 mm (Poland) 

Methane or carbon  dioxide 
with N2 (3 - 12%) and 
He,  Hz  and Ar and  higher 
hydrocarbons) 

Sandstone not liable 
to outbursts 

4 
2.5 - 5.7 

0.1 - 0.48 

0.12 - 2.3 

>1.62 

5 -  10 

0.12 M.05 

Methane or cabon 
dioxide 

t 



Table 5.16.  Depth  of  occurrence of rock  and  gas  outbursts 

I I I Minimum dmth of occurrence I WNO. I Country 1 of ouibursts, I m 
Rock In coal 

1 

Germany 5 
180 703 Canada 4 
200 703  Ukraine 3 
a0 a15 Czech  Republic 2 
80 575 Poland 1 
4 3 2 

1,085 1150 

As a  result of depth,  discing of  the  sandstone  during  drilling is very common. 

In Ukraine,  outbursts of rock  and gas are  classified  into  three  classes  depending  upon  their  size: 

4 0  tonnes - small 
>50 - 4 0 0  tonnes - Medium 
>500 tonnes - Large 

Control methods include inducer  shotfiring,  slotting, use of tunnelling  with extraction of a 
section of the  heading  for  destressing,  relief  blasting  and  control of development  rates  (Kolesov 
and  Bolshinski,  1985). 

Predictive  methods are thus  related  to  the  effect  of  drilling  and  fracturing of core. In Germany, 
holes are drilled at right angle  to the bedding  plane  and  discing  is  observed.  If  the  number  of 
discs/m exceeds 20, it is considered  that a risk of  rock  outbursts  occurs.  Hole  diameters vary 
36.5 mm, 47.6 mm or 54.7  mm.  In  Ukraine,  both  the  mechanical  properties are considered  €or 
regional  assessment,  but  local  assessment  is  made on drilling  and  observing  discing. 
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CHAPTER 6 

EVOLUTION OF CONCEPTS ON THE NATURE-OF OUTBURSI'S 

6 . 1  INTRODUCTION 

Observations of the  phenomenon of outbursts of gas  and  coal as it occurs in mines around the 
world have led to  the understanding and development of concepts on the nature of their 
occurrence  and  factors  that  play a more, or less  dominant  role in triggering,  sustaining  and  their 
dying out.  Because of quite variable  geological  conditions  that  occur in coal  fields  around  the 
world and the changing technology  used  for  the  mining of coal over the  history of these 
outbursts,  there are differing  views on the  importance of  the  various factors. 

Historical development of the concepts on  the  nature  of  this  phenomenon is outlined  in  this 
chapter. In order to remain faithful, the  opinions  put  forward by various researchers over 
almost 150 years  since  the  recognition of this phenomenon,  the  authors of this  report  have tried 
to  use  the  words  in  their  original  form  as far as  possible  except  in  cases  where  translation  from 
non-English text necessitated it.  When comparing the concepts put forward by various 
investigators, it is  important to  keep  in  mind  the  geological  and  mining  conditions  occurring  in 
that particular mine or the coal field. It is  suggested  that  this chapter be read together  with 
Chapter 3 "Geography  of  Outbursts",  where an attempt  has  been  made  to define the  mining 
conditions, particularly  in  relation to  depth of occurrence,  geological structures and  properties 
of coal. 

6 . 2  EARLY CONCEPTS ON THE NATURE OF OUTBURSTS (1850-1900) 

Taylor  (1852-53),  while  investigating  methane  gas  explosion in the North of England coal field 
(Northumberland  and  Durham),  was the first to discover  the  phenomenon of sudden  outbursts 
of gas, and gas and  coal.  Based upon statistical  data  starting  from  1743-1852,  he found that 
219 explosions occurred  in  underground  mines  and  most of these  traversed  the  whole of the 
mine including those  areas  where  there was no mining.  Mining  regulations operating at  that 
time  required  that  safety  lamps be  used  only  on  coal  mining faces  while  candles  &d  open  flame 
oil  lamps  were used at other  places. a 

Based on the evidence of workers  and  location of explosives,  he  distinguished  three forms of 
gas emission: The first form of gas  emission is the free gas  that  is  emitted from the coal at 
atmospheric pressure and is in  equilibrium  with the atmospheric  air. The second form of gas 
emission is characterised with  "high compressibility" and is present in coal under high 
pressure. According to Taylor, "The  emission of this  form of gas is slow because of the 
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difficulty in its penetration through  the  structure of coal in  the  seam.  From  a  freshly  exposed 
face of the coal, this gas is emitted with  cracking  and small bursts  with dislodging of coal 
pieces. This  form of gas emission  proves  the  pressure of gas and the resistance of the coal 
structure to its flow. The properties of the  coal,  its  cellular  semi-crystalline  structure  and  planes 
of natural cleat influence it. These  form  the  drainage  path for the  permeation of gas into the 
excavations. The capillary structure of coal with  very small diameter is the cause of slow 
emission of gas in spite of the  high  gas  pressure  favouring  drainage. The third form of gas 
flow,  which is a variation of the  second  form,  is  very  dangerous.  This  occurs  in  places  where 
gas drainage (flow) is disturbed, e.g. its complete  stoppage.  One of the reasons of complete 
stoppage of flow is the  occurrence of faults, which  intersect  and  displace  the  flow canals, thus 
acting as a barrier for  the flow of both gas and  water.  Similar effect is produced by basalt 
intrusions. Sometimes, however, gas continues to  flow along the intrusions from long 
distances and does not appear to slow  down in spite of its drainage. Other causes of 
disturbance in flow are the  local changes in the  structure of the coal seam or higher rate of 
advance of the face. With  the  occurrence of one or more of the  above  mentioned factors, the 
flow of gas  ceases to be uniform.  Exposure of such an area by mining results in  sudden 
emission of gas and  its sudden  dispersion into the  mine  workings."  According  to Taylor, this 
phenomenon is well  known in the  mines. 

Taylor  thus almost 150 years  back,  virtually  defined  the  conditions of  sudden  emission  of  gases 
in  coal  mines  which include role of geological  structures,  folds  and  dykes,  changes in structure 
of coal  and its filtration  properties  and  the  existence of  high gas  pressure. 

Taylor  used  the data from the  flooding of the  workings  in  the  lower  part of the  Benshaw coal 
seam  in  Percy  Main  Colliery.  Based  upon  the  water  level  in  the  shaft,  and  the  formation of gas 
fountains (water hammer)  during  drainage of water,  he  ingeniously  calculated  the  gas  pressure 
equal to about 4.5 atmosphere (0.45 MPa)  absolute. He also gives data of gas pressure 
measurements in a borehole in  Hebburn  Colliery  which  reached  a value of 3.8 atmosphere 
(0.38 MPa) before the grouted pipe  was  damaged. He gives  examples of sudden gas bursts 
that  took  place  in  Haswell  and  Walker  Collieries  and  as  narrated by miners  who  survived  these 
occurrences. His arguments about  these  occurrences  cannot be discounted,  particularly on  the 
nature of outbursts of gas  and coal in  Walker  and  Jarrow  Colliery. 

Based  upon  measurement of gas  pressure  and  volumes of gas  liberated  in  WallseRd  Colliery,  he 
put  forward  the concept that for such  a  large  volume of gas to be accumulated in coal,  gas  must 
be present  in  the form of "high  condensation  characterising its high compressibility". 

Taylor  thus initiated the  theory of "nests" which  has  been  modulated  with  new discoveries in 
the field of coal structure and  the  role of gas,  and  this  exists even today. Taylor calls these 
nests  "reservoirs" or "bags".  Besides  propounding  the  concept of process of flow of gas  under 
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pressure into mine workings, he developed  the  concept of the  drainage  model  and  conditions 
essential for an outburst to  occur.  He  also  clearly  stated  that  when  the  flow of gas  is  hindered, 
a  sudden  ejection of gas occurs when a new  surface is created, 

Taylor also stated that outbursts  occur  where  the  normal  flow of gas  from  coal is disrupted.  By 
this, he was pointing out to the  problems of low permeability, high  gas pressure gradients 
though he never used  these  terms. He also  stated  the failure of coal under the effect of gas 
pressure as if gas  was  causing  "spitting of  coal". 

Taylor also points to the  difficulty of draining gas for  controVelimination of outbursts  which 
invariably led to methane explosions and  recommended  the  use of safety lamps at every 
working  place  underground. 

. = Summarising the work of Taylor, his  method of analysis, his observations  and deductions in 
recognising a  new  phenomenon,  one is filled  with  high  regard for him.  He  was  perhaps  the 
f i s t  author who recognised this phenomenon and presented a unified model of the 
phenomenon. Taylor did  not  use  such  terms as permeability,  strength,  drop of pressure. The 
use of the word "proof in  this  paper  in  support of his  arguments is fully justified in the light of 
modem concepts of outbursts of gas and  coal. 

Halbaum (1899-1900) is the author of the  theory  in  which  gas  pressure  plays  the  dominant  role 
in  the phenomenon of outbursts of gas  and  coal.  Commenting  on the outburst phenomenon 
experienced in Broad Oak Colliery,  the  main  elements of the  concept  put  forward by Halbaum 
are as follows: 

"For all other  parameters  remaining  constant,  the  emission of gas  from  the coal seam  in  a 
unit time varies  directly with the  chemical  activity (maturity) in the seam." 

"The  pressure of gas, in-situ,  must  vary  inversely  to  its  capacity  to drain and directly  with 

the depth of the  seam,  He also stated  that  the  higher  the  porosity,  the  lower  the  pressure. 
On an exposed face,  theoretical  pressure of gas, in-situ, varies as the square root of the 
distance  from  the  exposed  face." 

"In  homogeneous  coal,  the  pressure  curve  is  a  parabola,  extended from the face into the 
solid coal;  the  vertex of the  parabola is at  the  face  of the coal  where Jhe pressure is zero. 
The pressure increases into the solid coal and approaches  in-situ  pressure at some point 
indefinitely  distant  from the  face." 
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"In disturbed areas, the  seam  is  anything  but  homogeneous. In such  a  case,  the curve of 
pressures  became  a  composite  curve  formed of the  various  parabolic curves peculiar to 
the respective porosities of the respective ribs whose respective structures, etc. are 
dissimilar.  This  means  that  behind  each of  the less porous coal the  pressure  builds up in 
abnormal  quantities.  The  pressure  at  these  points  is  invariably  steepest  nearest  the  face." 

"Porosity is greater along the lines of cleavage than across it, the curves of pressure 
crossing  the  cleavage  are  steeper than  the  curves  whose axes ran in, or are  parallel  to  such 
lines of cleavage." 

0 "As the face advances, the  curve of pressures retreat and continually endeavour to 

readjust  with zero pressure  at  the  face." 

"The  steeper curves of pressure  obtained,  the  face  might  advance  more  quickly  than  the 
curve could, by means of the  porosity  alone,  readjust  itself  to its true  geometrical shape 
without  violence.  Which  might be exhibited  in  any  degree,  from  a  mere  crackling in the 
holing  or k i n g  to  small  'bumps',  such  as  those  experienced  at  several  collieries,  and  up 
to the violent 'bumps' and  outbursts of coal such as those recorded at Broad Oak, 
Hamstead, and a  few  other  collieries." 

"The  working faces most  liable  to  overtake  the  curves of pressure  and to set up violent 
phenomena  are  (a)  the  faces of  such drivages  that  are  driven  across the planes of cleavage; 
(b) the faces of the  narrower  drivages;  (c)  the faces of drivages  whose  height  is less than 
that of the  seam; (d) the  faces of drivages of lesser  porosity. For all of these cases the 
pressure  curve is liable to be unusually  steep  at  the  face." 

"Violent  re-adjustments of the  pressure-curve  consist of a  series of strictly progressive 
phenomena,  each of  which  in  turn  gives  rise  to  that  immediately  succeeding,  and  each  of 
which  is  accompanied by an explosive  report.  This  succession of phenomena  produces  a 
succession of reports which  might vary in loudness  from  a  series of cracks in  the  holing 
to  a  series of thunder-like  reverberations." 

"Gaseous  pressure  in  the  coal  exists in every  pore of the  coal.  Hence, in all  outbursts of 
coal  due  to  purely  gaseous  pressure,  the  coal is likely  to be considerably  pulverised  as it 
tends to  burst  every  pore." * 

"Where the pressure in-situ is abnormally high, it is natural to suppose that the 
temperature obtaining in a  borehole  would be less than  the outside atmosphere as 
observed  in  Hamstead  Colliery  where  it was  stated  that  the  temperature of the strata was 
apparently  less than that of the  atmosphere  of  the  mine." 
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"The outbursts are due to  the face advancing  too  rapidly  upon  the  pressure-curve.  By 

enlarging  the face, its  advance on the curve  is  retarded,  and at the  same  time, owing to  the 
enlargement of the  area of outlet,  the  steepness of  the  pressure  curve  itself  is  reduced." 

Halbaum thus put the  theory of gas  pressure  to describe the phenomenon of outbursts as 
observed  in  Broad Oak and  Hamstead  Collieries  (Gerrard, 1899-1900). 

Presenting  Halbaum's  interpretation of outbursts  in  modem  day  language,  one  can  say  that  the 
main elements of his theory are high  pressure of gas  in  the  pore  space of coal, gas pressure 
gradient, isotropy and  anisotropy of coal including  geological  disturbances,  orientation of the 
face with respect to cleavage  planes,  porosity of coal  and  the  ease of natural  degasification  i.e. 
permeability of coal to gas  in  relation to  the  cleat,  and  change  in  temperature due to  expansion 
of gas.  Halbaum  thus  used  the  concept of flow of fluids  through  porous  medium  that  were  in 
existence in the  later  part of the  19th  century  and  to  a  very  large  measure  incorporated  virtually 
all factors that  influence  manifestation of outbursts.  The  only  factor  that  he  does  not  mention  is 
rock pressure and rock  stress. 

6 . 3  FURTHER  DEVELOPMENT  OF  CONCEPTS (1900-1950) 

Rowan (1 91 1-12) formed  his  concepts on the  occurrence of methane gas and coal outbursts 
while analysing the first outburst  that  occurred  in  1911 in Valley  Field  Colliery  in  Scotland. 
Rowan  was  aware of the  phenomenon of outbursts  as  it  occurred  in  other coal fields of Great 
Britain as well as in  other countries during  that  period.  According  to  Rowan, the cause of 
outbursts is the presence of "pockets" of highly  pulverised coal in  which gas is present in 
cracks under high  pressure.  When  such a "pocket"  is  approached, fine coal is blown  out of it 
like sand. According to him,  the size of the  outburst is related  to  the size of the "pocket". 
Rowan  was of the  opinion  that  these  pockets  were at higher  pressure  than  the coal surrounding 
them.  Rowan  based  his concepts on observations made during the drilling of advance 
boreholes  ahead of advancing  headings.  He  particularly  underlines  two  facts:-  catching of drill 

rods  and  the  emission  (gushing  out) of cuttings  and  fine  dust to  such an extent  that  many  times 
the  work  had  to be stopped for several  hours. Rowan  proposed  the  use of advance  boreholes 
as  a  method of prediction of "pockets"  where  outbursts  are  likely  to  occur. 

Telfer (191  1-12)  based  upon  his  experiences  in  Glencraig  Colliery  (Scotland)  where  the first 
outburst occurred in  1902  and  then  another  in  1905.  According to Telfer, "pockets" of dust 
and gas occur in  the  vicinity of faults.  The  pockets  are  formed  as  a result of irregular earth 
movement.  The coal in these pockets had  been  "crushed  and  ground  with  no cohesion" and 
this allowed free gas  which  has  the  capacity  to  expand  and  escape as soon  as  the barrier of 
"non-disintegrated coal"  is broken. These pockets did  not exist in areas which are not 

a 
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geologically disturbed. Telfer considered  that  gas  pressure  in  the  pockets  and surrdunding 
medium was uniform,  and  the  cohesion of the  coal  when  solid  did  not  allow  disruption  by  the 
gas pressure. The amount of  gas present  in  coal in these  pockets  is  the s h e  as  in  the  solid 
surrounding medium.  The  emission of  high gas when these  pockets are pierced is thus a 
"question of time". In ordinary  coal, the  amount of gas  released  even  under  the effect of 
workings  causing  disintegration of coal,  will be much  smaller  over  time than the  amount of gas 
released from these pockets in  the  same  time.  According  to  him,  only a part of the  total gas  is 
liberated in the first few  seconds of  an outburst.  Telfer  thus  makes an important  observation  on 
the  nature of coal that  outbursts  and  its  capacity to liberate  large  volumes of gas over a short 
period  compared to unfractured  coal.  This  highly  pulverised  coal,  according  to  Telfer,  contains 
the  same  amount of gas as normal  coal. 

Telfer is of the  opinion  that  the  method of advance  drilling to find  outburst  is  associated  with 
uncertainties  as  the  number of pockets  present  in a large  area are very  few  and  these  could  be 
missed  easily  even  with face and  flank  holes.  According to him, to have  perfect  security,  the 
whole  area  would  need  to be riddled  with  holes  and  that  it is possible  to  bore  through a pocket 
and  not locate  it as it may  not  relieve  excessive  dust  or  gas.  Telfer  also  points  out  the  problem 
of gas  that is not  methane  rather than coal  gas  due to carbonisation of coal  close to an intrusion. 
He also points out to  variability  in  the  drainage  characteristics of coal  and  gives an example of 
high permeable  coal  in  Lanarkshire  Colliery  and  low  permeability in Fifeshire  Navigation seam 

- as  well  as  remarkably  low  temperatures  in a pile of coal  even  one  hour  after  the  burst. As a 
prewaming  sign, Telfer states  that  face  begins  to  "back"  (bulge)  one  or  two  minutes  prior  to  an 
outburst, or the "appearance of 'sooty  back"'  tending  to  burst  off 2 - 3 feet (0.6 - 0.9 m)  or 
more  of solid coal and  states  the  case of an outburst  which  gave a warning  sign of knocking 
5 minutes  before  it  occurred. 

Telfer,  thus,  recognised  varying  permeability and  even  defined  the  safe  barrier  that  needs  to be 
broken  before an outburst will manifest  itself.  The  problem of identifying of pockets  which  in 
modem  day language are  called  shear  zones, high  pressure  zones,  zones  close  to  faults,  zones 
of crushed  coal,  etc.  exist  even  today  with no certain  solution. 

Graham (1916-17) was  possibly  the  first who considered  the  mechanism  of  accumulation of 
gas  in  coal  and  used  the  term  sorption of methane,  carbon  dioxide,  carbon  monoxide,  nitrogen 
and  hydrogen at different percentages.  His  studies were conducted on pulvCrised coal of 
-200 mesh.  He also  considered  the  effect of temperature on sorption  and  conducted  tests  at Oo, 
30' and l0O'C at pressures of 760 mm of  Mercury.  The  term adsorption  (Kayer, 1881) and 
sorption  (McBain, 1909) had  already  been  known  in  chemistry for quite some  time  before  the 
work  of  Graham on coal  (Greg  and  Sing, 1967). 



Graham  studied the permeability of coal to different gases and  showed thatsolid coal has much 
less  permeability  and  that  permeability to C02 is much lower  than to C&. To illustrate  low 
permeability of coal, he stated  that + * i f  one  considers a section of a-working face of coal of 
3 cm2 in area  (that is the  area of  the  experimental  slab),  it  would  take 20 years  for  10 m3  of air 
to  penetrate  to a depth of 5 yards (4.5 m). 

Graham  uses  the  word  solubility  rather  than  sorption. His results  show  reversibility of this 
phenomenon  and  that  the  amount of gases  dissolved  are  different  depending  upon  the type and 
thus  percentage of gas. He  showed  that C02 will  dissolve in coal  almost 6 - 7 times  compared 
to CHq and  that  increase  in  temperature  has  much  marked  effect  on  reduction  in  solubility of 
gases.  His  results  showed  that  finer  coal (-200 mesh)  could  dissolve  about 25% more  gas  than 
coarser  coal (-2 +10  mesh).  Obviously,  the tests did  not  reach  equilibrium  stage,  but  the  role  of 
accumulation of gases in coal as "dissolved" gas was  obviously  made  clear,  and particularly 
different  "solubility" of different gases in coal as well Werent permeability of coal to different 
gases. 

Graham further published his  works  during  1919-20  and  1939. Williams et al (1943-44, 
1944-45)  when  commenting  on  the  research  conducted by Graham stated as follows: 

"Graham showed that the quantities of gases, such  as C02 and Ch, which could be 
'dissolved' in coal are enormous, and  he  was  led to the  opinion  that  adsorption is much  more 
akin to true solubility  than  is  anything  in  the  nature of condensation on free surfaces. In a 
series of experiments designed to discover  the  laws  governing  the process, he showed,  inter 
alia, that - 

1. 

2. 

3. 

4. 

5 .  

The  property  is  selective,  and  that in general  the  more  easily  liquefiable  the gas the  more 
readily will it be adsorbed  or  dissolved. 

The  capacity for adsorption  varies  according to the  structure  and  composition  of  the  coal, 
king normally  greater  with  high-rank  coal. 

The quantity adsorbed increases with  the  pressure of concentration of the gas in the 
surrounding  media. 

These processes are reversible and  that,  for  example, a diminutiap of pressure or an 
elevation in temperature liberates gas from  the adsorbed  state with a  rapidity 
commensurate with the  degree of  the  changes. 

The capacity for adsorption  varies  with  the  moisture content of the coal, decreasing 
rapidly  with  increase of  moisture." 
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The  work of Graham, on  samples of coal, is thus a watershed in understanding  the  mechanism 
of outbursts. 

Briggs (1920-21) basically  repeated the findings of other  investigators  to  date  and  summarised 
the concepts prevailing at the time on the  phenomenon  of outbursts. According  to Briggs, 
sudden outbursts of gas  and  coal  from  the  solid are due  to  the coexistence of the following 
factors: 

"The  presence of gas  under  considerable  pressure." 

0 "The  presence of a mass of disintegrated  coal  which  is  loose  enough to  move  under a 

sudden  relief  of pressure and  to  set free almost  instantaneously  the  greater part of the gas 
adsorbed  in it." 

0 "The  absence of water  in  the  soft  coal." 

"The  employment of a method of working  which  affords  little  opportunity for the  gas  to 
drain quietly  from  the  soft  coal;  or, as an alternative to  the  last,  the  presence  in  the  seam 
and  surrounding a soft zone, of ribs of  low permeability  which  prevent  or  interfere with 
that  drainage." 

0 "Normal coal  can adsorb sufficient  gas  to  cause  outbursts if the necessary conditions are 

attained. 'I 

Very interesting is Briggs' comment on the  absence of water  in  the  soft  coal. Briggs did  not 
comment on the  role of water. One of the  &em  techniques used to  control  outbursts  is  based 
upon injection of water. 

Following Briggs, but  perhaps  quite  independently,  Loiret  and  Laligant (1923) published  the 
general conditions of occurrence of outbursts.  Their  experiences  were  based  upon French, 
Belgian,  Hungarian  and  Canadian mining. Their  conclusions are as  follows: 

Outbursts  occur  in  coal  deposits  that  are  tectonically disturbed and  are  closely  related  to 
the  location of  the  tectonic  disturbance. 

Depth is  a parameter that  influences  the  occurrence of outbursts, thou&  the effect of 
depth is not so important  as  that of tectonics. 

Coal seams liable to outbursts  have  low  strength  and cleat and fractures  are  rarely  present. 

The  limit for the  occurrence of outbursts when Co;! is  present is lower. 

Outbursts  can also occw in fireclay  and  coal  shale beds. 
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The  liability of outburst  is  directly  related to  the  drainage  and gas pressure  in  the  face, 
though  measurement of gas pressure  does  not  have  any  practical  value. 

The  effect of forces (mechanical)  is  independent of the  gas  pressure,  but is related to  the 
rock  stress.  Stresses in rock  play a major  role on the  occurrence of outbursts  directly  or 
indirectly  and  must be considered  in  the  selection of  the  mining  method. 

In Gard coal field where inducer shotfiring  is  commonly  used,  no relationship was 
observed between  the  gas  pressure  measured  in  holes  and  the  outburst hazard. 

Loiret  and  Laligant  were  thus f i t  to  point  out  the  effect  of stress on outbursts  and  the  absence 
of the relationship between rock stress  and  gas  pressure.  While  considering depth, they  were 
perhaps  relating  it  to stress and  not  gas  pressure  and  recognised  an  important role of tectonics, 
more  important  than  depth.  They are also  the fist  to recognise  lower safe limit for carbon 
dioxide  compared  to  methane.  Werne  (1927)  based  upon  observations  in  Lower  Silesian  coal 
field  is of the  opinion  that with all  other  factors  remaining  constant,  the  frequency of outburst 
increases with increase  in  depth. 

Though  the concepts of existence of "pockets"  was already known in the  second  half of the 
19th  century  and in the  early  years of the  20th  century,  Rowan  (191  1-12), Telfer (191  1-  12), 
Ruff (1930)  developed  the  theory of "nests".  According  to Ruff "nests"  are  the parts of the 
coal seam having very  high gas content with  great ease of desorption compared to its 
surroundings. These nests  differ  from  the  surrounding  coal  in  at  least  one of the following 
properties: 

High  porosity of coal, 

Capacity  to  chemically adsorb coal, 

Different  structure of coal, 

Co;! is  external  to the coal seam and  these beds have a special  (favourable)  location  with 
respect  to  the bed (external)  that  is  the  source of gas. 

S e a m  containing  gas  develop  gas  pressure  gradients  that is  directed to the  face. 

Ruff extended the definition of "nests" by associating  these  with a new property "rate of 
desorption". Increase in  rate of carbon  dioxide  gas  emission  may be especially related to  the 
structure of coal which  may be inherent to the nature of coal  or the effect of tectonic 
disturbances,  which may be brought  about or strengthened by  mining of the  seam.  Ruff,  thus 
treats  nests as regions of tectonic  disturbances. 

* 
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Ruff also mentions the  role of petrographic constituents of coal such as fusinite, thus 
constituents which under laboratory  conditions  show  high desorption rates.  A  very similar 
concept  was also put forward by Bykov  (1936). This property of coal is called in  modern 
terminology as the high rate of initial desorption  (Ettinger,  1952). 

According to Ruff,  mylotinisation of coal  does  not  occur during the  process of outbursting as 
suggested by Halbaum  (1899-1900),  rather this finely  crushed  coal is the  major  constituent of 
the  nest  and is ejected with  larger  and  stronger  pieces of  coal.  The  presence  of fine coal favours 
increased  surface  area  and  allows  emission of adsorbed  gas.  According  to  Ruff,  almost 90% of 
C Q  is present as  adsorbed gas and  only 10% as  free  gas. 

Ruff thus  advanced  the  concept of sorption  and  rate of emission  together  with  the  surface area 
of coal  particles,  and  role  played by these in the  outburst  phenomenon. 

Rice (1931) made observations based  upon  his visit to Europe. According to Rice, 
"Instantaneous outbursts of gas in underground  workings  are  similar in effect to great blasts 
and explosives, but  without  heat  effects.  These  occur  under  exceptional  geologic  conditions. 
Violent  outbursts  should  not be compared  with  the  ordinary  outflows  of  gas  into coal mines or 
with explosions of gas and dust. The phenomenon is essentially one of gas held in 
circumscribed areas under  very  high  pressure.  As  a  mining face or  a  heading  approaches  such 
a  place  and  the  mining  excavation  sufficiently  weakens  the  natural  surrounding dam or shell, 
this is burst by the pressure just as by the  discharge of a mass of explosives". According to 
him,  "Outburst originate in 'soft' coal quite  generally  surrounded by hard  densely  compacted 
coal without cleavage or normal joint places.  In  fact, it seems  probable,  that  the fine dust acts 
as a sealing agent in the adjacent  surrounding coal walls just as mud  will  seal the suction 
strainer of a  pump." 

Rice separates outbursts and  rock  bursts  with  the  difference  that gas is present under high 
pressure. "Instantaneous gas outbursts are  frequently  regarded as the same phenomena as 
'bumps' that is primarily due to  high  ground  pressure. This is a  theory that is still held by 
some  who  have  not  seen the different  causes  and  effects.  Bumps  are like rock bursts in deep 
metal  mines." 

The concepts put  forward by Rice are based  upon his  experiences of rock  bursts  that  occurred 
frequently in Crows  Nest  Pass coal field,  in  British  Columbia,  Canada. He found that  "both 
bumps  and  outbursts  had  no  relation  to  one  another  and  did  not  occur at the same time or place 
or  under  the  same  conditions". In fact,  according  to  his  findings,  "there  was  surprisingly little 
gas  given  off after the greatest bump  that  occurred,  which  threw  down  timber and top coal 
collapsed  through an area of over 40 acres  and  caused an earth  shock  that  was felt miles  away. 
At the  Cassidy  Mine,  Vancouver  Island,  Canada,  in  the  instantaneous  outbursts of fire damp, 

a 
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although large masses of coal were thrown out by the  outburst  gases,  there-  was  no evidence of 
any rupture of  the  roof or severe  shock." 

Caufield (1931),  whose  experience is also  based in mines  in  Crows  Nest coal field, presents 
the opinion that the main cause of outbursts and  rock bursts are stresses. He gives two 
examples, one of a floor burst  in No. 3  seam,  Coal  Creek  Colliery  that  occurred in 1931 and 
the second of another  methane  outburst  in the same seam. Surely  a  floor  outburst  with  rupture 
of floor may be due to high  stresses  that  develop  and on failure  result in gas  emission  from  the 
lower  lying  seams. 

Jarlier (193 1, 1936) also presents the  opinion  on  the  similarity of the  phenomenon of rock 
bursts  that  occurred in Fuveau  coal  field  and  outbursts of gas  and  coal  in  Cevennes  coal  field  of 
France - stating that both  these two are the  dynamic  processes. According to Jarlier, on 
extraction  the  roof rocks act  like  a  beam  and  bend  in  a  wave  form. In roofs  with pliable rocks 
(shales) the stress wave  advances  with  the  face,  but  in  stronger  elastic  rocks,  higher  stresses 
may develop at the face line.  This,  under  certain  conditions,  may  result  in face burst  resulting 
in outbursting of gas and  coal. 

In the same  year,  Belov  (193 1) explained  outbursts  as  a  thermodynamic  phenomenon, as the 
process where the mechanical  energy of rock  changes  into  heat  and dry distillation of coal 
occurs. 

Pechuk (1933) supports that outbursts are the result of liberation of potential energy 
accumulated  in rock during  the  process of tectonic  movement. Gas that  is  liberated during the 
crushing of coal is only  secondary. 

However, while outbursts at  small  depths  can be easily  differentiated  from  rock bursts, their 
difference  vanishes at large  depths  where  the two phenomena  merge  together. 

Wilson, P. A.  C. (1931)  associates  outbursts to a  great  measure  with  the  tectonics  which  cause 
crushing of coal forming clusters.  According  to  him,  these  tectonic  zones  have higher gas 
accumulated in them  than  the  surrounding  coal  in  contact  with  it. Co;! outbursts occur where 
coal is  pulverised by tectonic  movements.  According to him, "The way  in  whicht clusters burst 
out may  be different. Any kind of violent  motion  can cause an outburst but always the 
supposition  must be that  these  clusters  are  present." 

Bykov  (1936) assigns dominating  role  to  the  gas  present  in coal under  pressure  and filling the 
pores  and cracks, through  the  network of cracks  created  both by tectonic stresses and  mining. 
Based on observations in  Donetsk coal fields,  he confirms a clear relationship between  the 
susceptibility of a  coal  seam to  the  degree of metamorphism of coal. He is of the  opinion  that 
seams liable to  outbursts  and  free  from  outbursts  do not differ in their  sorption  capacity of coal. 
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The important contribution by  Bykov is his observation  on  the  degree of metamorphism  that is 
supported  by  more  recent  investigations. 

Bykov (1958) is in agreement with  the  basic  factors  outlined by Skochinski, i.e. gas,  structure 
of coal, rock pressure and gravity or dip of the  coal seam. According  to  him,  the  most  common 
and direct factor that initiates an outburst  is  the free gas  that is present  in  the coal seam. The 
structure of coal is understood as the  elements  that are formed by the  tectonic processes and 
these  manifest  themselves as porosity of coal or its capacity to store  free  gas.  Structure  of coal 
also defines its capacity to emit gas.  Thus if a  roadway is driven  at  right  angle to the main joint 
system,  then  emission of gas is greatly  hindered.  Emission of gas  into  the  excavation is greatly 
facilitated  when  a  roadway is driven  parallel to the main joint system. 

Bykov differentiates active and  passive  role of the  surrounding  rocks. In small outbursts,  the 
surrounding rocks play a passive role.  Rock stress does  not  play  any  role  in  an  outburst. To 
this category, Bykov includes outbursts  that  occur  while  intersecting coal seams by drifts and 

. crosscuts placed in rock. The active  role of surrounding  rocks  increases  with  increase  in  the 
size of outbursts. This manifests  itself in sudden  failure of coal mass  and  the  establishment of 
new  state  of stress that  favours  the  ejection of coal  and  gas  into  the  open  excavation. 

Many  Russian authors disagree with  this  concept  of  Bykov.  Rozantsev (1959) perhaps most 
clearly confirmed that  the role of rock  stress as an initiating  factor,  but  this  was  appreciated by 
Bykov. 

Pescod (1947-48) based  upon  the mining of anthracite  in  West  Wales,  came  to  the  similar 
opinion.  According to him,  high  ranking  anthracite  coals  have  higher  capacity  to adsorb gas 
and  changes  in  pressure  affects  markedly  the  ability of these  coals to liberate  gas.  He  associates 
mining induced stress (bending of cantilevers, beam), elastic  strain energy stored in coal and 
surrounding rock and its affect on gas liberation. He is also of the opinion  that soft coal  is 
inherently present in the coal seam and is not  the  result of outbursting  and  these  zones of soft 
coal are the result of geological  disturbances. He states  that  "Forces  that  produced soft coal, are 
also likely to have  liberated  the gas from coal". 

Budryk (1951, 1965) while considering  outbursts  put  these  in  a  sub  category of rock bursts. 
He  was basing his understanding on  his  observations  in  Upper  Silesian coal Gelds where a 
large number of rock bursts had  occurred  under  massive  sandstones  and  outbursts of gas  and 
coal  in  the  Lower  Silesian coal field in seams  also with sandstone  roof.  According  to  him,  both 
these  phenomena  have  common  characteristics  as follows: 



Both  these  phenomena  occur  under  sandstone  roofs. 
Both  these  phenomena  occur at depths  exceeding 200 m. 
Their  frequency  and  violence  increase with depth. 
Undermining  a  seam  liable  to  outbursts  and  rock  bursts has  beneficial  effect,  but  over  the 
edges  and  remnants,  the  danger of  both these  phenomena  increases. 
Both outbursts and  rock  bursts  have  higher  frequency  in  development  headings. 
Advance drilling which  was  previously  assigned  great  importance, is not successful in 
eliminating rock bursts  and  outbursts. 

According  to  Budryk,  in  the  description on outbursts,  there  is  no  evidence  contrary  to the thesis 
that both these phenomena are  not  identical.  According  to  him if coal contained  a lot of gas, 
then this will be released suddenly as a  result of destruction of the coal structure due to an 
outburst. This release of gas causes further crushing of coal.  When coal is crushed slowly, 
then  only  increased  emission of gas takes  place. 

6 .4  MODERN CONCEPTS  ON THE NATURE OF OUTBURSTS (1950-) 

Khodot (195 1, 1961 a,  b, c)  formulated the dynamic or the  energy  model of the  outburst.  His 
theory is based  upon  treating  rock  as  a  brittle  elastic  material.  Only the basic  concept  presented 
by Khodot is given here.  Khodot  assumes  that  when  geological  and  mining conditions fulfil 
the basic  condition for an  outburst, this phenomenon  can  be  divided into three  phases: 

Phase I: It is the  sudden  change in the  stress in the  coal seam as a  result of 

sudden drivage of the excavation  into the coal  seam 
sudden  collapse of  normally  strong  strip  of  coal  under  the  effect  of  rock  pressure 
dynamic loading and  unloading of  the coal seam as a result of sudden movement of 
surrounding rocks 
sudden exposure of the  coal  seam. 

According to him,  when no gas  is  present.,  the  process  is  limited  to  a  local  loosening of coal, its 
movement  and placement of coal into  the  excavation in the so called 'rock  b&st'  'bump' or 
blasting of coal. But when  gas  is  present,  the  process  continues  further. e 

Phase 11: This phase results in  movement  of loose  coal by  gas. In rising excavations, gravity 
helps  to enlarge the region. The condition  necessary for phase 11 is rapidity of the process of 
loosening of coal as a  result of release of potential  energy  faster  than  drop in the  gas  pressure  in 
the  fractures  generated. 
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Phase III: This phase relates  to  the  transport of coal along the excavation  and  the factor that 
continues to feed this phase  is  the  gas  emitted by desorption. The rate of flow of this coal ind 
gas is higher,  the  higher  the  degree of fissuration  and  higher  the  initial gas content. 

Khodot calculates  the amount of energy released by rock  and gas in each phase of the 
outbursts. 

The  amount  of  material  ejected  is  greater,  the  greater  the  initial  volume  in  which  sudden change 
of stress occurs,  the  greater  the  size of the  excavation  and  smaller  the  obstacles stopping the 
movement  of coal and gas.  Accordingly,  even  a small force acting on  the exposed face or 
obstacles  placed  on the path  of  movement  of  coal  and gas can  slow  down  and  stop  an  outburst. 

Nekrasovski (1951) stated  perhaps for the first time  that  outbursts are not the result of a single 
factor,  but rather a  multiple of factors  acting  together.  Among  others,  he  also  added  the effect 
of gravity. This factor plays  a  very  important  role in steep  seams.  This  favours initiation of 
outbursts  in  roadways  driven  to the rise while  inhibiting those driven  to  the  dip. 

E h g e r  (1952) made  a  very  important  finding  that  though coal seams  liable  to  outbursts or not 
liable to outbursts which  belong  to  the  same  class of metamorphism  and  have  undergone the 
same  degree of coalification, may  have  the  same  capacity to sorb  gas,  but  they do differ in their 
rate of desorption.  Coals liable to  outbursts  desorb  gas  much  faster. This discovery led to the 

. development of methods and  a  number  of  sorption  desorption indices for the prediction of 
outbursts and  found their use in virtually all countries in some form or the other (see 
Chapter 9). 

Ettinger (1969) noted  that in a  coal  seam  where  methane  is  formed  syngenetically  with the coal, 
it is held in the  micropores by absorption,  one  can  suppose  that  under  the influence of large 
swelling stresses over a  long  geological  time  the  methane  will  change to a state with closer 
packing. The result could be  that  when  the  gas  pressure in the  coal  decreases  more  methane is 
left than can be sorbed in the coal at the pressures and temperatures under laboratory 
conditions. 

Ettinger (1979), in his further studies pointed  out  that  treating coal, sorbed  with gas, as a 
mechanical system is not  enough  in  understanding  the  physical  and chemical processes that 
happen  in  a coal seam as a  result of disturbances  in its thermodynamic  equilibriutn, The status 
of gas  and coal influences  the  distribution of energy  accumulated  between  free  and sorbed gas. 
The stability of this system influences directly  the state of stress in  the coal seam. In the 
opinion of Ettinger, effect of sorption  and  swelling  is  to increase the stress in coal that far 
exceeds  the gravitational stress (see  also  Section 2.6). The  gas-coal  system  formed over the 
whole  geological  history is in  a  metastable  state so that  transition  to  a  different state must be 
accompanied by emission of energy in the  form of heat  and  work. 
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If the  processes in the  system  which  cause  it  to  do  work are isothermal  and  its  fiilal  volume  is 
the same as its  initial  volume,  the work done is equal to the  difference of free energies;.  but  if  the 
isothermal transition  occurs  at  constant  pressure,  the work is equal d the difference of Gibbs 
potentials.  For adiabatic processes,  the  work  is  equal  to  the difference of internal energies. 
The swelling force has  the  result  that  the  internal  and  free energies of the  system are not 
minimum for a given  gas  content,  and  consequently  the  corresponding  state of the  system is not 
stable  and  undergoes  changes in  volume  under  the  influence  of  mechanical  disturbances. If the 
methane is repacked in the coal  during  prolonged  residence in a state of stress, one  can  suppose 
that it has changed  to a metastable  state. This metastable  state  decays  spontaneously  or with the 
aid of some  'trigger'  mechanism. An unstable  state  always  tends  to  change  to a state  with 
lower free energy  content  or to  an increase of entropy.  Before a burst,  there is no particularly 
large  amount of free  gas in  the seam. 

According to Ettinger (1979), "Owing  to  the  predominance of bulk  absorption,  the  methane- 
coal system  is close to  the  concept of a methane  solution,  which  may  resemble a superheated 
liquid or a supersaturated  solution  in  metastable  state. In  the case of an outburst, the system, 
coal  seam-sorbed  methane,  changes  from  the  metastable  state  to a stable  state  and is converted 
to  an aerosol  system of coal  dust  and  free  gas.  The  energy  of  the  state  of  stress  of  the  former 
system is converted to  the  kinetic  energy of the gas. Swelling of coal can result in  two 
independent consequences:  Firstly,  it  can  lead  to  storage of energy  in  the  methane - coal 
system Secondly  it  can  cause  the  methane  to go into a metastable  state. In tectonically  faulted 
crushed coal in a state of stress,  there is  a possibility of rapid  emission of sorbed  methane 
during the process of stress discharge, because  there  must  then be further  cracking and 
crushing of the  coal. If the s e a m  contains a burst-prone  zone,  for  which  the  energy of swelling 
is specially  high,  sudden  breakdown of the  barrier of impermeable  coal by  mine workings  or 
movements of the  surrounding  rocks  can  cause a catastrophic  change of state of the  coal - 
methane system, i.e. discharge of the  sorbed  methane  and  relaxation of the  stresses.  For a 
methane - coal system in a true  metastable  state,  the  'trigger'  mechanism can be almost 
nothing." 

Khristianovich (1953 a,  b,  c) is  the  first to  combine  the  concepts  of  stress,  strength  and  gas.  In 
the  theory of outbursts developed by him,  he  treats  this  phenomenon as a process that 
accompanies  the  propagation of a crushing  wave.  The  state of stress  in  the  rock  mass,  caused 
by both  natural  tectonics as well  as  imposed by mining,  can  result  in  decrease  in  strength  or 
local crushing of coal  mass.  The  induced  stress  may be the  cause of initiation of  an outburst. 
The  free  gas  present in  pore  space  helps  this  process. 

a 

According  to  Khristianovich, in  general,  in  outburst-prone  situations  the  initiation of outbursts 
is  greatly  facilitated  and  induced by  very  low disturbances.  But  sudden outbursts can  occur 
even  without  outburst-prone  situation if a considerable  area of the  surface  even  untouched  coal 
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is instantaneously exposed (e.g. as a  result of a  rock  burst). It always  takes  place  in  the front 
of the face with  process of coal (rock)  fracture  propagating  into  face. 

The resulting process bears a  complicated  character,  the  propagation of the  crush  waves  being 
the  most  significant  part of this  process. A rapid  dynamic  stress  relief  in  the  crush  wave  makes 
the total gas pressure differential concentrate in a  very  narrow  near-face layer (discs) in coal 
(rock). It causes layer-by-layer  breaking  away, coal crushing into very fine particles, with 
practically  complete  evolution of free gas out of the  coal. 

The crushing wave  travels  from  the face into  the  solid,  destroying  successive  layers of coal, in 
the direction opposite to the direction of movement of broken coal mass. Thus both these 
disturbances are destressing waves  and  receive  their  energy  from  the  compressed  gas in the 
pore  space. According to Khristianovich  differential  gas  pressure  at  the face of the crushing 
wave is at least equal to the tensile  strength of coal splitting it into  small layers (discs). The 
second  source of energy is the  sorbed  gas  that  is  capable of  being liberated  immediately  within 
the crushing wave  and later in  the  outburst  wave. The outburst  wave  can develop only  when 
the  drop  in  pressure  behind the crushing wave is sufficient  to  drive  the  crushed  coal  mass.  This 
process is therefore like pushing  or  collapse of coal. 

The phenomenon of outburst of gas and coal in  the  Khristianovich  theory is a chain process, 
where  each layer or a  particle  follows  the  creation of another  layer  or  a  particle.  A  developing 
outburst may thus result into dynamic shock wave in the excavation. This shock wave 
precedes  the outburst and  consumes  energy  generated by the  outburst.  At  the  boundary of the 
outburst  and  the  shock wave, sudden  increase in gas and air pressure  as  well  as  sudden change 
in  velocity of coal gas and air occurs. 

The  theory  developed by Khristianovich  presents  a  unified  model of outbursts. In its  analytical 
form, it is a case of one dimensional model.  Khristianovich (1979) developed it further by 
taking into account  increase  in  antropy  during  the  process of fracture of coal by  an expanding 
gas.  (Kurlaev (1980) has developed  the  theory of Khristianovich further where  he does not 
assume  that  the  velocity of coal layer  and  that of gas  is  the  same.) 

One of the most extensive syntheses on  the  nature of outbursts  was  presented  by Skochinski 
(1954 a, b). His analysis is based  upon  experiences  in USSR and  the  results of investigations 
of a large team of researchers (-300) during  the  period 1952-54. According  to Cim, outbursts 
occur as a  result of mutual  interaction of the  following  factors  in  a  group : 

1. Rock  pressure  which  has  the  following  effect: 

Development  of  cracking  and  crushing of the  coal at  the  edges  of  the excavation,  its 
destressing  and  decrease  in  strength  and  thereby  preparing it for an outburst. 
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Changes  in  permeability of  the coal  seam  and  the  distribution of the gas pressure  in 
the  coal seam, emission of gas  and  the  amount  of  energy that  can be liber&d in an 
outburst. 

Transfer of rock  pressure  from  static  phase  into a dynamic phase as  a result of 
destruction of the  coal seam close to the face  or  due to loss of the  resistance offered 
to the  roof  which  results  in  development of further  cracking  and  crushing  and  as a 
consequence, creation of desorption  surfaces. This results  in formation of gas 
transportation  paths  resulting in drop in gas pressure  and release of its potential 
energy.  This,  simultaneously, also releases  the  elastic  energy of coal  together with 
the  gravitational  energy  which  converts  to  dynamic  energy of movement  of coal  and 
increases the  intensity  of  sudden  outburst. 

2. The gas present  in  the  coal  manifests  itself as follows: 

Static  and  dynamic  gas  pressure  in  coal  under  normal  gas  pressure  gradients  cannot 
initiate  an  outburst  unless  the  following three conditions are fulfilled: 

(a)  Sufficiently  high  gas  content of coal. 

(b) Fast  rate of crack  development  and  disintegration of coal with the  formation 
of a  large number of new surfaces that can ensure intensification of 
desorption  and  filtration of gas. 

(c) Formation of cracks of sufficient  length  and  volume  in fractured or crushed 
coal  that  will  ensure  destressing  and  flow of gas into  the  excavation and  drop 
in  gas pressure between  the excavation and  region of coal where gas is 
desorbing. 

A sudden drop of gas  pressure, of the order of 2 MPa  or  more over a distance of 
1 mm alone  is  enough to crush  the  coal,  throw  it  and ensure propagation of the 
crushing  wave to a certain  distance into the  rock  mass. 

In an outburst,  the  gas  present  in  coal  particles  disintegrates  them  into  fine  dust  and 
intensifies  the  flow of gas  and  coal  particles  into  the  excavation. 

z 

The gas liberated from the fractured and  crushed coal is  sufficient  to cause an 
outburst if the gas pressure  is  at  least  in  the  range of 0.3 - 0.6 MPa. 
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3. Role of physical  and  mechanical  properties, micro and  macrostructure of coal  and  the  coal 
seam.  The  structure of coal  defines  the  following: 

Strength of coal and  its  resistance  to  rock  pressure. 

Rate of emission of  gas  and  work done by gas  during its emission. 

Amount of gas in coal and total potential energy  that may be available in  an 
outburst. 

4. Gravitational force of coal becomes  effective  in  steeply  dipping  seams  and excavations 
after an outburst is initiated.  The  kinetic  energy  increases  under  the effect of gravity  and 
approaches in amount equal to  that  of gas in the case of outburst  caverns  formed  in  line to 
the rise of the  seam  (Nelcrasovski,  1951). 

According to Skochinski, rock  pressure  in  not  the  basic  factor  causing an outburst,  rather it is 
gas that is responsible for its development  and  sustenance.  Skochinski  does  not consider the 
role of tectonic forces in  the  process of  an outburst  because of  the following: 

There  are no methods  that  can  define  the  residual  tectonic  stresses. 

Very often two coal seams  lying 20 - 30 m from  each  other differ in their liability to 
outbursts  in  spite of the  use  of  the  same  method  of  mining. 

coal seams and  the  surrounding  rocks  are  intersected by a  number  of  micro  and  macro 
cracks. 

Rock  pressure  alone  is  insufficient  to  cause  an  outburst. 

Josse (1957) based upon observations in  Ressaix coal field, confirmed that an outburst is 
initiated as a  result of bursting of  the strong  elastic  roof  rocks, and gas  performs  the  function of 
carrier  of  fractured coal along  the  excavation. 

Cis  (1958, 1965), based  upon  observations  in  Lower  Silesian coal field,  stated  the following 
six  factors  that  contribute to  an  outburst: 

Geological disturbances particularly faults, contact zones of coal with rolcanics and 
deformation of coal. 
Static  and  dynamic  stresses in the  neighbourhood of other  excavations. 
Gas pressure  in  the coal seam. 
Drivage  along  the  rise  i.e.  gravity. 
Sudden  exposure of the  coal  seam. 
Part of the  excavation  that  forms  narrow  angles. 
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Hargraves (1958) has  based  his  analysis  on  carbon  dioxide  outbursts  in Australia and is of the 
opinion  that  the  mechanism of outbursts  is  complex.  However,  based  upon  field  observations, 
he states that  the  contributing  factors  that  render a seam outburst  prone-are  as  follows: 

Presence of gas in  the seam in a suitable  quantity 
Local faulting  and  practical crushing of coal 
Residual, or curent tectonic forces 
Contortions of seam, also variation  in  thickness 
Steep  dip of  the seam 
Intrusion of the seam by dykes 
Low  moisture  content of coal 
Coal of low  permeability to passage of gas 
Working  the seam in a manner  which  does  not  allow  satisfactory  escape of sorbed gas. 

In an extensive review  Hargraves (1983) states  that  "the  proneness of a coal seam  depends 
upon rank  and  seam  gas  composition. The  proneness  of  place  depends  upon depth, structure, 
intrusions, tectonism and other factors affecting the geometric, physical and chemical 
uniformity as well  as  details of mining. As a phenomenon  due  to  gas  and/or stress, prevention 
can be achieved by relief of high gas  and/or stress condition." 

Hargraves (1983) differentiates  outbursts  from  rock  bursts from the point of view of their 
location.  According to  him,  instantaneous  outbursts,  bumps  or  rock  bursts  and  blowers of gas 
are three separate phenomena.  Blowers  readily  assume a separate  identify - they are mostly 
fluid  ejections,  especially  gas which starts quickly  and  violently  and tails away  over a period, 
even a protracted period of days  or  longer.  Instantaneous  outbursts and  rock  bursts are both 
violent and of short duration, but  outbursts  always  involve  much  gas,  and  rock bursts may 
involve gas, but gas is incidental to  their  mechanism.  The  aspect  that sets instantaneous 
outbursts apart from rock  bursts or bumps  is  not  only  the  gas  component of the outburst 
phenomenon but also the geometry of the  place  where  they occur; rock bursts occur 
predominantly  in the size  reduction of stress  laden  pillars  and  instantaneous outbursts in  the 
exposure of virgin gassy coal in  development.  There are not  many  widespread  tremors 
associated with outbursts, but  for  the  concussion  in  mine ventilation, people in  nearby 
workings  may  not  notice  it  even  when  hundreds of tonnes  of  material are  involved.  Hargraves 
(1983) has given  comparative  values of proneness of the  type of excavadon  to  outbursts  and 
rock bursts. 



While  considering  the  mechanism of outbursts,  Hargraves points to  the following: 

Intrusions and  faults form the  usual locations of an outbursts, dthough neither is 
essential.  Faults  and  intrusions  probably  cause  reduction  in  strength,  increase in rank and 
higher  sorption  capacity. 

Increase in rate of advance may  induce  a  higher  density  cleavage.  Vertical  stresses  when 
close to  the  face (e.g. corners)  can be the starting points of outbursts. 

Greater proneness of outbursts when C02 is present is attributed to higher sorption 
capacity (2 - 5 times) but  also  higher  density of  C0.r (2 times  compared to  CH4)  which 
gives  it  higher transport capacity. 

Effect  of abutment stresses is to  increase  fluid  pressure  that  affects  the  strength of coal. 
The abutment stress separates  the  relatively  impermeable  abutment coal from the face by 
relaxing the coal due to degassing  and  temperature  changes, cooling (0.15 - O.l6OC/m). 
When  reduced  thickness of relaxing  coal is not  sufficient  to  constrain  the  abutment  coal,  it 
is pushed forward, intact,  in an  outburst: 

Hargraves (1993) gives the following  major  factors  that  contribute to outbursts: 

1.  "A coal under  high stress due to  depth of working  and/or  high  lateral  stress  environment. 

2. A coal of middle  bituminous to anthracitic rank (therefore  higher  sorptive  capacity and 
lower  permeability). 

3. A seam gas in  considerable  quantity  (sorbed gas), particularly if rich  in COz. 

4. A geologically disturbed coal or a  coal  in  a  geologically  disturbed  environment. 
a. By faulting,  macerating  and/or  weakening  the  coal mass, or 
b.  By  intrusion,  upranking  and  weakening  the  coal  mass. 

5 .  High surface relief creating concentrations of (horizontal) stresses locally  in the virgin 
(working)  seam. 

t 

6 .  Mining  with  a  geometry  in  the  working seam that  creates high stress abutments a (and  steep 
gas  pressure  gradients)  in  virgin  coal  very  close to  advancing  faces. 

7.  Prior working of adjacent  seams  with  pillars  left  having  the effect of creating local high 
(vertical) stress concentrations in the  virgin  (working)  seam. A converse to this occurs 
where prior total extraction in  adjacent  seams  has  relieved stresses and reduced gas 
pressure (and gassiness) of the  working  seam.  Then,  proneness of the working seam 
may be reduced to a  benign  condition. 
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8. High rates of advance of faces into virgin coal creating higher gas pressure gradients 
around  advancing  places  and  rapid  stress  adjustments." 

Price (1959) formulated  his  opinion  based upon outbursts  in West  Wales (UK). He accepts  the 
theory of local pockets of high  strain  energy.  He  emphasises  the  role of stress  and  tectonic 
stresses.  According to him, "Gas pressure in the seam is the prime  mechanism  of outburst  and 
in some outbursts which  occurred in development  headings  in virgin strata, gas may  indeed 
played  an important role.  In  general,  however,  gas  escapes  from  coal  into  adjacent  workings 
with relative ease, thereby  greatly  decreasing  the gas pressure  in  the  cleats  and  voids. In fact, 
gas  pressures  measured  near a working  face are usually  rather  small.  Moreover,  outbursts  have 
occurred without emission of gas. An outburst  is  primarily  the  local  physical  breakdown of 
coal  and if gas  pressure  is  discounted  this  can be due either to  the  occurrence of ultra weak 
patches of coal breaking  under  normal  load  conditions,  or to the  occurrence of local  pockets of 
high stresses  and  attendant  strain  energy  breaking  down  coal  with  normal  strength, or finally to 
a combination of both  these  factors.  Outbursts  certainly  occur  in soft coal  but  there  is  no  reason 
to suppose  that  the  coal at the seat of  the  outburst is different from  the  soft  coal  in the immediate 
vicinity.  Moreover,  outbursts  have  occurred  in  hard  coal.  Therefore  it is important to consider 
the  means by  which local  pockets of high strain energy may develop  in  rocks." 

"This analogy is applied to  the  Occurrence of the  outbursts.  Here a very large amount of gas 
that is capable of desorbing  at a very  high rate  because of the  fractured  and  highly  pulverised 
coal  mass  present  in  the  structure.  The  component  coal  in  the  near  vicinity of the  fractured  coal 
is trying to act as barrier and  keeps  the  material  in  place. As long as thickness of the solid 
barrier is  large enough,  there  is no outburst.  With  the  advance of the  headings,  as  the face 
approaches the  structure,  the  thickness of the  solid  coal barrier is slowly  reduced. Stress 
redistribution and fracturing ahead of the  face  slowly  reduce  the  barrier  to  the  critical  value 
when this solid  coal is not in a position  to  hold  the mass of the  fractured  coal  with  gas  pressure 
in place.  At a particular  critical  barrier  width,  the gas pressure  breaks  it  into  the  workings  with 
the  emission of  high  volume  of  gas  and  ejection  of  coal  mass.  The  fractured coal mass also has 
comparatively  high  permeability  within  the zone. This allows the  zone to have  access  to a much 
larger  reservoir when  it is activated  allowing much larger  energy  to be pumped  into  the  system 
and  may result in creating a steep  pressure  gradient closer to  such a  structwe. Outbursts 
associated with  these structures are  much  larger,  and  their  period of manifestation is much 
longer." 

* 

In 1959, Coeuillet consolidated the  state of the concepts on  the  mechanism of outbursts 
prevailing in the  fifties  and  put  forward his own concepts.  He  presented  that  the elements of 
Khodot's  (195  1)  concept of  rock  stress  and  the  energy accumulated in it  and  the elements of 
"nest  model" of Ruff et al(1927) can both be accommodated..  However  according  to  him,  the 
term 'hest" must  include  the  part of the  coal  seam  where  the  coal  is  weaker,  more fissured than 

329 



c 

other  coal in its vicinity.  The  location of the nest  is  possible by advance  drilling  and  increase in 
the  number  of  boreholes.  However,  the use of advance  drilling as drainage  holes  may  not be 
effective when  carbon  dioxide  is  present,  except when  this is also  associated with destressing. 
According  to  Coeuillet,  the  effective  radius of  an  advance  hole  is  too small, about 5 - 15 times 
the  diameter.  He  compares  the seams liable to outbursts to a poor  quality  blasting  powder  in 
which the various elements  have  not  been mixed properly  or  ground  enough  to a particle  size 
such  that its  effectiveness changes from point to  point  but regions of effectiveness of the 
blasting  powder  dominate. 

Patching  (1962) has based  his  opinion  not  only  on  the  occurrence  of  outbursts in Canadian  coal 
fields  and the publications of Ignatieff  (1954),  Wilson, W. A. (1954)  and Noms (1958), but 
also experiences in  other coal fields.  In his understanding, an outburst occurs  with  sudden 
failure of a certain part of the  face  and  sudden  release of gas which  moves  the coal  into  the 
excavation.  According  to  him,  outbursts  are  not  as  violent as bumps  and  rock  bursts. These  lie 
somewhere  between  rock  bursts  and roof falls.  These  are  like  simple  sloughing  and  pushing of 
coal from the  face.  These are caused by a shock  and  occur  immediately  or  after a certain  delay. 
In Canada, these outbursts have  occurred  in seams mined  without  destressing of seams. This 
condition thus shows  the  role of stresses in outbursts and that  the  occurrence of outbursts in 
tectonically  disturbed  area  is  possibly  due  to  residual  stresses  as  well as decrease  in  the  strength 
of coal and changes in the  structure of coal.  According  to  Patching,  there is no evidence to 

- suggest  that  there is increased stress close to tectonic  disturbances. 

Szirtes (1964) has  based  his  concept on the  phenomenon  of outbursts as the  'theory of stress 
concentration'. According  to him, an outburst is the  response of the  rock  to  the conditions 
occurring in a definite  situation of an excavation in the  rock mass i.e.  the type of excavation,  its 
size  and  direction,  etc. Based upon  statistical  evidence  from  outbursts  that  occurred in Mecsek 
coal  field of Hungary,  he  divided  the  excavation  into three separate  groups of outburst  hazard 
of gas and  coal: 

Group I 

Group If: 

Group ID: 

Longwall  faces where  outbursts as a rule  do  not  occur  (0.9% of all outbursts). 

Directional roadways  driven in coal  in which outbursts  occur  fairly frequently. 
Their intensity is small  to  medium  and  their  occurrence is associated with tectonic 
disturbances. a 

Excavations  that  intersect  coal seams i.e.  major  drivages  in  rock  which  open out a 
coal seam. Here outbursts occur  most  commonly  and  with  high  intensity. 

For  comparison,  these  excavations  belonging to any  of  the  above  three  groups  may be driven  in 
or  approach a coal seam (Group m) under  identical  condition of physical,  chemical,  micro  and 
macro structure and  gas  content.  The  basic  thesis of Szirtes'  formulation is that  the difference 
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in the violence and character of the  outburst in the  various  groups of excavations is due to  the 
degree of deformation or the degree of disturbance  (destruction) in the  coal seam ahead of  the 
face.  The  frequency  and  the  intensity of outbursts increases with increa~e in deformation at the 
face of the  excavation in coal.  Pushing  out of the  coal  face  into  the  excavation  occurs in cases 
where  the structure of coal is destroyed  and  strength  is  low. This allows ease of release of 
stresses at the face without  the  occurrence of outbursts. In this situation  lower gas pressure 
gradient is generated. In cases  where  geological  disturbances are present  in  the coal seam, the 
process of deformation is  slowed  down or halted This does not permit destressing and  this 
leads to sudden outbursts. The intensity of an outburst,  where there  is no change in other 
parameters,  depends upon the  value  of  the  stress  gradient  and  the  time for  destressing. 

From Szirtes' theory of stress concentrations, one  can conclude that mining of coal in an 
unfavourable  direction  can  lead to outbursts. 

Halamaj  and Szwajgier (1965) consider the energy aspects and  state  that for an outburst to 
occur the  following  conditions need  to be fulfilled: 

There  must be release of potential  and  kinetic  energy in the  near  vicinity of the  excavation 
which is enough to crush  the  coal  and transport it  into  the  excavation. 

The  rate of crushing of coal  must be greater  than  rate of drop of gas  pressure  in  the  pore 
space  and  cracks  generated in coal mass. 

Gas pressure at the time of crushing of coal must be greater  than  the  resistance  provided 
by movement of loose  coal. 

Pooley  (1967)  observed  in  South  Wales  mines  that seams or  part of seam  section  that is liable 
to outbursts have much lower  strength  and  loss of  any geometrical structural features.  These 
"nests" of coal can be widespread  as a layer  (bed) of coal.  According  to him, these  particular 
properties are as a result of their  tectonic  history.  However,  Pooley  did  not  find  the  explanation 
of  Occurrence  of two beds in  the  same  coal  seam,  one of which  is  liable  to  outbursts  while  the 
second is quite normal.  Pooley  considers  that an outburst is initiated by free gas and  believes 
that regions of high  gas  pressure exist, but does not explain  the  mechanism of: formation of 
these  zones  of  high  gas  pressure.  These  could  occur  during  the period of  Occurrence  of tectonic 
disturbances or as  a result of mining.  Even  normal gas pressure  is  also  sufficient  to  initiate an 
outburst. According to  him,  gas  pressure is the  main  controlling factor with  the  only  other 
conditions that a coal is inherently  liable to  outburst.  According  to him, if the  mechanism of 
rock  bursts  was  applicable to outbursts, then outbursts  must cover large  sections of the mining 
face  and  excavations. 
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Shepherd and Creasy (1979) consider that coal is pulverised during the outburst with the 
emission of large  quantities of gas with rapid  reduction in gas  emission rak with time. 

Williams  and Rogis (1980) while studying  outbursts of carbon  dioxide in the  Bowen  Seam, 
Queensland, emphasise the  importance of coal rank and geological  features.  According to 
them, 

outbursts  occur whae the  coal rank measured  by  vitrinite reflectance >1.2, 
thrust faults with throws greater  than 3.0 or strike-slip  faults  with  gouge greater than 
0.3 m, and 
seam  gas  emission  values  (Hargrave's  index)  is > 1.1 cm3/g. 

According  to  them,  outbursts  at  low  depths  (215 - 265 m) occur  only with 

high rank of coal  and  high  coalification  gradient, 
relatively high degree of tectonic  deformation of strata, and 
presence of igneous  intrusions. 

Gray (1980) analysed  some of the  outbursts  that  occurred  in Bowen  Basin  coal  field  from  the 
point of energy  released  during an outburst.  His  findings are summarised below. 

The potential energy accumulated  in  coal  gas and  the surrounding  rock is the cause of 
outbursts. 

Fracturing of coal is accompanied with the  emission of gas. 

The fracturing of coal can  occur  as a result of different ways of stress distribution 
exceeding  the  strength of coal. 

Fracturing can take place  without  any  role  played  by  gas or as a result of gas  pressure 
exceeding  the  tensile  strength of coal. 

Independent of the source of initiation,  the  size of an outburst  is  dependent upon  the 
amount  of  energy  available  which  is a function of the state of  gas  and  brecciated c0al. 

When coal  is  mylotinised which  can occur in the neighbourhood df faults, the 
interconnecting  pore  space forms an  open  path  through  which gas is immediately 
released. 



in  the  violence and character of the  outburst  in  the  various  groups of excavations is due to the 
degree of deformation  or  the  degree of disturbance  (destruction)  in  the  coal  seam ahead of the 
face.  The  frequency  and  the  intensity of outbursts  increases  with  increase  in  deformation  at  the 
face of the  excavation  in  coal.  Pushing  out of the  coal  face  into  the  excavation  occurs  in  cases 
where  the structure of coal  is  destroyed  and  strength  is  low. This allows ease of release of 
stresses at the face without  the  occurrence of outbursts. In this  situation lower gas  pressure 
gradient is generated. In cases  where  geological  disturbances  are  present  in  the coal seam,  the 
process of deformation  is  slowed  down or  halted.  This  does  not permit destressing and  this 
leads to  sudden  outbursts.  The  intensity of  an outburst,  where there is no change in  other 
parameters,  depends upon  the  value  of  the  stress  gradient  and  the  time for  destressing. 

From Szirtes' theory of stress concentrations, one  can conclude that  mining of coal in an 
unfavourable  direction  can  lead to outbursts. 

Halamaj  and Szwajgier (1965) consider  the  energy  aspects  and  state  that for an outburst to 
occur  the  following  conditions  need to be fulfilled: 

There  must be release of potential  and  kinetic  energy in the  near  vicinity of the  excavation 
which is  enough to crush  the  coal  and transport it  into  the  excavation. 

The  rate of crushing of coal  must be greater than rate of drop of gas  pressure  in  the  pore 
space  and  cracks  generated  in  coal  mass. 

Gas  pressure  at  the time  of crushing of coal must be greater  than  the  resistance  provided 
by movement of loose  coal. 

Pooley (1967) observed  in  South  Wales  mines  that  seams  or  part of seam  section  that is liable 
to outbursts have much  lower  strength  and  loss of  any geometrical  structural  features.  These 
"nests" of coal  can be widespread  as a layer  (bed) of coal.  According  to  him,  these  particular 
properties are as  a result of their  tectonic  history.  However,  Pooley  did not find  the  explanation 
of occurrence of two beds in  the  same  coal  seam,  one of which  is  liable to outbursts  while  the 
second  is quite normal. Pooley  considers  that an outburst  is  initiated by free gas  and  believes 
that regions of high  gas  pressure  exist, but does not explain  the  mechanism of formation of 
these  zones  of  high  gas  pressure.  These  could  occur  during  the  period of occurrence of tectonic 
disturbances or as a result of mining.  Even  normal  gas  pressure  is  also  sufficient  to  initiate  an 
outburst.  According to  him,  gas  pressure  is  the  main  controlling  factor with the  only  other 
conditions that a coal is inherently  liable to outburst.  According to him, if the mechanism of 
rock  bursts  was  applicable  to  outbursts, then  outbursts  must  cover  large  sections  of  the  mining 
face  and  excavations. 



. 
Shepherd and  Creasy (1979) consider that coal is pulverised during the outburst with the 
emission  of  large  quantities of gas with rapid  reduction in gas  emission  rate  with  time. 

Williams and Rogis (1980) while  studying  outbursts of  carbon dioxide in the  Bowen  Seam, 
Queensland, emphasise the  importance of coal rank and geological  features.  According  to 
them, 

outbursts  occur  where  the  coal rank measured  by  vitrinite  reflectance >1.2, 
thrust faults with throws greater  than 3.0 or  strike-slip faults with  gouge greater than 
0.3 m, and 
seam  gas  emission  values  (Hargrave's  index) is > 1.1 cm3/g. 

According  to  them,  outbursts at low  depths (215 - 265 m) occur  only  with 

high rank of  coal  and  high  coalification  gradient, 
relatively  high  degree  of  tectonic  deformation  of strata, and 
presence of igneous  intrusions. 

Gray (1980) analysed  some of the  outbursts  that  occurred  in Bowen  Basin coal  field  from  the 
point of energy  released  during an  outburst.  His  findings  are  summarised  below. 

The potential energy accumulated in  coal  gas  and  the  surrounding  rock is the cause of 
outbursts. 

Fracturing of coal is accompanied  with  the  emission  of  gas. 

The fracturing of coal can occur  as  a result of different ways of stress distribution 
exceeding  the  strength  of  coal. 

Fracturing  can take place  without  any  role  played by  gas  or as a  result of gas  pressure 
exceeding  the  tensile  strength of coal. 

Independent of the source of initiation,  the  size of  an outburst  is  dependent  upon  the 
amount of energy  available  which is a  function of the state of  gas  and  brecciated  coal. 

When coal  is mylotinised which can occur in the neighbourhood bf faults, the 
interconnecting pore space forms an  open  path  through  which  gas is immediately 
released. 

- "__m___ """ - ""-" l_. 



Hanes,  Lama  and  Shepherd (1983) classify the process of manifestation of outbursts into four 
stages: 

Stage I is called  the  trigger  stage,  where  the  coal  face  behaves as a  triaxially  stressed  solid  until 
it is suddenly  exposed.  Here its resistance  to  pressure  reduces  producing  extensive  fracturing 
which  extends  into  the  solid  coal. 

In stage 11, the  adsorbed  gas is released  due  to  fracturing  and  a drop in gas pressure  takes  place 
with  continued  desorption  and  permeation  of gas through  the  fractured  coal. 

The critical stage is reached  when  the  rate of desorption of gas  exceeds its rate of penneation 
through the coal. This gives  rise to  the  third  stage  at  which  mass  movement  takes  place.  The 
expanding gas serves as a  transport medium and  the  fractured/pulverised  coal is expelled. 

The final stage  (Stage IV), is the  end of the process  when all the  fractured  material  has  been 
ejected.  The  above  mechanism  postulates  that  both  stress  and gas play  a  role  in  the  occurrence 
of outbursts.  The  part  played by each  of  these is important.,  though  one  may be more  dominant 
than the  other  depending  upon  the  local  conditions. 

Lama  (1994a, b, 1995)  further  describes the mechanism  of outbursts as stress controlled  and 
gas  driven.  According  to  him, "A general  mechanism  of  dynamic  phenomena  occurring in coal 
mines is mechanistically  classified  into  4  quadrants  as  follows: 

Quadrant I - Low  stress + low gas 

QuadrantII - High stress + low gas 

Quadrantm - Low  stress + high  gas 

QuadrantIV - High  stress + high  gas. 

Outbursts (occurring in  Australia)  belong  to  the  3rd  and  4th quadrants with perhaps some 
overlap.  These  outbursts  can be divided  into two distinct  categories  depending  upon  the  extent 
of role of stress in triggering an outburst  and its extension. The first  category relates to the 
incidents  where  outbursts  occur  along  some  form of  geological  structures  which  have  fractured 
and  pulverised coal with  greatly  reduced  or  almost  no  strength.  Here coal has tfie capacity  to 
release  almost  instantaneously  large  amounts of  gas  which  works as a  transport  medium for the 
coal throwing it to large distances  almost  immediately  when it is exposedtx when  a  barrier of 
minimum  width is penetrated.  Outbursts  in  the  Bulli  seam  belong  to  the first category. The 
second  category  relates  to  outbursts  that  are  stressed  controlled  and  these  occur in areas where 
there may  not be any  obvious  structure  present.  This  requires  a  condition  for  inducing  fractures 
that  need  to  prepare  the  coal  for  fast  release of  gas. Outbursts  that  occurred in the Gemini 
seam, Leichhardt  Colliery  belong  to  the  second  category.  The  most  vulnerable areas where  the 
seam is intersected by compressional  shear  structures  and  dykes.  The  outburst  occurring  here 
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belongs  to  the  third  quadrant.  The  mechanism of the  Occurrence  of  these large  outbursts  can be 
compared to  the  'champagne  bottle  effect'  where  sudden  ejection of cork  occurs as it is  pulled 
out till the  contact atea is  reduced  to  the  critical  value  and  gas  pressure is sufficient  to  eject  the 
cork  after  having  overcome  the  wall  friction. 

Noack,  Paul  and Portge (1983) while  analysing  the  nature of outbursts of methane  gas  in 
Germany  state  that  outbursts  and  rock  bursts  differ  in  some aspects while  there are similarities - 
both  in  the  factors causing them  as  well as the  precursors  preceding  them.  According to them, 
the major difference  is the gas pressure  in outbursts and  rock pressure in  rock  bursts. 
Outbursts  always  occur  from  the  side which is  not  drained  while  rock  bursts  occur  behind  the 
face, in  the roadway. When compared with rock  bursts, outbursts  are slow  in their 
manifestation, last  over  seconds  and  in  general  do  not  cause so much damage to the  support 
system.  However,  Noack et al describe  the  difficulty of differentiation  in  particular  situations 
whether it was an outburst or  a rock  burst.  One  can  observe  increased  stress levels in  an 
outburst and  high  gas emissions in a rock  burst  in a gassy  seam. It is worth  noting that in 
Germany, the depth of mining  at  places  approaches  and  exceeds 1,300 m and a number of 
outbursts  and  rock  bursts  have  occurred  in  these  mines. 

Litwiniszyn (1983,  1985,  1987,  1989,  1995) has  given a model of initiation of  an outburst of 
gas and solid material consisting of a retrograde substance, for example, solid solution. 
According to him,  in  certain  regions of the earth's crust,  rock mass contains  substances  such as 
carbon  dioxide and methane, which  undergo phase change as  a result of change in 
thermodynamic conditions. As a result,  multiphase  medium  is  formed  which is capable of 
generating  and  propagating  rarefaction  wave  preceding  the  shock  wave.  This  type of substance 
is called a retrograde  substance.  Mining  activity  which  disturbs  the  primary  state of equilibrium 
of rock  mass  having retrograde properties  can  generate a rarefaction  shock  wave  and thus 
initiate an outburst of rock  and  gas. 

Litwiniszyn  has  derived a set of non-linear  hyperbolic  equations  for a continuum retrograde 
substance.  His  theoretical  analysis  based upon  conservation of mass,  velocity  and  energy  and 
second  law of thermodynamics  relate to increase  in  entropy  in  the  region of the  shock  wave. 
Solution of equations  under  certain  initial  boundary  conditions  equilibrium  is  described by the 
generation of a shock  wave.  The  stress  gradients  generated by  such a shock  wave  generates a 
specific  discing  structure  in  the  fractured  and  ejected  substance. 

Model  presented by Litwiniszyn on the  initiation of outbursts  has been validated  in  laboratory 
studies.  Outbursts  were  initiated  under  boundary  conditions which represent  the theoretical 
model of outburst  initiation.  The  material  used  was  coal  briquettes  prepared in  the  laboratory  in 
outburst  cells  and  saturated  with  carbon  dioxide  or  nitrogen to a certain  equilibrium  pressure. 
Tests confirmed the occurrence of jumping rarefaction (gas) pressure wave during the 
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destruction of the  briquette.  The  process of destruction of the briquette itself was a chain 
process. A part of the material that  was  not  ejected from the tube showed discing. 

Paterson (1986) is of the  opinion  that an outburst  is  due  to  structural  failure of coal  due to  high 
pressure  gradients.  According to  him,  excess  stress  caused by gas  within the coal  can  exceed 
the gravitational body forces by a  factor depending upon the permeability,  sorption 
characteristics, etc.  and may lead to structural  failure  due  to  the development of tensile 
fracturing. 

Josien  and Revalor (1989) consider  three  conditions  that must be fulfilled for an outburst to 
occur.  These are: 

A pattern of abnormal  stresses  due to structure of the  formation  (natural  stresses  and/or 
due to  the  layout of the mining operations). 
A type of coal that  is  often  not  very  strong,  with many micro-cracks  and  with a high 
concentration of desorbable gas and high rate of desorption. 
A high  gas  pressure  gradient ahead of the  working  face. 

When  one of these factors is absent or  not  completely  developed,  various  phenomena  may 
occur, resulting in different breaking  mechanisms.  Unlike typical outbursts, various other 
phenomena affect a larger number of mines  depending  upon depth and concentration of 
methane. 

According  to  them,  the origin of every  dynamic  phenomenon  observed  in  French coal mines  is 
associated  with  the  following: 

A motive  element,  stress or gas  pressure  or  both, and the  need for  a build up  of energy 
that  explains  the  violence of  the  phenomenon;  blockage  of deformation  and  tensile  failure 
in  the case of rock  bursts,  low  permeability  and  high  gas  pressure  gradient  in  the case of 
sudden  outbursts. 
Particular strata, rather rigid  and  resistant  in  the  case of rock  bursts, often not very 
resistant in the case of sudden  outbursts. 

AiruN et al(1989) are of  the  opinion  that  the  principal  factors  associated with outbursts are: 
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According to them,  the  greater  the  stresses  and  gas bearing capacity  and lesser the  strength, the 
more  drastic  the  outburst  hazard. Gas pressure  in  coal  leads  to  reduction or increase of stresses 
and coal skeleton stress by no  more  than 2%. It is the micro structure of coal that plays the 
dominant  role. 

Somasvari (1989) from  Hungary  presents  similar  views as the  Russian  researchers.  According 
to him, conditions  necessary for an  outburst  are: 

Presence of gas containing  rock  under  pore  pressure  ahead of the  face. 
Stress causing  decrease of rock  volume. 
Deterioration of the  rock  solid matrix. 

Appropriate  distance of the  deteriorating  place  from  the  rock  face. 

Outburst sites are locations of lower  stability,  faults,  folds,  and  that gas content itself does not 
determine the outburst hazard.  In  some  cases, gas content is less,  but  the outburst hazard is 
more. Somasvari gives results of laboratory  investigations  which  show  the  tensile  strength of 
coal dropped with increase in gas pressure  following  a linear relationship  where  a change in 
1 MPa decreases the  strength by 0.64 MPa. 

Banon and  Kullmann (1  990) have  numerically  modelled  roof  bursts  that  occurred  in  sandstone 
at #26 Colliery, Nova Scotia at a  depth of 780 m. Using  Hoek  and  Brown criteria, they 
successfully modelled the outburst cavity  assuming failure due to tensile and shear stresses 
developed in  roof. They assume  that  rock  that  fails  in  tension is expelled from the cavity, but 
that  which fails in shear remains in the cavity.  Their  model  results  reveal  that depending upon 
the ratio of horizontal and  vertical stress, there is a  critical gas pressure  essential for stability. 
This gas  pressure rises linearly with horizontavvertical stress ratio for infinite  spalling. 

Chen,  Barron and Chan (1 995) have  further  shown  that  gas  pressure is critical in an outburst 
and that stress ratio has significant effect on  the  shape  and size of the cavity. Cavity area 
increases  almost  linearly  with  gas  pressure. 

Crack propagation model driven by internal fluids is supported by a large number of 
investigators.  Moelle et al, (1995) are of  the  opinion  that outbursts  are  a  direct  consequence of 
concentrated volume under  high  pressure.  They  have  proposed  the  Pollard  and  Aydin (1988) 
model  where  the driving for the  propagation of a  crack  is  given  a  function of fluid  pressure  and 
crack  length  and  crack  stability  determines  the  catastrophic  or  slow  (controlled)  failure. 

a 

Gritsko et al(1995) have  considered  the  process of outbursts  both  from  a practical viewpoint 
and  theoretical  analysis. In a  short  communication,  they  state  that  "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 
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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. Based 
upon  a theoretical model,  they  have  given outburst risk parameters as a function of coal 
properties.  According  to  them,  as  a  face  approaches  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. 
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CHAPTER 7 

LABORATORY  INDUCED  OUTBURSTS 

7 . 1  INTRODUCTION 

It  is very difficult to  define  the  conditions  that  initiate an outburst  and  favour its course in an 
underground situation. Observation of outbursts underground is the only method that is 
available for their understanding. Initiating outbursts in-situ, in a scientific way under 
controlled conditions, is difficult, if not  impossible.  Realising this, as early as the  1950's, 
laboratory studies were  initiated to  understand  this  phenomenon  using  natural coal samples or 
briquettes  prepared from pulverised  coal.  These  materials  outburst  when  saturated  with  carbon 
dioxide, methane or nitrogen as the fluid medium. The general  methodology has been  to 
subject the natural or artificially prepared  sample to  high  gas pressure till the system is in 
equilibrium and  then  suddenly  changing  the  equilibrium  conditions. It is  similar  to a coal face 
that is exposed by removing a part of the  material by a coal cutting  machine or by blasting so 
that a fresh  face is suddenly  exposed. 

The most  important  part of the  laboratory  equipment,  therefore is the  cell (of circular or square 
cross-section) in  which a sample  can be  held in  place  and subjected to  gas pressure. The 
dimensions of the  cell used vary from 4 x 4 cm  to  10 x 10 cm  and  length from several to a few 
tens of centimetres.  The  design of the  chamber  must  fulfil  the  following  conditions: 

(i)  It should allow insertion and holding of a coal sample or an artificially produced 
briquette. 

(ii) It  should be possible to seal it and  subject  it  to  high  pressures of gas  to  achieve  sorption 
equilibrium. 

(iii) It should allow  sudden exposure of the ends or sides of the sample to atmospheric 
pressure. 

The aim of the  early  studies  conducted  in  the  1950's  and  early  sixties was  to  test  if  an outburst 
can be induced  in  the  laboratory. This aim  was  successfully  accomplished.  However,  lack of 
suitable data recording  equipment  that  can  capture  such a dynamic  phenomenon  as an outburst 
did  not give answers  to  many  of  the  important  questions  related to it. 

In  the late seventies and early eighties, intensive laboratory studies on this subject were 
conducted basically because equipment for capturing of some of the  basic elements of  an 
outburst  such  as  pressure,  temperature,  velocity of gases at a fast  rate  became  available. 

The initial boundary  conditions of initiation of  an outburst  in  the  laboratory are the  state of gas 
and  the  skeleton of the coal sample. The aim  is  to  reproduce  the  outburst  initiation  conditions 
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that  occur  in-situ. The most  important  and  common  conditions  related to the state of gas  are  as 
follows: 

(i)  Creation of equilibrium conditions in  the  sample  i.e.  no  flow  of  gas  in  any  part  of  the 
sample. 

(ii) Creation of uniform  temperature  in  the  sample. 
(iii) Creation of sudden  (as  fast  as  the  technology  allows)  drop of gas  pressure at one of the 

exposed  surfaces of the  sample. 

There  are  other  conditions  such as  porosity  and  permeability of the  coal  sample  under  changing 
stresses,  gas  pressure  gradients,  gas  volume  available  that  drives an outburst,  heat  transfer  from 
the strata during the course of an outburst, etc. that are very difficult to simulate in  the 
laboratory. 

In the  various phases of development of understanding of  the  phenomenon,  different  boundary 
conditions have  been  experimented  with.  Famin  (1959)  allowed gas flow from the sample 
independent of its exposed  surface.  Galczynski  et al(1986) induced an outburst  only  under  gas 
pressure gradient caused by flow of  gas  in the sample  with  one of the surfaces of the  sample 
exposed. 

Besides,  defining  initial  boundary  conditions  related  to  the  coal  skeleton  are  also  not easy. The 
most  commonly  used  solutions  are: 

(i)  Sample  prepared  from a solid  coal  is  loosely  enclosed  in  the  cell  (Yartsev, 1958), or fixed 
to the walls of the  chamber  using different techniques  such as gluing (Kravchenko, 
1955). 

(ii) Sample  prepared from a solid  coal  placed in  the  cell  and  subjected  to  axial stress using a 
hydraulic  cylinder  (Botham,  1957). 

(iii) A briquette  made  from  fine  ground  coal  is  formed  in  the  cell by compression  and  remains 
in the  cell  held by friction  between  the  cell  walls  and  coal  particles  (Kravchenko,  1955). 

(iv) A briquette  is  formed in  the cell  and  is  loaded  axially by a hydraulic  cylinder.  Horizontal 
stress is generated  as a result of compression.  The  state of stress in  the  sample  is  similar 
to  that  obtained in the  odometer  test in soil mechanics (Famin, 1959). 

(v) A sample  prepared  from solid coal or a briquette  is  subjected  to  triaxial  compression  with 
a stress field, 01 > 0 2  > 0 3 .  On  the  face of the  sample  with  the  lowest  principal stress 0 3 ,  

is placed a spigot that  can  be  released to free a section of the surface of  the sample 
(Alekseev et al, 1980). 
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As in the  state of  gas,  laboratory  conditions  do  not  simulate  changes in stress in the  sample as a 
result of response of the  surrounding  rock  mass,  frictional coefficients and changes in shear 
stress and strength, etc. 

The  above  mentioned initial boundary conditions  at  the  time of initiation of an outburst also may 
not remain constant. These change during the course of destruction of the sample and 
movement of the exposed  surface  retreats.  Also, it is commonly  assumed  that  the drop in gas 
pressure at the  retreating  face is constant.  However,  in  a  situation  where  part of the  outbursted 
particles collect in the cell  (outburst  chamber),  they  develop  back  pressure  resulting  in drop in 
pressure at the  retreating  surface which  at  some  stage freezes  the  outburst. 

In  the  1980's,  most  model  studies  were  conducted  under  boundary  conditions outlined above. 
Great improvements were  made in the control of  the course of an outburst. To obtain 
repeatability of experiments,  samples  used  were  either  briquettes  made from compressed fine 
coal or from some  other  materials to ensure  that  these are isotropic  and  homogeneous.  Among 
others,  the  aims of the  experiments  were  as  follows: 

Effect of strength of the  briquette  and  frictional  coefficient  between  the  briquette and cell 
walls  on  the  course of  an outburst. 

Difference between  the effects of type of gases,  particularly  that are sorbed in coal and 
those  that are not  sorbed, on  the  process of an outburst. 

Understanding of the  outburst  process  as  a  chain  process. 

Understanding  the  energy  aspect of  the  outburst  and  particularly  the  mechanism  of  release 
and  consumption of energy  during  the  course of an outburst. 

Laboratory  studies  have  helped  greatly  to  advance  the  knowledge of this  phenomenon. A short 
description of the  laboratory  studies  world  wide  is  given  below. 

7 . 2  EARLY EXPERIMENTS 

It looks  that the first laboratory  outburst of coal  and  gas (C02) was  initiated at the  Institute of 
Mining of the Academy of Sciences of USSR by V. V. Khodot andN. G. Gmoshinski. 
Because of the  unique  nature of this  experiment,  the  announcement of the  Skochinski  Institute 
(1953a) is fully  given  here. 

"The  model experiment was  conducted  with coal from  'Mazurka' coal seam that is liable to 
outbursts.  Mechanical  and  other  properties of  the  model  were identical  to  that of the  properties 
of 'Mazurka' coal seam. 
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Based  upon the laboratory  experimentation  and  modern  concepts on the  nature  and  mechanism 
of outbursts formulated by Russian experts, an outburst of coal and gas was initiated in  the 
laboratory for the first in  the  world.  The  outburst  was  accompanied  with  a  loud  noise  and  large 
mechanical  effects. 

Almost  all  the coal in  the  model  was  ejected.  Windows (of the laboratory)  were  shattered  and 
window frames were damaged. Pieces of coal were  thrown  to  a  distance of 66 m  and the 
building in which  the  test  bench  was  located  (volume of about 2,500 m3)  was covered  with  coal 
dust and  visibility  was nil for the  first  10 - 15  minutes. 

Though the above experiment was conducted on the  model of  the coal  seam  based  upon  the 
principle of qualitative similarity of coal seams in which  outbursts occur, it confirmed the 
accuracy of the  basic  working  hypothesis  formulated by the  'Central  Commission for Control 
of Outbursts of Gas and Coal in  Coal  Mines'. The experiment points to  the direction for 
organisation  and conduct of research  to  obtain  not  only  qualitative  but  also  quantitative  results 
for formulation of practical  conclusions.  Research  and  experiments  are  being  continued." 

Skochinski Institute did not  provide  any further details of the  model  regarding  the  mass  (of 
coal), pressure of C02 gas  before  the  initiation of  an outburst.  Also  the  initial  boundary of the 
experiment are also not  given.  Most  probably  the  coal mass was  a  few  tonnes. The coal seam 
'Mazurka' occurs in  Donetsk  basin  where  the  dominant  gas  is  methane.  Methane in the  test 
here was replaced with  carbon dioxide which  under similar conditions causes more violent 
outbursts. 

Kravchenko  (1955)  initiated  an  outburst  in  a  cell of square  cross-section.  The  coal  samples or a 
briquette was placed in  the cell (Fig. 7.1) and  saturated  with  gas.  After equilibrium was 
reached,  the  diaphragm  D  was  shattered. On destruction of the  sample,  sensors  placed  at  points 
1, 2, 3 and 4 were  monitored  using an oscilloscope.  The  breaking of the  sensors  at  the  time of 
destruction of the sample was  marked.  The  results obtained by Kravchenko are given  in 
Table 7.1. Kravchenko not  only  measured  the  velocity of destruction of the sample, i.e. 
velocity of the  crushing  wave,  but  also  the  velocity  based  upon  the  theoretical  model  developed 
by Nikolski  (1953)  and  Khristianovich (1953 a, b, c).  The  following  conclusions  were  drawn: 

Degassing of coal seams using  any effective method is recommended for control of 
outbursts. 
Mining  methods  that  cause  sudden  exposure of  the  face  are not recommended. 
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S. No. 

1 
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2 
3 
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9 

10 

Table 7. I .  Results  of  experimental  measurements  and  theoretical  calculations of crushing  wave  velocity, 
C02 gas,  sample  length f! = 20 cm,  cross-section 4 x 4 cm (Kravchenko, 1955). 

Coal  sample 

Type of 
sample 

2 

Sample  from 
'Kamenka' 
coal  seam 

Coal  briquette 
made  from 
'Kamenka'  coal 

Briquette 
made  from 
'Mazurka' 
coal 

Tensile 
strength 
CTt (kPa) 

3 

80 f l  
80 +I  
80 + I  

80 +1 
60f 1 

45 + I  
45 f l  
45 f1 

45 + 1  

-45 rt l  

Porosity 
% 

4 

5 
5 
5 

20 
20 

40 
40 
40 
40 
40 

Gas 
pressure 
p*  (MPa) 

5 

4.0 
4.0 
5.5 

5.5 
5.5  

3 .O 
3 .O 
3 .O 
3.0 
3.0 

Depth of 
cavern, f ! l  

(mm) 
6 

57 
70 
67 

200 
200 

200 
200 
200 
200 
200 

. e , / !  % 

7 

28.5 
35.0 
33.6 

100 

I O 0  

100 
IO0 
100 
100 
100 

Order  of 
destruction 
of sensors 

8 

2 - 3  
1 - 2 - 3  
1 - 2 - 3  

1 - 2 - 3 - 4  
1 - 2 - 3 - 4  

1 - 2  
1 - 2 - 4  
1 - 2 - 3 - 4  
1 - 2 - 3  
1 - 2 - 3 - 4  

-r 
Initial v 1 2  

Velocitv  of  crushin  wave (ds) + 
Calculated 

9 

42 
42 
59 

45 
45 

31 
31 
31 
31 
31 

Measured 

10 

- 
14 

59 

62 
62 

52 
89 
40 

40 
40 

Initial ~ 2 3  

Calculated 

11 

14 
7 

28 

66 
91 

- 

- 

66 
40 
87 

Measured 

12 

42 
42 
59 

135 
135 

105 
1 105 

105 
105 
105 I 



Fig. 7.1. Schematic of the  equipment  for  initiation  of  outbursts  (Kravchenko, 1955). 
Y - coal  sample,  C - seal, K - outburst  cell 
CKI, CK2 - photo  camera, PI, P2 - pressure  sensors 
1,2,3,4 - constantin wires, I$ = 1 pm  or  thin  brittle  graphite  fibres 

IIgnatieff  (1954)  mentions  experiments to  produce  artificial  outbursts in Canada.  Patching  and 
Botham  (1966),  Hargraves  and Upfold  (1985)  refer  to  the  unpublished  work  of  Botham  (1957) 
and give a  short  description. From  their  description,  it looks that  Botham  in  his  outburst  cell 
used coal samples of 5.1  cm  diameter  and 1.9  cm  height. In his tests  he  used 3 types of coals: 
(i) Friable coal liable to  outbursts; (ii) Hard coal  liable to outbursts; (iii) Coal  not liable to 
outbursts. The gases he  used  were C02, CHq and N2. Samples  were  sorbed in the  chamber at 
3.52 MPa gas  pressure over 75 days. Some of the samples were additionally loaded 
mechanically  using  a  hydraulic  piston.  Rupture  was  achieved by  quickly  raising  gas  pressure  to 
3.87  MPa,  the failure pressure of  the disc  abutting  one of  the faces of  the  specimen.  In line 
with  the  sorption  capacity of coals  for  the  gas  used,  most  violent  were  the bursts with CO;! and 
coal. Coals sorbed with N2 did  not  show substantial  signs of disintegration.  Some of the 
results  are  given in Table  7.2. 

Table  7.2.  Comparison of particle  size  distribution  of  coal 
after  an  outburst in the  laboratory  and  in-situ 

(Patching and Botham,  1966). 

Size Ejected coal, Fine  coal, 
mine  outburst  laboratory  test 

- 100  mesh 90% 90% 

I -325  mesh I 40% I 34% 1 
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From the results of their  study,  the  following  conclusions  were  drawn. . 

The fine coal ejected  from  the  test  apparatus had a  size  fractions  similar  to  the fine coal 
characteristic of an  actual  outburst,  Table 7.2. 

The degree of coal disintegration was proportional  to  the  molar concentration of the 
sorbed gas,  and also to the  coal  friability. 

The application of mechanical  load  in  the  test  appeared  to  reduce  the  tendency for coal 
disintegration. 

Increased pressure of the  free  gas was  observed  when  load  was  increased  on  a  specimen 
with free and sorbed gas  in  equilibrium. 

According  to  Patching  and  Botham  (1966)  the  Canadian  studies  have  shown  the  influence of 
stress, coal strength  and  deformation,  gas  content  and  permeability  on  outburst  occurrence. 

A very interesting concept  was  used  in  laboratory  studies  by  Yartsev  (1958).  The  outbursting 
cell used by him (Fig.  7.2)  had  a  diameter of 6 cm  and  height  of  10  cm. The samples  were 
placed in the chamber  without  gluing  them to the  sides.  Sample  material  came  from  coal seams 
liable to outbursts (#lo and  #11  seams,  Yegorshinugol,  Donetsk  basin).  These  were  subjected 
to Co;! gas at a  pressure  calculated  from  the  relationship 

where ot = tensilestrength 
n = porosity of coal 

The  tensile  strength of  the coal was as follows: 

#10 seam cTt = 90.5 to  135 P a ,  n = 9.4% 
#11 seam cTt = 17 to 65 P a ,  n = 5.8% 

Saturation period  was 10  min  to 1 hour  and  gas  pressure  used  was  0.5 - 4.0  MPa.  At a  certain 
time,  a plug of  1.2 cm was  suddenly  removed  which  allowed  the outbmsted coal to move 
through  a  canal of this  diameter. 

Ejected coal in  the  laboratory did not  differ in any  way  from  that ejected in  an outburst in  the 
mines. As in  in-situ  outbursts,  coal from seam #11 was  more  pulverised  than  from #lo. 
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A 

Fig. 7.2. Section of 
outburst  cell 
(after  Yartsev, 1958). 

Control experiments were  conducted  where  the coal samples  in  the cell, after saturation  with 
gas,  were flooded with spirit at 4 MPa pressure.  Outburst  with coal samples thus saturated 
with  gas at 4 MPa gas  pressure  did  not  initiate an outburst, but outbursts  in coal samples dried 
after saturation  with spirit and  subjected  to  the  same gas pressure  were  easily  initiated.  In  the 
second  control  experiment, coal samples  were  saturated  at 5 MPa  gas pressure  and gas pressure 
was  slowly  released  over 3 minutes.  Outbursts  did  not  occur  and  there  were no signs of any 
damage  to  the  coal  samples. 

The purpose of Yartsev's  study  was to test  the  concept  that for the initiation of outbursts, in- 
situ, it is not essential to have  gas  pressure  gradients or stress  in  the coal skeleton.  Yartsev 
showed that sudden drop in pressure of gas in the  range of 0.5 - 0.4 MPa at the exposed 
surface  is  enough  to  cause  an  outburst  and  disintegration of coal. 

Famin (1959) as mentioned by Hargraves and  Upfold (1985) initiated outbursts in the 
laboratory  in briquettes of  coal.  His  outburst cells had  dimensions of 10 x 10 x 30 cm and 
25 x 200 x 130 cm  (Fig. 7.3). Coal  material was  taken from  'Mazurka' coal seams,  Donetsk 
basin. This seam  is  one of the  most  liable  to  outbursts.  Briquette  samples  were  prepared  using 
coal  fractions <1 mm and  subjected  to  compression of 10 - 40 MPa.  Briquette  sample achieved 
compressive strength of 10 - 70 kPa  and their porosity  was 18 to 9%. Gas supply was 
sustained during the tests. Outburst  was  initiated by removing  the  perforated front'end by 
disengaging  the  latch  using  a  lever.  Concurrent  monitoring of stress  (at 6 pointsb gas pressure 
(at 5 points)  together  with  electrical  rupture  strips  allowed  the  velocity of the  crushing  wave  in 
the  briquette  either as a  wave  front  or  out of phase  to be measured. 



Fig. 7.3. Section of the 
outburst bomb of Famin 
(1959). 

Gas Pressure G o u p a  

The  most  important  conclusions of Famin were  as  follows: 

In  the small cell, outbursts  occurred in the  briquette  with  a  strength of 10 - 50 kPa, at 
vertical stress levels of 10 - 30 MPa  and gas pressure  gradients of 16 - 30 kPa/mm 

In the  larger  cell,  outbursts  occurred in the  briquette of 10 kPa  strength at applied  stress of 
8 - 10 MPa  and  gas  pressure  gradient of 8 - 16 kPa/mm. 

No outbursts occurred when  the  vertical  stress  acting  on  the  skeleton  of  the  briquette  was 
less than  6  MPa. 

The speed of destruction of  the  briquette  in  the  two  cells  was  different  depending  upon the 
vertical stress acting on  the  skeleton  and  gas  pressure  gradient. 

The speed of destruction of the  briquette also depends upon  the type of gas. It was 
lowest  for N2, in between for CHq and highest for CO2. As such, the speed is an 
indicator of violence  under  field  conditions. 

Gas is essential  for  the  destruction of the  sample. 

In  Japan,  Kuroiwa  and  Tashiro (1960) were  the  first  to  conduct  laboratory  studies  on  outbursts. 
Tests  were  conducted  in  a  cylindrical  cell  having  a  volume of 120 cm3. The material  used  was 
fine coal compressed in  the cell. The gas used  was  methane. Outburst wa+s initiated by 
fracturing a disc at gas pressure  differentials of 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 MPa. The gas 
liberated and degree of fracture of coal was  measured.  The  conclusions &wn by  the authors 
were as follows: 

In the outbursts of gas  and  coal,  the  particles of coal are  more  pulverised. It was  caused 
by sudden  desorption of gas  from  the  interior of coal particles  and  abrasion  in  the  violent 
stream  after  the  outbursts. 



The larger the pressure difference in  a  moment  of outbursts, the more particles are 
pulverised. 

Pulverisation of coal in  a  moment of outbursts is more  remarkable  in  a  proportion of the 
grindability of coal  before the outbursts. 

The amount of gas emitted increases with  increase  in  the degree of fineness of coal 
particles. 

The above studies showed  agreement  between the various  researchers  and  their findings are in 
line with the general observations  available  from  field  experience. The results of Kravchenko 
(1955) given in Table 7.1 for solid coal samples  taken from seam  'Kamenka'  did  not get a 
complete outburst in  spite of a  fairly  high  gas  pressure  of  4 - 5.5 MPa and coal strength of only 
80 e a .  

It is quite possible that coal samples, when  glued  on  to  the cell walls,  had their strength 
increased. There is  possibly  another  explanation of this  effect.  Coal  material is anisotropic  and 
coal samples  when  tested  for  tensile  strength  in  direct  methods fail along  sections of minimum 
strength.  But  in  the  outburst  cell,  the gas pressure  gradient  might  have  to  overcome  the  higher 
level of tensile  strength of the coal  sample  and  could  not  overcome this higher  level. 

7 . 3  EFFECT OF EXPERIMENTAL  CONDITIONS ON THE COURSE OF 
AN OUTBURST 

The  important  element of reliability of a  test is to ensure  its  repeatability, This is also applicable 
to laboratory studies on outbursts of gas  and  coal.  Bodziony et a1 (1988, 1989, 1990b) 
conducted studies on initiation of outbursts  using coal briquettes  made from fine coal from 
particle sizes <0.2 mm. Briquettes  were  formed  in  the  outburst  cell. The cell diameter was 
96.4 mm and length of 281 mm (Fig.  7.4).  The cell was  opened by sudden  impact  when  the 
holding rod was dislodged. Gas pressure measurements  were  made at 4 points along the 
briquette length. An example of the  gas  pressure  gradients  is  given  in  Fig. 7.5. The main 
conclusions  drawn  from  this  study  were  as  follows: 

The  location of sampling of coal in  the  seam,  the  particle  size  distribution bf coal and  the 
moisture  content of coal  affect  the  properties of the  briquette  formed. 

As a result of mechanical  formation of the  briquette,  its  porosity,  its  tensile  strength  and 
its  compressive  strength  are  directly  related to  each  other. 
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The  porosity of the  briquette  along  its  length  depends upon  the  method  of preparation  of 
the  briquette.  Friction of coal  particles along the  cell  walls creates stress  gradient which 
affect the properties of the  briquette.  The  net  result is increase in  the porosity and 
decrease in the  strength of the  briquette  from  top  (point of contact with  the  hydraulic ram) 
to the bottom. 

The condition required for the  initiation of  an outburst  is  that  the  gas pressure at  the 
exposed  surface of the  briquette  exceeds  its  tensile  strength  (Fig.  7.6a - N2,7.6b - C02). 
This result is in  agreement  with  the  criterion of Khristianovich  (1953  b,  c). 

With all other conditions remaining  constant - for gases  which  have higher sorption 
(COz), have  lower  critical  pressure  (minimum  pressure  at  which an outburst can  be 
initiated)  than  for  gases  which  have  lower  sorption (N2) or  which  do  not sorb at  all  (He). 
In the  range of  the  porosity  levels of the  briquette  tested,  the  ratio of gas pressure  required 
for initiating an outburst for C02 and N2 are 0.6 - 0.7  (Table  7.3). 

With  all  other  conditions  remaining  constant,  the  rate of destruction of the  briquette, as a 
measure of violence of an outburst,  decreases  with  decrease  in  sorption  capacity of the 
gas used  (Fig. 7.6 a and  b). 

During  sorption of coal briquettes,  increase in the  length of the  briquette  was  noted  when 
sorbed with C@. Because of  the effect of friction  along  the  cell walls, the  deformation of 
the  briquette  occurred  in  steps.  The  briquette  deformation  increased  with  increase in gas 
pressure used for sorption. 

Fig. 7.4. Cross-section of 
an outburst  pipe. 
1 - steel  pipe 
2 - movable  cover 
3 - supporting  rod 
4 - briquette 
5 - front  face of the  briquette 
6 - fkee gas 
7 - pressure  gauges 

9 - valve 
10 - knocking-out  rod 
11 - movable  cover  support 
12 - stable  cover 
13 - joint between  the  support 

and  the  pipe 

8-bob 

-l 

e 

- 11 

4 

349 



Fig. 7.5. Pressure graphs 
recorded during an  outburst. 
Gas - N2 
Porosity 0.256 
Gas pressure  0.19  MPa 
Mean  velocity of 

destruction  9.4 m/s 
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Fig. 7.6 a. Dependence of the  velocity of the Fig. 7.6 b. Dependence of the  velocity of the 
briquette  destruction on the  equalization briquette  destruction  on  the  equalization 

pressure of nitrogen  for  briquettes pressure of carbon  dioxide for 
of various  porosity  briquettes of various  porosity 

(Bodziony et al, 1989). (Bodziony et al, 1989). 



Table 7.3. Critical gas pressure  for  coal  briquettes of different porosiv 
(Bodziony et al,  1989). 

7 .4  NON  DESTRUCTIVE  METHODS OF MEASUREMENT OF POROSITY 
DISTRIBUTION IN  BRIQUETTES 

Porosity plays an important  role  in  laboratory  studies.  Important  condition  for  repeatability of 
tests in initiating outbursts is to ensure  appropriate  control of porosity of briquettes. It is not 
just the  mean porosity of the  briquette;  which  can be easily determined by measuring its 
volume,  weight  and  density of  the particles; but  the  important  factor is distribution of porosity 
along  the  length of the  briquette  as  the  local  porosity  determines the local tensile  strength of the 
briquette. This last factor influences  the  kinetics of the  outburst.  Porosity  thus influences an 
outburst in  two  ways: 

Directly  where  the  pore  space  determines  the  volume of free gas available. 
Indirectly  where  porosity  determines  the  resistance of the  briquette  to  destruction. 

Control of porosity  requires  development of methods for the  preparation of briquettes  that  can 
provide porosity constant along  its  length.  Destructive  methods  used for the determination of 
porosity are not  useful  in  these  studies. 

Bodziony et al (1992, 1994)  have developed techniques for the determination of porosity 
without destroying the  sample.  The  method is based  upon  measurement of pressure of gases 
that have very  low  sorption ( N 2  or He)  in coal.  Fig. 7.7 shows  the  porosity determined along 
the length of a briquette 600 m long  prepared in cylindrical outburst 5ell. Briquette was 
prepared  in 3 parts  to  give  stepped  porosity. In the fist  225 mm of its length,  the porosity is 
0.215,  in  the  next  170 mm it  is 0.305 and  the  last  205 mm length,  it is 0.215. The briquette 
produced  this  way  reveals a deviation of 5% from  the  preset  porosity. 12 pressure  gauges  were 
mounted on  the  side  wall of the  outburst  cell.  The  briquette  was  saturated  with N2 at a gauge 
pressure of  0.76  MPa.  An  outburst  was  induced.  From  Fig. 7.7 a distinct  correlation  between 
the  velocity of  the  briquette  destruction  and  its  porosity  can  be  observed.  The  outburst 
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proceeded in the fist section  at a velocity of 20.4 m/s, in the middle section the  outburst 
velocity  increased to 42.3 m/s, and in the final section  the  outburst  velocity is slowed  down  to 
19.7 d s .  

This experiment  allows  to  formulate the following  conclusions: 

The  velocity of the  briquette  destruction  strongly  depends on its  porosity. 

For a constant porosity  at  the  given  equalisation  pressure  the  velocity of destruction is 
constant, if the  resistance of the  motion of the  post-outburst mass is  neglected. 

The velocity of destruction  depends on the  parameters of the  briquette  saturated with gas 
at  the  point in the outburst  pipe. 

7 . 5  INITIATING OUTBURST  IN TRIAXIAL STATE OF STRESS 

During the formation of briquettes in an outburst cell, radial stresses are generated in its 
skeleton.  The  briquette  is under axi-symmetric stress field. 

Alekseev et al(l980) developed  equipment  where  cubic  specimens  were  subjected  to triaxial 

stress field.  The  sample  size  was 6 x 6 x 6 cm.  The  equipment  allowed a maximum stress of 
600 MPa  on  each side (Fig.  7.8a). Coal samples  were  saturated  up  to 15 MPa  gas  pressure. 
Facilities  were  provided for the  measurement of sample  deformation  along  the 3 axes  together 
with the suess. Amount of gas sorbed  was  measured.  The  control  system for the  experiment 
allowed  sequence of loading.  Tests  were  conducted  with 01 = 0 2  = 0 3  up to a certain  stress 
level  and  then 0 3  side  was unloaded at a rate of 0.05 mm/s or 5 mm/s to a certain  stress value of 
03. At this stage the  spigot in the side on which 0 3  was acting was suddenly removed. 
Samples  were  sorbed  with  methane for 30 minutes at 10 MPa gas pressure. 



Results of the  tests are given  in  Fig.  7.8b.  Results  show  the  effect of stress relief from the  side 
which influenced the initiation of an outburst. 

Fig.  7.8a. Plan of true triaxial 
loading system used by 
Alekseev et al(1980). 

Fig.  7.8b.  Scheme of loading 
of coal sample and removal 
of spigot. 

i 
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Miiller  and  Meiners (1991) conducted  tests  under  true triaxial conditions (Fig. 7.9 and 7.10). 
Samples were loaded in  the  range of 20 - 200 MPa. Samples  were  not  allowed  to deform 
horizontally  and  developed  lateral stress from 5 - 200 m a .  Different ranksof coals  were used 
in  the  study.  Holes  were  drilled  into  the  coal  samples  horizontally  using  controlled  drilling. 
Equipment allowed observation of the  phenomenon.  Rock  bursts  occurred with ejection of coal 
and  associated  changes in the  thrust of the  drill  machine. 

Fig. 7.9. Loading machine  and  drilling  system 
(Miiller  and  Meiners, - 1991). 
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Fig. 7.10. Details of drilling  system 
(Miiller  and  Meiners, 1991). 
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Studies allowed  to  differentiate  four  ranges of stress levels. In the range from 20 - 40 MPa, 
drill holes  were  stable in all the  coals. In the  range from 30 or 60 to 80 MPa, the mass hctions 
from  holes  increased in most  coal  types,  but  without  violent  bursts.  Beyond  80  MPa,  the  mass 
fractions  increased with the  appearance of violence  and all other  signs  that are associated  with 
rock  bursts.  After  a  certain  velocity of drilling,  rock  bursts  precede  drilling  exerting  a pull on 
the  drill. The course of this  event is dependent upon the vertical stress. At stresses beyond 
200 MPa,  most  coals  showed  plastic  deformation. 

For modelling outbursts, 15 cm diameter samples  were  used. These were saturated with 
methane at gas  pressures of  1.8 - 3.6 MPa.  Samples  could be subjected to a maximum stress of 
340 MPa. Gas pressure  could  increase by a  factor of  two when  these  samples  were  loaded 
axially. Initial studies showed  that  at  vertical  load of  up to 57 MPa,  there  was  no effect on 
drilling. Doubling of stress  produced  small  rock  bursts  without  much  emission of gas. At 
170  MPa stress, drilling of holes  in  some  coals  caused  outbursting.  As  the  vertical stress was 
further  increased,  the drill rod  was  quickly  jammed as a  result of a  burst  in  the drill hole,  but  no 
further  increase  in  effects of  outburst  was  noticed. 

Model studies with  drilling  show  total  displacement of  the sample if other  conditions are-kept 
constant.  Outbursts  occur at low  vertical stress levels  as  the  gas  pressure  and  the  gas  desorbed 
from  the  broken/crushed  coal  provides  unfavourable  changes  in  the  strength of coal.  Miiller 
and  Meiners  mention  continuation of this  work  using  different  gases  and  application of this to 
in-situ  conditions  using  analytical models. 

Modelling of outbursts  under true triaxial  conditions  is  important  in  introducing  strength  criteria 
into  initiation of  outbursts.  However,  solution  of  this  problem requires studies  in  the  behaviour 
of coal under true triaxial  conditions in the  presence of pores filled with different sorbents 
(Ujihira et al, 198%;  Gustkiewicz, 1985,1989,1990). 

7.6  RUPTURE STRENGTH 

As mentioned earlier, laboratory  experiments in initiation of an outburst  require creating of 
boundary  conditions  that  are as close  as  possible to  the  field  conditions,  in-situ.  Placement of 
sample, its saturation with  gas  and  then  sudden  opening of one of  the sides are the basic 
parameters  on  which all laboratory  tests  are  based. 

* 

The  important  point  is  that  when  one of  the sides  is  opened,  the  sample  itself  in the outburst  cell 
should  not  undergo  any  displacement.  Kravchenko  (1955)  glued  the  sample  to  the cell walls. 
In tests conducted by  Bodziony et al (1988,  1989)  the  sample  was  held  in  place by forces of 
friction. In true triaxial  tests  conducted by  Alekseev et a1 (1980),  the  sample  was retained in 
place by a  platten  while  a  spigot  was  opened. If the dimensions of  the exposed surface are 

355 



sufficiently large, then in line with de Saint  Venant's  principle,  stresses acting on  the edges of 
the face will not have  any effect on  the stresses in  the central part of the  face.  Gawor et al 
(1994) describe the effect of changes in friction along the  walls of a briquette in a cell 
(Q = 20.8 mm) on  the course of an  outburst.  Outbursts  would  not  be  initiated  in  too small 
diameter  cells. 

The  state of stress in  the  skeleton of the  sample is determined by mechanical  load  imposed  on it 
(compression of the briquette material during its formation, mi-symmetric or true triaxial 
loading)  and pressure of the free gas. If a coal sample  is  loaded  and  then  subjected  to  sorption 
of  gas, additional  stresses  are  generated as a  result of swelling of the  sample.  The  simplest  case 
is where  the stress state is governed by gas pressure  gradient of the free gas  alone.  Attempts 
have  been  made to define the stresses in  the  skeleton  under different boundary conditions 
(Ujihira et al, 1985b;  Paterson  and  Schlanger,  1985;  Paterson,  1986).  Theoretical solutions 
show that in the neighbourhood of the  exposed  surface of a  sample,  the  dominating stress is 
tensile  and its direction  in  the  central  part  is  at  right  angle to the  exposed  surface. 

Khristianovich (1953~) presented  the  criterion  that an  outburst is initiated at a  place  where  the 
following  condition  holds 

where 0 = stress in  the  skeleton of the sample  acting  at right angle  to  the exposed 
surface 

PG = gas  pressure  above  the  atmospheric 
EO = porosity of coal 
a = constant  depending  upon  the  material, its porosity  and  method of exposure 

of the  surface of coal  sample. 

The value of a is established  experimentally.  This  criterion was confmed experimentally by 
Kravchenko (1955), Ujihira et al  (1985b)  and  Bodziony et a1 (1989).  Paterson  and  Wold 
(1995)  have  also  used  this  criterion in their  studies  in  open  hole  stimulation  for  gas  drainage. 

Rozantsev et  al(1979) have  correlated  critical  gas  pressure with the  strength of coal m s s  using 
Protodyakonov's  index. The necessary coal samples  were  taken  from  freshly  exposed surface 
and divided into two parts.  One  part was  used  to  determine  the  strength by Protodyakonov's 
method, and the other was  placed  in  a  flask which  served  as  the  working  chamber. The space 
between  the surface of the  specimen  and  the  walls of the  flask  was filled with  paraffin. The 
flask  was sealed with a quick-opening  stopper  and  methane  under  pressure  was  supplied  to  the 
front face of the  specimen.  After  attainment of sorption  equilibrium  (at  constant  temperature) 
the stopper was  opened  and  the  resulting  phenomena  recorded.  Based  upon  experimental data 
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(Fig. 1 la), critical ratio between gas pressure of the impregnating gas PG -and strength 
coefficient f of coal  was  found  to  have the following  relationship. 

PG 2 17f (7.3) 

This criterion  was  confirmed in  field  measurements  with  actual  values  of  gas  pressure  PG  and f 
in zones of coal  seams of various  degree of outburst  hazard  (Fig. 7.1 lb). 

Fig. 7.1 la. Relation  between  PG  and f 
in experiments. 

1) No signs of fracture of specimen; 
2) Specimen  shows  signs of fracture; 
3)  Fracture  process  arises with 

formation of  characteristic  cavity 
(Rozantsev et al, 1979). 

7.11  b.  Relation  between PG and f 
in solid  rock. 

Gas bursts of various  intensities: 
1) do not OCCUT, 
2) do occur. 

(Rozantsev et al, 1979). 

According  to  Petrosyan et al(1983) experiments on  strength  criterion  were  conducted by Feit 
(1978) and Petrosyan  (1985).  Coal  samples in the  outburst  cell  were saturatGd  with  gas at 
5 MPa and subjected to  mechanical  loading of 50 MPa. Outbursts occurred  with  sudden 
release of stress in  one  of the directions.  The  speed of destruction  measur&  varied  from 3.6 - 
15.8 4 s .  Coal samples  disintegrated  to  a  high  degree  and  material  was ejected from the 
outburst  cell.  Caverns  were noted  in  the  cell.  Feit  gives  the  following  strength  criterion 
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where 011 and a2 = coefficients  calculated from experiments 
PG = gas  pressure  (gauge) 
01 = major  principal stress 
ot = tensile  strength of coal 
o, = compressive  strength of coal 

= initialporosity. 

Fig. 7.12 presents  the  relationship  between  PG  and ot as  well  as  the  line  separating  the  region of 
outbursts from no  outbursts.  The  equation of the  line  is 

Thus  when the gas  pressure Pa exceeds a certain  value,  outburst  will  occur. 

Feit's  criterion  is  another step in search of stability  criteria of a coal seam against  rupture  when a 
part of  the face is exposed. 

Paterson  and  Wold (1995) have  proposed a 'cavitation  index'  determined  experimentally  using 
equipment  where a coal  core is subjected to  lateral  loading of hydraulic  pressure  together  with 
gas pressure  (Fig. 7.13). The  system on depressurisation results in a cone  shaped  cavity.  The 
results of this study show  good correlation between strength, gas pressure and stresses 
generated in the  sample. 

Fig. 7.12. Relationship  between  critical  value of gas  pressure PG 
and  tensile  strength of coal ot (Feit, 1978) 

Outburst No outburst 
coal  sample o 

A briquette A + coalseam +- 
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Fig.  7.13.  Schematic  drawing of cavity  index  cell,  used  for  measurement of burst  strength 
as a  function of  pore  pressure,  pressure  gradient  and  external  biaxial  strength 

(Paterson  and  Wold,  1995). 

7 . 7  OUTBURST AS A CHAIN PROCESS 

The texture of surface of  the  cavern after an outburst is quite  variable.  Most commonly, flat 
polished  surface  occur  when an  outburst  occurs lies on a fault and  where  the fault forms one of 
the walls of the cavity.  However,  within  the coal seam  the  cavity surface is highly feathered 
with thin plates projecting out of the  walls in line  with  the  main cleat direction of this seam. 
This type of structure of the  surface of an  outburst  cavity suggests that the occurrence of an 
outburst  is  a  chain  process  which  progressively  destroys  the  coal  seam  tearing  away coal, layer 
by layer. This knowledge of the  process of destruction of the coal seam  is essential for correct 
understanding of the  role of gas in the  outburst  process.  The  hypothesis of treating an outburst 
as  a  chain  process, first presented by Khristianovich  (1953 b, c), has  been  tested  and  supported 
independently by a  number  of  research  establishments. 

Ujihira et al (1984 a, b, 1985 a, b) developed  equipment for artificially creating an outburst 
(Fig.  7.14)  using an artificial  material  that  simulates  coal.  They  used  porous  mortar  made from 
powdered  cement  and air entraining  agent.  The  mean  mechanical  properties of the  material  were 

Compression  strength a, = 0.86 MPa 
Tensile  strength at = 1.0  MPa 
Specific  gravity S ,  = 0.99  g/cm3 
Permeability = 4omD 

I 

The length of the  samples  was 58 cm. In the  centre  portion of one end of the apparatus, a  gas 
release  window of 20 cm  diameter  was  provided  and was sealed by a  zinc  sheet.  On  the front 
side of the  apparatus,  a  transparent  acryl  resin  window was provided. " e e  strain gauges and 
three  gas pressure transducers  were  buried  at  fixed  points  in the material.  One gas pressure 
transducer  was in the  gas  space.  Exposure of the face of the porous mortar  was  achieved by a 
detonator set on  the  zinc  sheet. 
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Most  important  results  obtained by Ujihira et al(1985b) are 

Under the  condition of gas pressure and  tensile strength ratio ( P G / o ~  >2, visible 
destruction  and  outburst  phenomena  could  occur  (Fig. 7.15). 

The sequence of events were  recorded  using a high  speed  camera  (Fig. 7.16). These 
clearly  show  the  nature of process  as a chain  process. 

With drop in gas pressure, there  is a flow of gas  towards  the  exposed  surface. In the 
vicinity of this surface  steep  pressure  gradients  are  generated  (Fig. 7.17). 

Ujihira et al (1985b) suggest  that  gas  pressure  distribution  should  have controlled the 
form of stress  distribution and also the  fracturing  process. 

Fig. 7.14. Schematic of 
experimental  apparatus 
(Ujihira et al, 1985b). 

Fig.  7.15. Fracture seen in 
the  case of P& 4; 
PG = 0.56 MPa, 
Ot = 0.14 MPa 
(Ujihira et al, 1985b). 



16 17 18  19 

22 23 25 
a 

Fig. 7.16. Sequence of fracturing process captured  by high speed  camera 
at  millisecond intervals. PG = 0.55 MPa, ot = 0.1 1 MPa 

(Ujihira  et al, 1985b). 
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Fig.  7.17. An example of recorder  chart of gas  pressure  drop  and  strain changes 
(Ujihira et al, 1994b). 

On  the  assumption  that  coal-mortar is a  homogeneous  elastic  material,  they  have  simulated  the 
stress conditions  together with gas  pressure  gradient using finite  element  method  and  calculated 
the principal stresses generated in the  model  (Fig.  7.18).  The  direction of the crack should 
correspond to the 0- direction. The crack  would  extend  along an envelope  line  which could 
be derived by connecting points of Omin. This is very clearly evident when  the results of 
modelling are compared with  model studies (compare  Figs.  7.15  and  7.18).  Very similar 
results  were  obtained by Paterson  and  Schlanger  (1985)  and  Paterson  (1986). 

Ujihira et al (1985b) and  Ujihira  and  Nakajima  (1991)  studied  the  initiation of cracks in a 
porous material saturated with  gas.  The  experimental  procedure  was:  fiiling of the  powdered 
resin into the pressure vessel, applying  high  pressure  gas into the  void of powdered resin, 
melting of the  resin,  gradual  re-solidification of the  melted  resin in which  numerous  micro  pores 
were  uniformly  distributed  (Fig.  7.19),  creating an initial  (tensile)  crack just in  the centre of the 
vessel  and  examination of development of cracks  into  both  the  sides of the  initial  crack. It was 
possible  to  generate  the  crack  development  into  both  the  sides of the  initial  internal  crack  when 
the ratio of P& was  larger  than 8. The  state of the  crack  development is illustrated  in  the  part 
B in  Fig.  7.20. 

After the  crack  development, when  the  gas  pressure  in  the  small  space  at  the  tog of the  vessel 
was  released  gradually, countless cracks  occurred  parallel  to  the  face  as  shown  in  the  part  A  in 
Fig.  7.20. The fractured resin  was  to be removed from the  vessel.  During  the process of 
removal of the  resin  in  the (part C, Fig. 7.20) by a steel pick, solid  resin  became unstable 
suddenly and ejected explosively as shown in Fig.  7.21.  Experimental  results suggest that the 
pore gas pressure could be the  cause of fracturing of coal  seam if  high gradient of gas pressure 
exists near  the face or inside  a  coal  seam. 
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Fig.  7.18.  Calculated  principal 
stresses in coal mortar  matrix 
caused by gas  pressure  gradlent 
(Ujihira et al, 1985b). 

1 .  . . .  & . . .  . I . .  

0123456789D(cm) 
x 

Depth under surface 

Fig. 7.19. Photograph of the  micro  pores Fig. 7.20. Schematic  view of 
scattered in a  fragment of resin the  fractured  zones occurred 

(Ujihira  and  Nakajima, 1991). (Ujihira et al, 1989). 
(size of  the  photo: 1.03 mm x 1.58 mm) in the  apparatus 

Ujihira et a1 (1989) have presented results of another experiment to demonstrate the 
development of cracks and  initiation of an outburst. The equipment  (Fig. 7.22) consisted of a 
pressure vessel, a couple of flat jacks, placed  inside  the  vessel, an oil pump  and  a  monitoring 
system. The material used  was  a  resin  containing  micropores (7-10% of pore space) saturated 
with  gas. The process of outburst  was as follows.  Firstly,  release the gas pressure by opening 
the left side of the  vessel.  Secondly, exert on  the  model lateral pressure equal to the rock 
pressure with the flat jack on  the right side.  Outburst  was  generated during the process of 
release of gas pressure or in the process of loading by the flat jack (Fig. 7.23). Under  the 
action of mechanical stresses it was  possible to generate an outburst even  when  the gas pore 
pressure was not so high.  Mechanical  stresses  are  considered  to be effective to increase the 
density of cracks which  is an important  factor  for  gas  release  from  micro  pores to macro  cracks. 
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(a) (b) 
Fig. 7.21. (a) Small scale  outburst from the lower  part of A zone. 

(b) Large  scale  outburst from the lower  part of B zone 
(Ujihira and Nakajima, 1991). 

AEI,AE2 A E  DETECTOR 
s1,S2,53,s4 : STRAIN  GAUGE 
Gl,GZ,G3 : GAS PRESSURE TRANSOUCER 

Fig. 7.22. Apparatus  for  gas  outburst  (Ujihira et al, 1989). a 

It was confirmed that  the cracks became  unstable  and  the flakes of the  model material were 
rapidly ejected from the solid with  gas  when  the  cracks,  especially parallel to  the face, were 
saturated  with released gas.  Nakajima  and  Ujihira (1989) are of the  opinion  that  the  prediction 
of outburst  occurrence  was  possible by monitoring  the  acoustic  emission  activity  and  changes in 
crack  gas pressure. 
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u 1 cm u i c m  

(a) Shape of pore space at the first srage of gas outburst 
(b) Lengthwise crack neighboring free  face 
( c )  Crack generated at loading parr 

Fig. 7.23. Generation of gas  outburst  in  the  model  (Nakajima  and  Ujihira, 1989). 

Bodziony et al(1990) have  investigated  the  phenomenon of discing  in  briquettes in an outburst 
cell (Fig. 7.24). This effect was  observed  with C02, N2 and  He  and  was independent of the 
briquette  properties.  Material  ejected  out  of  the  cell  was  completely  broken up  to the  size of coal 
out of which the briquette was  formed.  However at gas pressure just exceeding the tensile 
strength of rock, sufficient material  remained  in  the outbursting cell. To clarify the point 
whether this discing is the  property of the  outburst,  or it is due to anisotropy of the briquette 
itself as a result of its formation, separate experiments  were  conducted. The experimental 
system is shown in Fig. 7.25. A hollow  briquette  was  used in this  test. The face of the 
briquette on the unloading  end  was  protected by a  metal  ring  with an internal hole of 45 mm 
diameter equal to the  hole  in  the  briquette.  This  protected  the  briquette  from ejqtion. During 
the  outburst,  the  part of the  briquette  in  the  vicinity of the  hole  was  completely  destroyed. The 
process of an outburst started  from  the  internal  wall of the  hollow  briquette.  The  phenomenon 
of discing occurred  here too.  The discs were  of cylindrical  shape  like  curved  plates.  The gas 
pressure gradient introduced  this  structural  anisotropy in  the  hollow  cylindrical  briquette. This 
phenomenon is very  similar to the failure of  holes  drilled in coal  seams  where  fractures  are  seen 
parallel to the  walls of the  holes. 



Fig. 7.24. The structure 
of a  briquette  remaining 
in outbursting cell 
showing  discing 
(Bodziony et al, 1990) 
(Top - side  view; 
bottom - view from the  top). 

Fig. 7.25. Experimental  system 
with a  hollow  briquette 
1 - section of the  briquette 

(see Fig. 7.26) 
2 - metal  plug  retaining 

the briquette in the  cell 
(Bodziony et al, 1990). 

Bodziony et al found that the failed briquette  contained  individual discs as weU as packets of 
discs. The thickness of the discs was  analysed  using  techniques developed in stereology. 
Packets of discs were  submerged in a light resin  which  after  hardening  was cut into slices at 
right angle to the cross-section of the briquette. Polished sections were prepared for 
examination  (Fig. 7.26). Microscopic  studies  showed  that  the  thickness of the discs is in the 
range of 0.2 mm (maximum size of the coal particles  from  which  the  briquette is formed) to 
1 m and  that  fractures  separating  the  discs are intergranular. 
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Fig. 7.26. Cross  section of a 
packet of discs obtained 
after an outburst  in a 
hollow  briquette 
(Bodziony et al, 1990). 

Gawor et al (1991,  1993,  1994) conducted  tests  in a cell (pipe) (Fig. 7.27). Coal briquettes 
were  formed  in  the  test  cell of 20.8 mm diameter. The weight of the  briquettes was 20 g and 
their  porosity was 0.16, 0.18, 0.20, 0.24 and  their  respective  lengths 46.19, 47.31, 48.50 and 
51.00 mm. Briquettes were saturated with  gas  at pressures of 0.6 or 0.5 MPa. Briquette 
saturation  lasted 7 hours for C02 and 3 hours  for N2 and Ar. Measurement  system is shown in 
Fig. 7.28. Laser  beam  was  divided into two separate  rays, 1 and 2, directed to  two spots 
painted  on  the  briquette  surface. A photodiode  connected to a memory oscilloscope recorded 
the  scattered  light  from  these  spots. Any shift  in  the  spot  changed  the  intensity of scattered  light 
and  triggered  the  oscilloscope.  Time  interval  between two subsequent  changes  in  the  intensity 
of scattered  light was  used  to calculate  the  speed of destruction.  Pressure  transducer  signal  was 
recorded on  the  second  channel of the  oscilloscope. Results of the experiment are  shown  in 
Figs. 7.29 and 7.30. Figs. 7.29 and 7.30 illustrate  the destruction of the briquette with 
porosity of 16% saturated  at a pressure 0.6 MPa with C02 and N2 respectively.  Time  interval 
between  subsequent  images was 0.18 ms. Briquette  destruction  started at its front part. In  the 
tests with C02, slices are 0.4 - 0.8 mm thick. In the  test  with N2 the slice thickness is 
1.3 - 3 mm and  they do not change shape  while  moving towards the outlet and  when 
decompressed  to  atmospheric  pressure.  Figs. 7.31 and 7.32 illustrate  the  subsequent  phases of 
destruction of briquettes  saturated with  C@  and Ar.  Cell was decompressed to the  vacuum. 

a 
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Fig. 7.27. Schematic of the 
outburst  pipe  with a 

1 - briquette 
2 - piston 
3 - screw 
4 - window 
5 - membrane 
6-knife 
7, 8 - pressure transducers 
9 - vacuum  pump 
10 - gas  bottle 
11 -czimera 
12 - LED diode 
13 - decompression  chamber 
(Gawor et al, 1994). 

hand-opted PES. 

Fig. 7.28. Block diagram 
of the  measuring  stand 
in  the tests with the use of laser 
1 - briquette 
2 - piston 
3 - window 
4-mirrors 
5 - photodiode 
6 - memory oscilloscope 
7 - lens 
8 - laser 
(Gawor et al, 1994). 
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Figs. 7.33 and 7.34 illustrate the  course of  an outburst of a briquette with porosity of 0.16 
saturated with C02 and Ar respectively.  Higher  porosity,  higher  the briquette destruction 
velocity. Table 7.4 gives test parameters  and  rate of destruction of the briquettes.  Based  upon 
photographic  evidence, the location of the  face of the  briquette  as  a  function of the  elapsed  time 
was  calculated  and this allowed  calculation of the  rate of destruction  (Fig. 7.35). 



252 

Fig. 7.29. Slicing of the  briquette  saturated Fig. 7.30. Slicing of the  briquette  saturated 
with CQ with N2 

$ = 16%, Po = 0.6 MPa  (Fastax) Q, = 16%,  Po = 0.6 MPa (Fastax) 
(Gawor et al,  1994). (Gawor et al, 1994). 
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Fig. 7.31. Slicing of the  briquette  saturated  with C02,$ = 16% Po = 6.6 MPa (CCD) 
(Gawor et al, 1994). 
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Fig. 7.32. Slicing of the  briquette  saturated  with A r ,  (I = 16%, Po = 0.6 MPa  (CCD) 
(Gawor et al, 1994). 

Fig.  7.33.  Slicing of the  briquette saturated with C02, @ = 20%, Po = 0.6 MPa  (CCD) 
(Gawor  et al, 1994). 

Fig. 7.34. Slicing of the  briquette saturated with Ar, @ = 20% Po = 0.6 MPa (CCD) 
(Gawor  et al, 1994). 



Fig. 7.35. Velocity of 
outburst  destruction 
(Gawor et al, 1994). 

0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 ,. 
time [ms] 

Table 7.4. Destruction rate depending  upon gas type,  briquette  porosity 
and  saturation  pressure  (Gawor et al, 1994). 

Briquette 
porosity, 9% 

16.0 
16.0 
16.0 
16.0 
18.0 
20.0 
20.0 
20.0 
24.0 

Saturation 
pressure, 
Po, bar 

6.0 
6.0 
6.0 
6.0 
5.0 
6.0 
6.0 
6.0 
6.0 

Decompression 
destruction, pressure, 
Rate of 

pk, bar .%, m/s 
1.0  4.8 
0.0 7.4 
1 .o 

8.2 0.0 
5.4 

10.0 1 .o 
9.0 1.0 

0.0 
0.0 
1 .o 

11.2 
12.4 
10.8 

7 .8  ENERGY OF AN OUTBURST 

While  considering  the  energy of an  outburst,  two  sources  need  to  be  considered: the skeleton 
of the  coal  and gas. The  skeleton of coal  accumulates  energy as a  result of 

gravitational  stresses, 
residual  or  locked in stresses  due  to  tectonic  disturbances, 
additional  stress  generated  as  a  result of mining  excavation. 

* 

Gas is present in at least  two forms which  adds  energy  to  the  system; 

free  gas  filling  the  pore  space 
sorbed gas in the  coal  substance  which  acts on the coal  skeleton as a  result of swelling. 
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The change of conditions  results in change in the  total  potential  energy of the system and under 
some circumstances the mechanical stability of the system may be disturbed resulting in 
instability where  the  part of this potential  energy  accumulated is used  up  as-heat,  work done in 
the creation of  new surfaces, etc.  and  the rock mass attains a new equilibrium with  a lower 
potential energy.  How  much of this  energy is lost  and  into  what  different forms it is converted 
is not  well  established as yet. However in an outburst,  the  most  common  forms  mentioned into 
which this potential  energy is converted are given  below: 

Process of fracturing of coal. 
Transport of  the hctured material  including  movement of gas and further crushing of 
coal during its transport in a  mine  roadway. 
Permanent  deformation of the  coal  and  the  surrounding  rock. 
Generation of  heat. 
Conversion into other effects of outburst  such as sound, vibrations, electro-magnetic 
effects, etc. 

The distribution of the energy of an  outburst  into  these  various  forms is not known. However, 
it is well  known  that  the  energy  accumulated in the  skeleton of coal  does  not  have  a  major  direct 
effect on  the  transport of the  products of destruction. A part of the  energy of the free gas,  and 
gas desorbed, present is required for this  purpose. The process of destruction of the coal seam 

. does use this energy  accumulated in coal  skeleton  as  well as the energy  present in the gas. It is 
quite possible that part of the energy accumulated in the  skeleton is transferred to free gas 
during decompression. Part of the  energy  accumulated in gas is converted into its kinetic 
energy  and is also  imparted to the  external  atmosphere surrounding the  place of  an outburst. 

7.8.1 Swelling  Energy 

The stress due to  swelling  results in storage of a  large  amount of energy  in  the  gas-coal  system. 
The liberation of this energy in the coal  seam  can  have  a  decisive  influence  on  the  development 
of  an  outburst.  Ettinger (1979) assumed  that 

(a) Sorption is independent of the  compressive  stresses  acting on coal and is completely 
reversible  without  hysterisis. 

(b) Sorption  occurs  under  isothermal  conditions. a 

He  developed  the  relationship  between  change in volume  and  stresses as a  result of sorption 

v-v(J 
VO 

Pa = k 
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where PO = stress,  MPa 
Vo = initialvolume, m3 
V = finalvolume, m3 

k = constant  (MPa),  representing  Young's  modulus in compression called as 
isothermal  modulus of  compression  of  the  sorbent. 

The  swelling  energy  is  thus  given by 

k V-Vo 
2 

= z,( vo ) (7.7) 

where p = density of cod 

Tables 7.5 and 7.6 give  examples of stresses  and  energy  due  to  swelling of coal  saturated with 
methane and carbon  dioxide.  Swelling  stress  can  reach levels of 270 MPa  (Table 7.7). for 
carbon dioxide, which  is far higher  than  any  geostatic  stress  which is usually  in  the  range of 
20 - 30 MPa. 

Ettinger compared  the  energy of sorption (I&) and  heat of sorption Q for  one  mole of methane 
and found that Q = 1.7 x 104 J/kg.  The  values of Q and EO are very  close  to each other (see 
Table 7.6). The  accumulation of energy of swelling may be sufficient  for  desorption of a large 
portion of  methane in an  adiabatic  process. 

Table 7.5. Linear  swelling of Donetsk cods in methane  at PCH~ = 5 MPa* 

% volatile 
Coal  deposit 

Komsornolets  pit, 
Mazurka  seam, 
fat  coal 

30.6 

Karl Manr  pit, 
18.2 Mazurka seam, 

Kondrat'evka pit, 
Derezovka seam, 11.4 
lean  coal 

coking  coal 

Relative free 
Swelling of coal, energy of Swelling  stress, 

% stressed  state, Po, m a  
Em J k  

0.14 I 21.5 I 0.56 lo2 

0.17 0.88 * 102 25.5 

0.24 I 42.3 I 1.5 * 102 

* Data of Ettinger (1979). 
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Table 7.6. Bulk swelling in carbon  dioxide at PC& = 0.5 m a *  

Specimens of uncrushed  coal Specimens of coal  crushed  to  0.1 mm 
Types of and  pressed at 50.0 MPa 

coals &, Jkg  Po,  MPa Swelling, E,, J/kg Po, MPa ' Swelling, 
% % 

A - - - 

0.81  103 83.0 1.66 0.58 * 102 21.8 0.44 P 
0.63  1@ 72.6 1.45 0.24 103 50.0 0.90 V 

0.36  103 52.5 1.1 1 

R 0.53 26.4 0.9  102 1.15 0.62 , 103 57.3 

* Data  of  Ruffo  and  Gessele (1936,1940). 

Table 7.7. Bulk swelling in carbon  dioxide at PC& = 5.0 MPa* 

Specimens of coal crushed to 0.1 mm and pressed at the  following pressures ("a): 

Index. 

J/kg MPa % J/kR MPa % J/kg MPa % C o a l s  

100.0 50.0 25.0 
of E,, P,, Swelling, &, P,, Swelling, E ,  P,, Swelling, 

A 

1.1 - 10"  305.0  6.1 P 

1.3 - 10" 330.0  6.6 V 

4.2 - 1O3 190.0  3.8 

R 3.3 165.0  3.2 * 1@ 0.8. 10"  270 5.4 3.7 * 103  175.0  3.5 

* Data of Ruffo  and  Gessele (1936,1940). 

7.8.2 Energy in Coal Crushing 

The  amount of energy used  up  in  the  crushing of coal  in an outburst  has  a  wide  meaning. It is 
also one of the aspects of energy used  up  per  unit  mass or volume of the brittle material 
involved in an outburst.  The  solution of  such a  general  problem is not yet available. 

One of the  basic  principles that can help find a solution is Rittinger's hypothesis of 
proportionality of energy used  in  the  creation of new surfaces  during  crushing. The definition 
of the  created surfaces requires  the  assumption  that  these  are  smooth  and regulan On  the  other 
hand  one  needs to consider  fractal  character of the  surfaces.  The  amount of energy  required for 
the  creation of a  surface  is  dependent  upon  the  properties of the  material,  the  parameters of the 
machine  used in crushing  and  their  interaction. 



Borisenko (1973,  1979) and  Borisenko  and  Tkachenko (1978,  1980) while crushing samples 
in a machine  assumed  that  the new surfaces  generated are proportional to the  square i f  the  size 
of the  particles. This means  that  the  surface  area  for a unit  volume ofparticles of product class 
di is given by 

where  di = the  size of the  particle in the  class 
k = shape  factor 

The  surface area of  the total product of crushing  is  given  by 

S = Emi si = kz- mi 
di 

where mi = mass of  the particle  in a class i of the  product  produced  and 
totalmassm = Emi 

The degree of reduction  (reduction  ratio)  is  given by 

(7.9) 

(7.10) 

This leads to a simple  relationship  that  relates  the  surface  energy of the  crushed  product 

S = k- m 
d 

(7.1 1) 

The above relationship assumes  that  particles of all classes have  the  same  shape. Thus to 
calculate  the  new  surfaces  created,  what  is  needed  is  to  subtract  from  the  value S JEq. 7.1 l), the 
initial surface area of the  particles  calculated by  the Eq. 7.1 1. If the  ratio of (do/d) is higher 
than a few  orders,  then  the  initial  surface of the  particles  can be neglected did it is  assumed  that 
the  new surfaces created  is  given by Eq. 7.11. The  new surface  area of the  particles  per unit 
mass  (or  volume)  of  the  substance  is  given by 

1 s = k- 
d 

(7.12) 



Borisenko and Tkachenko (1978) crushed  samples of size  greater  than 1 cm collected from 
different places of outbursted  coal.  The  pieces were  dropped on to a hard  suxface  from a cerlain 
height. After each drop, sieve analysis of particles was carried  out  and  degree of reduction, 
new surface area generated and  work  done  was  calculated.  Table 7.8 gives  the data  for 12 
samples collected from outbursted  coal  in  Troynoy  coal  seam in  Pechora  basin  and  three  other 
seams from Donetsk  basin.  The data shows  that  energy required per  tonne  for  the  degree of 
reduction  to 0.074 cm and 0.012 cm  is  about 0.04 and 4.4 MJ/tonne  respectively. 

Borisenko (1980) also  introduced  the  concept of degree of crushing by defining r: that requires 
1 kgf  cm/cm3 (98.1 kJ/m3). 

using &mensio&ss  ratio - of size,  where r = mean  final  size  and r, = mean initial  size. [I9 
The  results of his test are given in Fig. 7.36. 

Based  upon the relationship between  dimensionless  particle  size  reduction  and  dimensionless 
normalised  work  done (A/A) given  by  Charles (1957), Borisenko obtained  the  relationship 

A' A =  
(n r,, ),*" 

(7.13) 

I I I I I I 
a ll? . ?Q 30 kgf cm/cm3 

Fig. 7.36. Graph of r, corrected to  unity vs work of crushing. 
1) impact  crushing; 2 ) impact  crushing of coal from gas burst; 

3) crushing in  press; 4) in  mill (Borisenko, 1979). 
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Table 7.8. Energy  required  for  crushing  of  coal  particles from outbursted  coal  (Borisenko  and  Tkachenko, 1978). 

I 
Size of 

outburst, 
tonnes 

Energy 
Particle nxpkdfor 
of size crushing 

0.03 cm, Av, 

Particle of size 
coefficient, 
Hardness 

0.00025 cm, % 

f Outbursled 
Sample I Excavation Coalfield 

No- I point, m CrUShed 
Coal IcQal 
1 

11 1 2 1  3 4 
30 
- Y I 10 

0+25 I lS4 
1.87 6.0 I 6.0 I 0.0291 I 1.22 

50*0 I 0.133 lhcline 
Pechora, 
Troynoy 
Donetsk, 
Livenski 

60 
50 

38 

2.22 
1.45 
4.25 

0.8 
0.65 

15.0 5.0 0.03 15 1.27 
12.5 4.0 0.0343 1.3 

8.0 0.0 149 
12.0 0.03 17 

3.6 1.8 0.0559 1.27 
3.6 0.0744 

2 Rise 
3 heading 
4 
5 

6 
7 

0.50 1.74 
0.4 1 0.58 
0.3 1 5.97 
0.4 0.68 

57.7 0.992 
43.1 0.627 
52.1 0.800 
54.8 0.470 

39.0 0.124 
30.5 0.054 
55 0.432 
21.5 0.163 
72 '4.40 
69 1.10 ' 
52 2.40 

0.47 1.87 
0.42 0.53 
0.4 1 0.36 
0.42 0.7 1 
0.52 7.55 
0.49 7.28 
0.7 1 3.7 

,E 1 roadway 
Cross cut 

Ventilation 1 20 10.0 5.0 0.0325 1.39 
10.0 0.0684 

200 20 0.0118 1.35 
80 0.01 56 
200 0.01983 

Donetsk, 
Berestovski 
Donetsk, 
Mazurka 

2.5 
0.62 
8.22 
4.3 
1.67 

4500 



The correlation coefficient for the curve in Fig.  7.36 for the relationship  given by Eq.-7.13 is 
0.86. 

The method  used by Borisenko  and  Tkachenko  has two  shortcomings.  Firstly,  the  selection of 
the particle size from the outbursted coal which during the process of  an outburst were  not 
completely  crushed.  Thus,  is  the  selection of size of particles  correct?  The  results  given  can  be 
higher. Secondly, the method of crushing. Crushing of particles in  a press in uniaxial 
compression requires very  high  energy,  but this process  is closer to  the  actual conditions that 
occur in the field close to a face where crushing takes  place  under geotectonic and mining 
induced stresses. Crushing of particles by impact is like modelling  the crushing of sample 
during the transport of particles of outbursted  coal along a  roadway.  Does  it represent the 
appropriate  energy? 

All tests on outbursts show  the  role of gas  in  the  process of initiation  and  propagation  and  that 
gas pressure gradients are very  important.  Close to the face of a coal seam develop tensile 
stresses which play a  dominant  role  in  fracturing  and  the  failure  occurs by discing. Thus this 
process  should be the  basis of calculations  for  the  surface  energy of coal  particles. 

7.8 .3  Energy Balance in an Outburst 

There is very little information  available on this subject.  The  concepts  presented by Topolnicki 
(1993, 1995) are described here.  In  his  studies, an outburst  was initiated in a circular cell 
developed by Nelicki and Topolnicki (1994)  (Figs.  7.37  and  7.38). The cell diameter was 
96.4 mm and  length of 300 mm. Test samples  were  the  briquettes  formed  within  the  cell  using 
coal fractions of 0.2 mm saturated  with N2 or C02. The  outburst  cell  at  the front face is closed 
by  two parallel membranes separated by a  chamber. These are so selected that a single 
membrane can sustain only  half  of  the  gas  pressure  which  exists inside the  pipe. Increase of 
pressure  in  the  chamber  between  the  membrane  results  in  tearing-off of the  outside  membrane 
first and the inside membrane  next. This enables  rapid  opening of the pipe end. The time 
constant of the pressure measurement  system is about 1 ms. The measurements  are  repeated 
each 0.6 ms. Before  initiating  the  outburst,  the  porosity is determined  and  the  uniformity of 
the  briquette  porosity is tested  (see  Chapter 7.4). The  pressure Po of the  gas  is  kept  constant  in 
the  entire  volume of the  briquette. 

c 

From  the start of initiation of the  outburst,  the  destruction of the  sample starts at  the face opened 
and particles of coal and  gas start to  move  out. To expIain  the  terminology  used  in further 
discussion of the subject, the  moving  particles of gas  and coal is called  here  a  stream  and  the 
unfractured sample beyond  the  interface  that is not  destroyed  as  yet is continuously called as 
briquette.  Both  the  briquette  and  stream  are  treated as one  dimensional  objects. The x-axis of 
the  reference  system is parallel to the  briquette  axis. The origin of the  system is determined by 
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the  position of the  briquette boundary before  outburst  begins  and  is direcM towards  the  outside 
of the  briquette. 

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

Figs. 7.39 and 7.40 show  pressure  changes registered in two laboratory outbursts of coal 
briquettes.  Both  experiments  were  carried  out  under similar conditions. A constant  pressure Po 
is observed,  until  the  time t when  the  briquette  boundary  passes  through  the  point  at  which  the 
pressure  sensor is installed. At the  time t a rapid  decrease in pressure  occurs.  The  slope of this 
jump can  be described by  an exponential  curve  with a time  constant of about 1 ms. In both  the 
experiments  the  velocity of destruction of the  briquette  decreased  and  outbursts  died  away. 

Fig. 7.37. Schematic  diagram 
of the  measuring  stand  equipped 
with a membrane  valve. 
1 - briquette 
2 - steep pipe 
3 - free  gas 
4 -  internal membrane . .  

5 - external  membrane 
6 - pipe  transporting  the 

material after an outburst 
7 - space between the  membranes 
8 - pressure  gauges 1 
9 - back,  movable  cover 
(Nelicki  and  Topolnicki, 1994). 

/ -5 
2 ,,'' 3 - . 4  - 

Fig. 7.38. Stand for 
investigation of energy  balance 
during an outburst 
(Nelicki  and  Topolnicki, 1994). 

I 
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Fig. 7.39. Pressure  changes  recorded  Fig. 7.40. Pressure  changes on  the side 

= 0.248, PO E 0.45 (MPa) EO = 0.245, PO s 0.45 ("a) 
y =  1.61 t/m3 (Exp. I) y=  1.61 dm3 (Exp. n) 
(Topolnicki, 1995). (Topolnicki, 1995). 

during an outburst  surface of an outburst  pipe  during  an  outburst 

As a source of energy, Topolnicki considers only the  free  gas  filling  the  pore  space of the 
briquette.  The  gas  loses  its  energy W1, in steps,  at  the boundary of the  briquette  where  there is 
sudden drop in  pressure.  Gas  also  loses a part of its  energy Wz continuously in the  stream of 
the fractured material. The energy  consumed by an outburst on expansion of gas  has  the 
following  elements: 

Energy  used in the  destruction of the  briquette. 
Its  conversion  into  kinetic  energy of the stream. 
Energy used to  overcome  the  resistance  to  flow of  the stream. 

Inside  the  outburst  pipe, in the  course of the  outburst  process,  the  gas  contained in the  briquette 
pores  is released into  the  newly  formed  cracks  but  is  not  released to the  atmosphere.  The 
stream  fragments  are  arranged as they  were  at  the time they had been tom off from the  briquette. 
Older fragments of the  stream  are  at  greater  distance  from  the briquette boundary than  the 
younger  ones. 

The gas  pressure in the  stream  is a function of its  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 back  pressure of  the  gas  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. 

(7.14) 



Topolniclci considers work done by gas  under  both  isothermic 0 and  adiabatic (A) conditions 
as the  two extrem cases of politropic  changes. 

Porosity of the stream in isothermal  and  adiabatic  conditions  can be given  by 

(7.15) 

(7.16) 

where K = CdC, 

The relationship between  the  velocity of destruction of the  briquette  c(t),  and velocity of the 
stream v(x,  t),  and  porosity of the stream at  briquette  end &(X) can be given by 

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

(7.17) 

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

r 
X ( t )  = Jc( z)dz 

0 
(7.18) 

For  the calculation of velocity of the stream in an isothermal  or  adiabatic  process,  the  porosity 
values as given  in Eq. 7.15 and 7.16 can be used. 

The  rate of energy  released  at  the  boundary of the  briquette  where a step change in pressure 
occurs from PO to  P[x(t)J, can be given  by 

where S = cross  section of the  briquette. 

38 1 

(7.19) 

(7.20) 
0 



The rate of energy  release  in  the stream in an  isothermal  or  an  adiabatic  process is given by 

(7.21) 

(7.22) 

Based  on  Eqs. 7.19 and 7.21, graphs  have  been  produced  which  show  the release of energy as 
a  function of t for isothermal  conditions for experiment I. Similarly,  based  upon  Eqs. 7.20 and 
7.22 graphs have been produced showing  the energy released as a function of time in  an 
adiabatic  process for experiment I. 

Eqs. 7.17 and 7.1 8 allow calculation of energy  gained by the  stream at the briquette  boundary. 
At that point the stream acquires mass at  a rate of 

- S ? w (  1 - Eo ) (7.23) 

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

(7.24) 

To take into consideration  the  difference between  the  adiabatic  and  the  isothermal  process, one 
should  only  use  the  appropriate  equations (7.15) or (7.16) for  the  calculation of porosity . 

Let us now consider a slice of stream of thickness &. This  slice, of a  mass of SHl-E(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. 

Integrating (7.25) and  putting (7.15) we  get: 
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where  the  transition  from  the  adiabatic to isothermal  decompression consists in the  application 
of the appropriate (7.15 and 7.16) relationships to calculate  the  porosity Hx). 

Figs. 7.41 and 7.46 present  the  results  obtained from the  experiments I and II and  the  amount 
of energy/mz of the  cross-sectional  area of the stream.  Figs. 7.41 and 7.42 refer to  Exp. I. 
Fig. 7.41 shows  the  graph of the  total  energy  released  by  gas  (top  line)  and  that  absorbed  by  the 
stream  (bottom  line),  expressed  as a function of the duration of the  outburst. The calculations 
were  made  on  the  assumption of the  isothermic  character of the  process.  Fig. 7.48 shows  the 
same dependencies calculated for an adiabatic  process.  Figs. 7.43 and 7.44 refer to  Exp. 11, 
their  contents  are  analogous to  the  contents of  Figs. 7.41 and 7.42. 

In all cases, presented  in  Figs. 7.41 - 7.44, there appears a difference between  the energy 
released by gas  and  absorbed  by  the  stream. It  is  assumed  that  this difference is equal to 
the energy required to destroy the  briquette.  Figs. 7.45 and 7.46 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. 

2ooo 1 2ooo 1 
1500 

1000 

500 

0 

Time [ms] Time [ms] 

Fig. 7.41. Comparison of the  total  energy Fig. 7.42. Comparison  of the  total  energy 
released by gas  and  the  energy  absorbed released by gas  and  the  energy  absorbed 
by the  stream  to  induce  and  sustain  the by  the stream to induce  and  sustain  the 
motion.  (Isothermic  process  [Exp. fl) motion.  Adiabatic  process  [Exp. r] 

(Topolnicki, 1995) (Topolnicki, 1995) 

383 



- 
Time [ms]  

Fig.  7.43.  Comparison of the  total  energy 
released  by gas with the  energy  absorbed 
by  the stream to induce  and sustain the 
motion.  (Isothermic  process  [Exp. I]) 

(Topolnicki,  1995) 

40 
0 20 40 

Time [ m s ]  

Fig.  7.45.  Estimation of changes  in  energy 
required  to  destroy lm3 of a  briquette as a 

function of the  outburst  duration.  Isothermic 
(r) and  adiabatic (A) versions.  [Exp. fl) 

(Topolnicki,  1995) 

Fig. 7.44. Comparison of the total  energy 
released  by  gas  with  the  energy  absorbed 
by  the stream to  induce  and sustain the 

motion.  Adiabatic  process Fxp. fl 
(Topolnicki,  1995) 

J 

25 
0 20 40 

Time [ms ]  

Fig.  7.46.  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]) 

(Topolnicki,  1995) 
a 

Results obtained by Topolnicki (1995)  relate to outbursts  that die out  and  where the rate of 
destruction of the  briquette is not  constant  and  decreases  with  the  displacement  of  the  face of the 
briquette (Figs. 7.39 and 7.40). This is the result of drop in the  pressure as a result of 
accumulation of a  mass of material in the  outburst  cell.  With  elapse of time,  the amount of 
energy  available in gas  decreases  and as a  consequence  there is a  drop in all forms of  work  done 
in  the  process of an outburst. 



4 

DETERMINATION OF PROPERTIES OF-COAL 
LIABLE TO OUTBURSTS 

8.1 INTRODUCTION 

In Chapters 6 and 7, concepts  and  experimental  evidence  on  Occurrence of outbursts  of  gas 
and  coal are presented.  Based  upon  the  concepts,  one  concludes that the  main  factors  that 
influence  outbursts  (OB)  can  be  symbolically  represented  by  the  following  function: 

OB = f (G, P, T, 0, ) (8.1) 

where G = Gassiness of the seam 
P = Properties of coalhock 
T = Tectonics of thesite 
0 = stresses occurring  in  the  seam or rock or part of the seam. . 

While  the  role  of  each of the  factors will vary  depending  upon  local  conditions,  however,  the 
greater the gas  content  and  desorption  rate,  the  lower  the  mechanical  properties  of  coal  and 
higher  the  tectonic  disturbances  and stress, the  greater  the  probability  and  size  of  an  outburst. 
In outburst literature, gas and  parameters  that are associated  with it such as gas  content, 
sorption  and  desorption  rate,  type of gas,  gas  pressure, gas pressure  gradient,  etc.  have  been 
studied  in a much  greater  detail  than  other  properties  such as stress  and  strength  properties of 
coal. The role of geological  disturbances  though  has  been  well  documented  schematically 
and in descriptive  form,  their  mathematical  description is lacking. In this chapter  attempts 
have  been  made  to  describe  these  factors  mathematically  and  develop  procedures so that  the 
role  of  these  factors  can be captured  and  listed  numerically. 

8.2 STRESS  MEASUREMENTS  AND ROLE OF STRESS 

Stress  acting at a  place in a  coal  seam  and  the  surrounding  medium is dependent  upon  the 
following  factors: ./ 

Primary stress that  existed  before any  excavation was made. 
Induced stress field  ahead of the  excavation  (face)  and  on  the  sides of an excavation 
being  driven. 
Additional stresses imposed as a  result of other excavations existing close  to the 
excavation  under  drivage. 
Dynamic stresses imposed as a  result of  the  mining  method  e.g.  blasting. 
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Effect of tectonic disturbances and depositional features that may result in local 
changes  in  the  primary stress field. 
Effect of gas pressure and gas pressure gradient on  the stresses in the coalhock 
skeleton. 

In an area  that is not disturbed by any  mining  excavation,  the  state of stress at any point can 
be represented by the stress tensor 

For a homogeneous  elastic medium under  gravitational  stress 

O, = ~y ando,= 

where ox and oy = horizontal  stresses 

% = verticalstress 

y = specific  gravity of rock 
H = depth, 

and ox = q, = no, 

4 

Where n = lateral constraint due  to  Poisson's  effect 

n =  (&) 
Where 2) = Poisson's  ratio. 

The  value of n is  dependent upon  the coefficient of internal  friction  and  has  been  given by the 
following  relationships: 

where 6 = angle of internal  friction. 

For  rocks,  Borecki  (Salustowicz,  1965) has  given  the  relationship 

or n = 1.135 - 0.556  tan 6 
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For  a  porous  material, fiued with  fluid  pressure (gas), the  effective stress is given  by 

o'ij = oij - a Po 6ij (8.6) 

where aij = totalstress 
o'ij = effective stress 
Po = pore  pressure 
Sij = Kronecker  delta 
a = constant  for  a  given  case (a = < 1 .O) 

And  when  porosity is considered,  then  effective stress is given  by 

o'ij = (l+m)aij - m a Po 6ij (8.7) 

The above  relationship  shows  that if the  gas  pressure is high,  the effective stress will be 
lower. But if the  porosity is high,  then  effective stress will be  higher. This is the basic 
concept,  but it must be considered  together  with the effect of constraint  and the effect of gas 
on the strength  of  coal as a  material. The effect of horizontal stress (constraint) is very 
important in outbursts  and is v&y dealt  by all when considering  the  effective  width of the 
barrier. 

Stresses, as an excavation is driven in codrock, gets  modified  and  increases due to stress 
concentration. At the  same  time,  the  method  of  mining,  shape of the excavation and the 
existence of neighbouriug  excavations  influence  the stresses. Tectonic stresses may  remain 
locked  into  the  rock  mass  and  hence  the stress field  throughout  the  area  may  not be constant. 
At  the  same  time,  gas  pressure  existing  ahead  of an excavation does not  remain  constant. The 
emission of gas drops  the gas pressure.  The  net  effect is that  stresses  ahead of an  excavation 
are  continuously  changing.  Even  under  relatively  constant  geological  conditions, stresses 
may not  remain uniform. Stresses vary  considerably  over  short  distances (Fig. 8.1) as a  result 
of joints and  changes  in  lithology.  Stresses  can jump across  a  major  fracture  by 20 MPa at 
320 m  depth  (Staphanson, 1989) 

Most stress measurements are done in rock and  virtually  no  reliable  data is available  on stress 
measurements  in  coal.  Stress  measurements in rock  show  that  horizontal stre& are much 
high&  than  the  vertical  stresses  acting  in  most  underground  excavatiops. Vertical stress 
increases with depth  and  a  linearity  factor  can  be  assumed as 

where H = depth,  metres. 



There is a great amount of  scatter  (Fig. 8.2). The  linearity  factor of 0.27 is a  reasonable 
estimation of average  rock  density. 

The ratio of  mean  (Horizontal  StressNertical  stress) i.e. 0.5 ( shows that its value 

is much higher  at shallower depth (4,000 m) and  that values are extremely variable. 
However the convergence of this ratio  to  unity at larger  depth is consistent  with  the  concept 
of time dependent flow at raised temperatures at depth.  Besides, at shallower depth, 
measurements  show  that the two horizontal stresses are  not  equal  and  can  vary  up  to a factor 
of 2 - 3 over short distances. Table 8.1 shows the  ratio of horizontal to vertical stresses as 
measured on the  Southern coal field  of the Sydney  Basin in Australia.  Fig. 8.3 shows 
changes in stress direction and  possible  ratio  of stresses as inferred  from  underground 
observations in an operating mine. 

(a )  

Fig. 8.1. State of stress measured: 
(a) stress distribution  (numerals in figure are magnitudes of stress in  MPa) 

(b) steriographic  projection of initial stress determined 
(Sugawara and Obara, 1992). 
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Table 8.1. Field  Stresses in South  Coast  Coal  Mines  (grid  angles) 
(See also  Fig.  8.4). 

KEMIRA COLLIERY 
389 m depth 

218 m depth 

92 m depth 

MEAN 

TOWER  COLLIERY 
478 m depth 
501 m depth 
542 m depth 
493 m depth 

APPIN COLLIERY 
580 m depth 

WEST  CLIFF  COLLIERY 
465 m depth 

CORRIMAL  COLLIERY 

COAL  CLIFF  COLLIERY 
440 m depth 

BULL1 COLLIERY 
335 m depth 

SOUTHBULLI 
COLLIERY 
335 m depth 

TAHMOOR COLLIERY 
450 m depth 

1 MPa 
(Grid  angle) 

~~~ 

26  (68' 

25  (160' 

5 (170' 

132 

34 (140' 
36  (35' 
30  (160' 
27 
28 

25 '. (41' 
54.0  (172' 

35  (10' 
26  (142' 

27.1 (71' 
28.8 (37' 
26.5 (64' 
26.9 (45' 
26.4 (64' 

16.7 
13.4 
11.4 

8.6 
7.2 
7.7 
8.5 
8.3  (90' 

24.5  (86O 

21 
19 

2 MPa 
(Grid  angle) 

14  (158') 

12  (70') 

3 (80') 

102 

20 (50') 
23 (125') 
77  (70') 
18 
12 

16.5  (1 10') 
13.0 

25  (120') 
11 (232') 

19.7 (89') 
18.7 (7') 
18.2 (135') 
18.9 (148') 
18.8 (157') 

17.7 

11 
12 

3 MPa 
(Angle from 

vertical) 

10 (Vertical) 

8.5 (Vertical) 

2.5 (Vertical) 

12  (Vertical) 
13  (Vertical) 
14 
13 
11 

14.1  (137') 
13.0 

12 (Vertical) 
9 (52') 

13.4 
10.6 
14.7 
14.4 
13.9 

10.2 
10.2 
10.2 

8.2 

J 

8.2 

10 

Method 

- 

Surfacecore - 

relaxation 
Surface  core 
relaxation 
Affected  by  existing 
working 

Overcoring 
I t  

II 

11 

11 

Overcoring 
I1 

Overcoring 

Overcoring 
I1 

I t  

I t  

II 

Core  relaxation 
I1 

11 

Flatjack 
I 1  

It 

I1 

II 

Flatjack 

Hydraulic  fracturing 
Stress Relief 



Fig. 8.2. Variation of ratio of average 
horizontal stress to  vertical stress 
with depth  below  surface. 
(Brady  and Brown, 1985). 

YI 
U 
2 
a 
"l 

S * a 

0 1.0 2 0  35 
0 

50) 

la00 

Is00 

AUSTRALIA ! 
I W T E D  STATES 

2 0 0 0  
0 SCANDINAVIA 

V SGWTHERN AFRICA 

OTHER REGIONS 

Fig. 8.3. Lateral  stress  directions 
(small bars) across  Tahmoor  Mine 
workings,  determined from the 
trace of mining induced 
conjugate  shears.  Larger bars 
represent  in-situ  lateral stress 
orientation  determined by CSIRO 
using overcore  methods. 
Test  sites 1 to 4 are indicated. 
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Stress measurement  techniques  used are based  upon  a  number  of  distinct  principles.  These 
are: 

(i) Measurement of strains in  the  walls or bottom  of  a  borehole. 
(ii) Flat jack measurements. 
(3) Hydraulic  fracturing. 
(iv)  Observations  of  borehole  breakouts. 

The first method is most  common  and  a  number of instruments  such as Leeman  cell, CSIRO 
hollow  inclusion  cell,  USBM  borehole  deformation  gauge,  etc.  have  been  developed. The 
principle  behind  these is to  measure  the strain induced  in  the  walls of the  borehole as a result 
of drilling  and  overcoring  the  hole  to  relieve  the  stresses  induced. 

In the second  method, the stress imposed  on  the  walls  of  a  borehole or an excavation  restores 
the  deformation  produced as a  result of slitting. 

The third  method relies on  inducing  a  fracture  and  measuring  the  fluid  pressure  required  to 
generate  the  fracture. 

The fourth  method uses fractures induced in a  borehole  drilled  into rock which has undergone 
failure as a  result of initial stress field. 

Details  of stress measurement  techniques are given in a  number of papers  reported in Volume 
III of Comprehensive Rock Engineering  (Hudson et al, 1993). 

Some other methods have been  used for the measurement of individual stress field i.e. 
changes in stress field using  hydraulic  cells. These results are useful for comparison 
purposes. 

Whilst these  methods  do  help  to  get  an  estimation  of  the stress field,  these  are  by  no  means 
exact.  However, in no case can  one  assume  that  the stresses occurring at any point are due  to 
gravitational stress field. 

Very little data is available  on  stress  measurements  and  their  role in seams liable to outbursts. 
Limited  measurements  have  been  done  in  Donetsk coal field  (Table 8.2). lX,s data shows 
that primary  vertical stress in mines  liable  to  outbursts is higher  than  in  coal seams not  liable 
to outbursts. The increase in stress may be by  a  few  MPa  to almost 1.5 times  greater  than the 
normal,  but this is not  always  consistent. 
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Table 8.2. Results of vertical  stress  measured  in  seams  in  Donetsk  coal  field 
using  hydraulic  cells  (compiled  from  data  given  by Gil and  Swidzinski, 1988) 

Vertical 
Remarks  MPa S t r e s s ,  depth, 

Measured stress, Calculated 

S M O .  (vertical) MPa m Seam Colliery 
(vertical) 

1 No outbursts 30 9 360 Natalia (gl) Komunist  Novaya 
I1 9 3 

4. Outburst  occurred 3 m  away  from the " Natalia (82) 
point of measurement 

3 
No outbursts 24 15 Yunny  Kommunard 1 Rudnyjak 4 I 596 4 
No outbursts 35 12 480 Dronovskaya Irn XvlI Partyzyazd 

I I 596 I l5  I I seam I 
I( 40 Outbursts  when  opening  the  coal 

6 
7 

8 
9 

11 No outbursts 28 15 596 Smolaninovskya (47) 
11 I I  596 Outbursts occurred 3 m away  from 32 15 

the  measurement  point 
It Devlatka No outbursts 18 18 7 16 
I1 m z u r  (L1) Outburst  on  opening  the  coal  seam LIU 18 716 321 

Vertical 
stress stress 

Horizontal 

10 Outburst of gas and  coal 64 50 23 920 L1 Pockenkova 

18 

Outburst of gas and  coal 43 .4 I-. /ad" 20 

Outburst of gas and coal 34 28 23 920 7 Petrovskaya- 19 
Outburst of gas  and  coal 25 27 16 640 K3 K. Marks - 

Glubokaya 
11 A? 31 Q3n II 



Table 8.2. Results of vertical stress measured  in  seams  in  Donetsk  coal  field 
using  hydraulic cells (compiled  from  data  given by Gil  and  Swidzinski, 1988) (Contd) 

Vertical  Calculated  Vertical  Horizontal 
depth,  stress, stress stress 

smo. Colliery Seam m MPa 
(vertical) 

21 Shecheglovska- 46 64 

22 11 50 64 
I I I I 55 I 78 

Glubokaya 

3 1  II 
-4 

24 Kochegarka I 34 I 34 
_- 64 3c II 

&d I I - ." 
26 
27 
28 
29 
30 

- .  
11 23 14 
)I 52 62 

45 
I t  45 20 
I1  34 18 

11 r 

3 1  It I 49 24.5 
J A  .. 

32 Petrovskaya 28  31.5 
~" 

Glubokaya 
22 I1 37 50 
JJ 

34 
35 

I f  72 97.5 
II 67 80.5 
14 78 97 

Remarks 

Outburst of sandstone  and gas 

Outburst of sandstone  and gas 
Outburst of sandstone  and  gas 
Outburst - of sandstone  and gas 

Outburst of sandstone  and  gas 
Outburst of sandstone  and  gas 
Outburst of sandstone  and  gas 
Outburst of sandstone and gas 
Outburst of sandstone  and  gas 

Outburst of sandstone  and gas 
Outburst of sandstone  and gas 
Outburst  of  sandstone  and  gas 
Outburst of sandstone  and  gas 
Outbursts of rock  and  gas,  sandstone 

Outbursts of rock  and  gas,  sandstone 
Outbursts of rock  and  gas,  sandstone 
Outbursts of rock  and gas, sandstone 
Outbursts of rock  and  gas,  sandstone 
Outbursts of rock  and  gas,  sandstone 
Outbursts  of  rock  and  gas,  sandstone 
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Stress measurements conducted in rock  when  driving  a cross-cut have shown increase in 
stress when  approaching  a  fault (Fig. 8.5). Studies  on  the  occurrence of rock  bursts  have also 
shown increased frequency when  approaching dykes and faults (Baacson, 1962). These 
results indicate that field stresses are modified close to geological disturbances. Many 
theoretical solutions point to  the effect of faults (Golecki  and Jozkiewicz, 1962). Effect of 
folding is more  complex.  Synclinal  structures  have  high lateral stress and so also  bottom of 
valleys (Hast, 1958; Salustowicz  and  Matuszewski, 1962). Lama (1969) gives details of the 
effects of geological  structures on stress phenomenon.  Stephanson (1993) has collated stress 
measurement  data  from  around  the  world  and  presented  a  world stress map. 

" 

Fig. 8.5. Stresses on  approaching  a fault (Gil and  Swidzinski, 1988) 
Uskok = fault, Otw. 8 = borehole #8 

The stress data shows that  the  state of stress in the earth's crust is governed by two types of 
forces. The first type is the  plate  boundaries,  the  movement  of  which causes resistive forces. 
These forces cause  geodynamic  process  in  the interior of the earth. These induce uniform 
stress over large areas. The  second  type  is  the local tectonics  caused by  the  plate  tectonics. 
Over these are imprinted  the  effect of topography,  material  properties,  anisotropy,  etc. These 
result in local variation of stresses. 

8.3 ESTIMATION OF GAS CONTENT OF COAL AND ROCK 

Gas content is the  most  important  parameter  that contributes to outbursts.  The factors that 
influence  gas  content  and  accumulation of gas  in  coal  were  discussed  earlier  (Chapter 2). The 
methods  used for the  estimation of gas  content are discussed  below. 

Estimation of gas content and  gas  composition of coal seams is essential in all aspects of 
mine  ventilation  calculations, gas drainage  estimation  and gas drainage  system  design. Over 
the  years  a  number of methods  have  been  developed  in countries where gas in  mines has been 
a major problem.  Most of the earlier methods were more qualitative than quantitative. 
Table 8.3 gives  a  summary of the  various  methods. The most  commonly  used  method these 
days is the  direct  method  based  upon  extraction of cores or cuttings. 

a 
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Table 8.3 Methods of estimation  of gas content of coal seams 
(Lama  and  Bartosiewicz,  1982) 

Method of 
interpretation 

knowledge of 
gas emission 
laws 

Resuires 

A-Y 

Depending upon 
time  lost, core 
quality and 
applicability of 
gas emission 
laws. 

I I 

DEXt S O %  Empirical Sampling of 
fractiOIlS 

[ndirect 
statistical 

Lumps of 
coal 

samples are 
consistently hiwr 

[ndirect Depending  upon  Directreading pressure 
Adsorption 

measurements isotherms andsampling isotherms 
pressure for adsorption measurement 

and sampling, 
-10-20% 

[ndirect -30-100% Empirical Proximate 
B e m i d  

coal malysis 
anaiysis of 

Subtraction e096 
ventilation techniques 

of f508 Empirical 

Country Applicability Method  of - 
measurement 

U.K. Volumetric 

and  doubtful at Australia 
surface  boreholes gas emission U.S.A. 
Good from 

atmospheric from 
pressure underground 
followed by boreholes, 
crushing mtured cores, 

etc. Degree of 
fracturing 
influences results 

Poland 
pas emission France 

Existing mines Volumetric 

U.S.A. I 
U.K. I Samule (30- I For seams under 

I I 

Poland 
U.S.S.R. 
Australia 
-Y 

U.S.S.R. 
U.S.A. 

40 mm size), 
collection at 
the face and 
estimation of 
gas  contents 

I I .  

Volumetric 

and 
gravimetric 
techniques 
Chemical 

techniques 

analysis 

mining,  face 
sampling, 
applicability to 
highly variable 
andhighrank 
coals  not  proved 
For seams under 
mining and seams 
lying above or 
below 

New  and  existing 
mines 

8.3.1 Direct Method of Estimation of Gas Content 

This method  consists of obtaining  a  core  sample  from  the seam by drilling and  enclosing it as 
soon as possible  in  a  bomb  and  measuring  the gas released  with  time  by  water  displacement 
method  (Fig. 8.6). (To minimise  time lost, wire line core  barrels are used.) In these  tests gas 
emission measurement is continued  using  the  water displacement method until the gas 
emitted  from  the  sample is less  than 0.05 cm3/g  per  day  for five consecutive  days  (McCulloch 
et al, 1975) or 10 cm3/day  for  seven  consecutive days (Diamond  and  Levine,  1981).  Testing 
can be conducted  by taking a  part of or the  full  length of the  core. Taking a  full  length of core 
is preferable since variations  in gas content  of  the  coal seam can  occur due to the variability 
in the quality of coal.  Measurements  in  the  Bulli  seam  (Australia)  show  variations  up to 
2 m3/t. After  desorption has been  completed,  the  core is taken  out  of  the  bomb  and its mass is 
determined. The core is then  crushed  in  a  sealed  bomb  using  steel  rods or steel balls or in a 
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ring grinder and  the  gas  released  (&)is  measured. To calculate lost gas as a  result  of 
desorption  during  the  time  (t)  elapsed  between  drilling  and  sealing of core  in the bomb,  the 
results of gas emission are plotted on a graph paper.  Assuming  that the release of gas follows 
the square  root  law  (Fig. 8.7), the  lost gas (Q1) is calculated  by  extrapolating  to  zero  time. 
The total  gas  content  of  the  core Q is obtained  using  the  relationship 

Q = Q l + Q z + Q  (8.9) 

where Q1 = gas  lost  between  drilling of the  core and transfer  of  the core from  the  drill 
hole  to  the  bomb; 

4 2  = gas liberated  from  the  core dter placing  it in the bomb; and 
Q3 = gas liberated  when  the  coal  sample is crushed,  most  frequently  called  the 

residual gas. 

In estimating the amount of gas lost, lost time  t  has  to  be  established  accurately. It can  be 
assumed that gas emission will start only  when  the gas pressure  in  the core is equal to or 
greater  than  the  hydraulic  head.  Therefore,  to  calculate at what  stage  gas  liberation from the 
core starts, an  estimate of gas presiure is essential. In general it can be said that gas  pressure 
in  the coal seam is about 0.6 - 0.8 of the  hydraulic  head  at  that  depth. In exceptional cases 
this value  may be equal  to 0.9 of  the  hydraulic  head,  but this will be rather  rare.  Using this 
estimate,  the  time  when  desorption  would  have  possibly  started  can  be  determined  and  the 
value of Q1 can be estimated. 

When  drilling  horizontal  holes  underground,  the  lost  time  should be taken  from  the start of 
drilling  of that section of the core  which is to be included in the  bomb for gas  estimation, 
because  in  such  a case there is no  hydraulic  head  on  the  core  to  stop  desorption  of gas. 

CASE B 

Fig. 8.6. Layout  for  measurement of gas desorbed  from  cores,  volumetric  method. 
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Fig. 8.7. Estimation  of  gas lost during  the  transfer  of  a  sample 
from  the  seam to the bomb  core. 

Certain investigators crush the sample almost immediately after the lost gas has been 
determined (Williams et al, 1992). Earfier  results  show  that  the  rapid  method  gave  values 
which  were  not  consistent when  compared  with  desorption  method.  Results  varied  between 
+28% and -7% with  the  USBM  method  giving  higher  results.  Later  tests  conducted from 
samples taken under a  variety of conditions  have  given  results  which are consistent with 
standard  desorption tests (Lama, 1994). Mavor et al (1991) also  found  good  relationship 
between  quick  crush  and  normal  desorption  method. This research also showed  that as long 
as the coal type is uniform, the gas content obtained  from crushing a smaller sample 
(15 - 33 g) in a  smaller  container  gives  a  value  very  close to  that  obtained  by  crushing  a  larger 
sample (Williams et al, 1992). 

The method of measurement of evolved  gas  needs  to be corrected  for  accuracy of volumetric 
cylinder,  subatmospheric  pressure  in  the  cylinder,  temperature,  etc. The errors a~ small  and 
the cumulative error is unlikely to be  greater  than 10% (Table 8.4). Ulery  and  Hayman 
(1991) show  that errors on small  samples  when  contained in a  large  container  with low gas 
content  need  to be corrected for 0 2  reaction. 

Some  investigators  believe  that  the  determination of lost  gas is not  essential  because  of  the 
overall  inaccuracy of the  system,  and  take  the  lost  gas  equal  to 10% of (Q2 + Q3). It is also 
argued  that  in  the  estimation of gas  that  will  be  emitted  into  the  mine,  the  value of Q3 should 
not  be  taken  into  account. 
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Table 8.4. Errors in gas content  estimation  using  volumetric  technique 
(Lama,  1995) 

Factor 

Temperature 

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 

T Possible error 

0.07 cc/g/Co 

0 to  8% 

UP to  0.5 - 1 
ccf g 

variable 

.oO01 cc/g/min 

$05 cc/100mm 
of H 2 0  

0.044 cc/g/min 

k0.5 - 2.5 
ccfg  in 

homogeneous 
Seaills 

low to high 
iepending  upon 

% of CH4 & 
co2 

co., 

0.135  cc/g/Co 

0 to  8% 

UP to  1 - 2.5 
cc/g 

variable 

0.1 - 0.3 
cc/g/rnin 

0 - 0.5 cc 

0.05 
ccf lOOmrn 

of H20 

0.385 
ccfgfmin 

M.5 - 2.5 
cc/g in 

homogeneous 
seams 

low  to  high 
iepending  upon 
% of  CH4 & 

co2 

Sign 

-ve 

+ve 

-ve 

-ve 

+ve 

-ve 

+ve 

+ve 

b e  

&3% 
when all gas 

iesorbed is collected 

Smith and Williamson (1981)  used drill cuttings from surface boreholes to measure gas 
content using the standard desorption technique. Their technique assumes that pressure 
reduces  linearly as cuttings  come up  the  hole  and  remain at atmospheric ptessure once  on  the 
surface. Using the  diffusion equations, they  have  proposed  two  dimensionless time ratios 
based  upon  the time required  for  the  cuttings  to  come  up  the  hole  (down  hole  time),  the  time 
the cuttings were  on  the  surface  before  being  enclosed  in  the  container  (surface  time)  and  the 
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time  from seam penetration,  required  to  collect 25% of the  desorbed gas (25% desorbed gas 
time).  These two dimension less time  ratios ate defined as 

and 

Surface  time  ratio 

Lost  time  ratio = 

Surface  time (8.10) 
= (Downhole  time + Surface  time 

Downhole  time + Surface  time 
25% desorbed gas time 

(8.11) 

These  two  factors are used  to  obtain  a  correction  factor  that is multiplied  times  the  desorbed 
gas  volume  to  obtain  total  gas  content of coal. This method is accurate  up  to  lost  gas of 50% 
for a maximum  correction  factor  of 2. 

8.3.2 Indirect Methods 

There are a  number  of  other  methods  suqh as lump  coal  method  (Creedy, 1986) (probabilistic 
method)  decline curve method  (Chase, 1979) based  upon cut off  desorption  rate of 0.007 
cm3/g-week,  sorption  method  based  upon  gas  pressure  measurements, coal analysis  method 
(Kim, 1977), etc.  These  methods are useful if no  information is available  from  cores.  Coring 
is without  doubt  the  most  reliable  method of gas  content  estimation.  A  short  description  of 
these  methods is given below. 

Kim's method 

Among the  indirect  methods  that  have been  used for estimating  the  gas  content of coal  seams, 
the  simplest is suggested  by Kim (1977). According  to  her 

(100 - % moisture - 9% ash) 
100  Q =  

X (0.75) k(0.096 h)' - OM(%+ I)] [ 
where Q = gas content, m3/t; 

h = depth, m;  and 
k and  n = constants. 

(8.12) 

The value of k varies  between 5.7 and 20 and n varies  between 0.31 and 0.12. Fig. 8.8 gives 
the  relationship  between k, n  and  the  ratio  of  fured  carbon to volatile  matter of coal on an ash 
free  dry  basis. 
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Fig. 8.8. Value of adsorption  constants k and  n  versus  the ratio 
of fmed carbon  to  volatile  matter (Kim, 1977). 

The. Q value virtually estimates the saturation value for  the  coal and hence the value 
determined is valid for large  depths. The method  breaks  down for coals lying at shallow . 
depths. 

High Pressure Absorption Method 

The method  consists of subjecting  the  sample  to gas pressures  and  measuring  the gas uptake 
of the  sample at a given  pressure  until  equilibrium is reached.  The  amount of gas absorbed is 
calculated. The pressure is then  varied  and the volume of gas absorbed  until  equilibrium is 
reached is recalculated. By varying the pressure  a  complete gas absorption curve can be 
obtained. 

The method  used for calculating  the  amount of gas absorbed  could  either by volumetric or 
gravimetric. 

In the  volumetric  method, a known mass of coal sample is enclosed in a  bomb of known 
volume  and  the  bomb is evacuated. The bomb is then  connected to a  large chknber with  a 
known  value of gas pressure (Fig. 8.9). The line connecting  the  chamber w d  sample  bomb is 
opened and the  pressure is monitored  until  there is no  change in pressure. The amount of gas 
absorbed is then  calculated  using  the  following  equation: 

(8.13) 
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where Qp = quantity of gas absorbed at pressure p,  cc/g 
V1 = volume of  bomb  containing  the  sample,  cm3 
V2 = volume of chamber  containing  gas,  cm3 
pc = pressure of gas in the  chamber, initial pressure,  kPa 
p = pressure of gas  in  the  chamber  and  bomb  after  equilibrium is reached 
w = m a s  of coal sample, g; and 
pc = . helium densityofcoal, g/cm3 

Vacuum 
Pump 

Thermometer  Heating or 
cooling coir 

Constant 
temperature 
bath 

Fig. 8.9 Arrangement for volumetric  measurement of gas  adsorption 

It is essential that the  diameter of the  connecting  pipe is small,  otherwise  the  volume of this 
pipe  must  be  taken into account. The temperature of the  bath  must be kept  constant. 

Gravimetrk Method 

A schematic  drawing of the  equipment for the  gravimetric  method is given  in  Fig. 8.10. This 
system allows up  to six samples of different coals to be  tested  simultaneous&. As in  the 
volumetric  method,  the sample bombs are evacuated and  mass  determined  before  and after 
introducing the coal samples into them. Gas is then  introduced at constant  pressure  and the 
mass of bombs  determined until there is no change in mass at a  given  pressure. The volume 
of gas absorbed at a  given  pressure is calculated using  the  following equation (Lama  and 
Bartosiewicz, 1982): 
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where Qp = 
w1 = 
w2 = 
w3 = 

vo = 
v 1  = 

P g  = 
P C  = 

(8.14) 

gas absorbed  at  a  given  equilibrium  pressure  p, cdg or m3/t 
mass of the  evacuated  bomb, g 
mass of the  coal  sample  plus  bomb  when  evacuated, g 
mass of the  bomb  containing coal sample when  saturated with gas at 

Pressure PI g 
free  volume of the  bomb  when  empty  at NTP, cm3 
volume of gas at NTP contained in bomb under  pressure  p,  cm3 
density of gas, g/cm3;  and 
density of coal  g/cm3 

When  pressures are not  high,  volume V1 can be calculated  assuming  ideal gas conditions. 
However,  the  absorption of gas on  the  surface  of the bomb  can  introduce  serious  errors. As 
such it is always  advisable  to  obtain  calibration  curves for each  bomb to obtain VI value for 
the  pressure  range at which tests a& to  be  conducted. 

Gas PrtJSurc 
supply transducer 

Vacuum shut- 
off valve 

I 

/ 
Constant temperature bath 

Copper 
sleeve 

Fig. 8.10. High pressure  adsorption  system 1-6 primary  supply  system; 
7-12 pressure  release  valves; 13-1 8  isolation  valves; 
A-F sample  bombs  (Lama  and  Bartosiewicz,  1983). 
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The density  of gas and coal must be accurately  determined. An error of  1.5% in the density 
of coal could  result in an error of  5% in  calculated  value of  absorbed gas at high  pressures  but 
at lower  pressures  the error is small (4.2%). 

8.33 Probabilistic Methods 

Because  of the variability of  the gas content of coal in different sections of a coal seam  and 
difftculties of drilling underground  to  depths  where  the gas content is not disturbed as a result 
of the excavation and  problems of obtaining  a full section of the coal seam, probabilistic 
methods have been adopted. A large number of coal samples (a  minimum of 20 but 
preferably 50) is taken  from  the coal face,  with  the  mass of each sample in the  range of 25 to 
40 g. Each  sample is sealed  individually  in  a glass bottle.  These  samples are then  crushed in 
a  sealed  bomb  and  the gas content of each sample determined. The results are plotted on 
probability paper (Fig.  8.11). The upper 90 percentile of the  log-normal  distribution of the 
measurement set is taken as the gas content  in-situ of  the coal seam  (Creedy,  1980).  When 
measuring gas content of highly gassy seams, the  upper 95 percentile is taken to give  better 
results and it is preferable to take  smaller  sized  samples (20 to 30g) (Lama,  1984a). It is also 
important  that after grinding,  the grindin2 chamber is flushed  with inert gas to drop the partial 
pressure to close to  zero. 
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8.4 GAS PRESSURE MEASUREMENTS 

Measurement  of  gas  pressure is based  upon sealing of the  borehole  after  a  pressure  sensor is 
placed in  it  or placing a tube  and  sealing it while it is led to a  manometer  where  the  pressure 
can be measured. The technique  may be used  for  measurement  of  gas  pressure in virgin areas 

from surface boreholes of from  long  horizontal  boreholes  drilled into the coal seam  from a 
roadway.  Some  details  of  the  techniques are given  below. 

8.4.1 Measurement of gas pressure from surface boreholes 

In this case a  hole is drilled  to  the  floor  of  the  coal  seam  and a pressure  transducer is lowered 
and  frlled all around with porous  sand  (Fig. 8.12). 

Prior  to  lowering  the  transducer into the  drill-hole  the cable is marked out with colour coded 
electrical tape at 25 metres  intervals  and at the  position  which  would  indicate  the  transducer 
about 1 - 2 m below  the  roof  of  the  seam. 

. 
A length  of PVC tubing, cut axially to form a  half  cylinder, is attached  to the transducer  case. 
The length  of the PVC tubing,  which rests on  or  near  the  base  of  the  hole  (and floor of  the 
seam) is calculated to position  the  transducer at mid  height  of the seam. 

Fig. 8.12. Positioning of 
geophone/transducer within 
Bulli seam for gas  pressure 
measurement  from 
surface  boreholes. 
(Lama  and  Lamb, 1992) 
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During  lowering  of  the  transducer,  measurements are taken at regular  intervals as a  check  on 
calibration. Water levels in the drill-holes is measured  prior  to  lowering  the cable by 
sounding. 

Following  installation  of  the  transducer at the  required  depth,  a  measured  quantity  of  coarse 
to very  coarse  (aquarium)  sand is poured into the  rods.  The  volume  of  sand  poured  into the 
hole is calculated  to  bring  the  level  of  the  sand  to  the  top  of  the  seam  Sand is poured  into  the 
hole  and  allowed  sufficient  time (2 - 6 hours)  to  descend  to  seam  level. 

The drill rods are positioned  about 0.5 - 1 m  above  the  epoxy  ftlled  PVC  tube  (and 1 - 2 m 
above  the  seam  roof)  prior to transducer  installation  and  the  beginning of  cementing.  It is 
necessary  to  protect  the  cable  during  the  cementing  operation  which takes about  four  hours. 
Monitoring  commences  upon  the  completion  of  cementing  the  hole. 

8.42 Measurement of gas pressure  from  underground  boreholes using inflatable 
packers 

Theoretically, it is possible to measure  gas  pressure  only if a  pressure  probe  can be installed 
in the seam at infinitely large distance from the excavation without drilling a  hole. 
Immediately an opening is made,  the  disturbance  in  the  equilibrium of the  system  results in 
flow of gas  and drop in pressure. As a  result,  any gas pressure  measurement is definitely 
lower  than  the  existing  in-situ  gas  pressure.  The  in-situ  gas  pressure at any  point  in  the  coal 
seam should  remain  the  same  throughout  the seam if  no  flow  of  gas  occurs  from  the  seam 
through  geological  disturbances or due to closeness of outcrop. 

The  best  technique to measure  gas  pressure  would be to install a  pressure  probe  and seal the 
hole  completely  with an impervious idlatable seal. In practice this is very  costly.  Most 
investigations in Europe,  the USA and  Japan  have  used 1 m  length seals placed  behind  the 
sealed  chamber  with  an  open  hole at the  back. In the  opinion of the  authors, this method is 
not  accurate  particularly  where  the  volume  of  the  pressure  chamber is large  and  permeability 
is not  too low.  Besides, this method  does  not  give  any  information  on  the  pressure  gradients 
occurring  in  the  seam  away  from  the  excavation  walls. As a  result,  a  multipacker  system is 
used  many times (Lama,  1980). The principle  of  operations is explained in Fig.  8.13. 
Because of  the  limitations  of  the  size  of  the  pipes,  fittings, size of inflatable ho&  the  multiple 
packer  system  can  accommodate  up  to  four  measurement  points  in  a  borehole  with  facility to 
use  one or more  than  one  measurement  point  simultaneously. 

The packer  consists of an inflatable  hose  (Petrometallic,  France) with a  stainless steel tube 
passing  through  it. One end  of  the  hose is fixed to a  screwed  coupling  which is mounted 
rigidly  on  the stainless steel tube passing  through  the  hose.  The  other  end  of  the  hose is fixed 
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Fig. 8.13. Triple  packer system to  monitor gas pressure  in  boreholes (Lama, 1980). 
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to  a  sliding  end  moving  on the steel tube with two O-rings  serving as a  seal  for  the  inflatable 
hose. The internal  diameter of the  hose is 22 mm and  the  space  between  the  stainless  steel 
pipe and  the  hose is inflated using water  pumped  with  an  intensifier  through 3 mm diameter 
nylon  tube  through  a  nipple  drilled  through  the  movable  coupling.  A  nylon  tube (active 
pressure  line) is threaded  through the inside of the  stainless  steel  pipe  and ends in a  pilot 
opening  to  the  outside. This open  end is protected  with  a  circular  wire  gauze of 25 mesh  and 
a  bronze  ring with 5 mm  diameter  holes. This permits free flow of gas into the  pipe  and 
protects it against  blockage. The nylon  tube is brought  right  to  the  collar of the  hole  where  it 
is connected  to  the  monitoring  panel. 

The stainless steel  pipe is joined  through  an  extendable  pipe  and  can be placed at any  desired 
position in  the measuring hole. The second  and  third dilatable hoses have the same 
measuring  and  inflation  system  and  are  placed at desired  points  in  the  hole  with  separate 
active  pressure  measuring tubes coming  right up  to  the  collar  of the drill  hole.  There is, 
however,  only one dilation  hole  which  passes  outside  the  extendable  pipe  and  feeds into the 
space  between the stainless steel  tube  and the inflatable  tube.  When  there  is  more  than one 
measuring  point,  the  inflatable  hoses are jnterconnected  in  series  through  suitable  nipples. 

On  inflation,  the  packer  expands  in  diameter  but  contracts  in  length. As a  result  sufficient 
loose length is made available in the  inflating  nylon  pipe  to  avoid  any  tensioning  of  the 
inflating  hose. 

Laboratory  investigations  conducted  to  determine  inflation  parameters of the  petrometallic 
hose  show  that  for  a  nominal  diameter of the  hole  of 43 mm,  there  would  be  a  dead  pressure 
of almost 600 kPa. The variation  in  diameter of hole  could  be  anything  from 2 mm  to 5 mm, 
and  certain  positive pressure must act on  the  walls  of  the  hole to give positive  sealing. 
Accordingly, the maximum  sealing  pressure is set at 5,000 kPa. Calculations  show  that the 
influence of this positive  pressure of 5,000 kPa  on  the  walls of the  hole  would  not  introduce 
circumferential strain greater than 500 microstrain. 

8.4.3 Measurement of gas pressure from  underground boreholes using grouted 
packers 

The principle of the method  involves the placement of nylon  tube  pressure  sensing lines at 
various  locations  within  a  borehole  filled  with  grout.  At the inbye  end of the  nylon  tube the 
grout is fractured  by  pressurising  the  nylon tube with  water.  Seam  fluid  pressure is then 
transferred  down  the  tube  to  pressure  gauges  (Truong et al, 1993). 

A hole is drilled  and  a standpipe (50 mm diameter) is installed  to  a  depth of 8 m. The 
borehole is completed  by  drilling  through  the  standpipe.  Alternatively  the  borehole  can  be 
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drilled,  reamed,  and  a  standpipe  grouted  in  place.  Once  the  borehole is completed, 25 mm 
outside  diameter PVC conduit is fed up the  borehole  with 4.8 mm  outside  diameter  nylon 
pressure  sensing lines strapped  to it  at approximate  pressure  sensing  locations.  Each  of  the 
ends of  nylon  tube is wrapped  with  cloth  to  act as a  filter.  Once fully installed as shown in 
Fig.  8.14,  an  end cap faucet T piece  and  valves are fitted  to  the  standpipe.  The  borehole is 
then  flushed  outside  the  return  and  back  down the return  to  remove  loose  coal  particles. Gas 
pressure  can be subsequently  used to flush  out  the  water.  The  nylon  tubes are then  filled  with 
water,  and  grout is forced  up  the  outer  annulus  between  borehole  and  return  pipe  back  down 
the  return.  On  the  appearance of the grout,  the  return  valve is closed  and  grouting is 
completed  under  a  pressure  exceeding 500 kPa. 

Once  completed,  a  small  amount of water is added  to  each  nylon  tube  to  remove  any  ingested 
grout at the  borehole  end. A grout  sample is then  kept  and  when  the  initial  setting  process of 
the  grout starts, 1 litre of  water is injected into each  nylon  tube  through  one  way snap 
couplings to fracture  the  grout.  When  the  grout has set, the  nylon  lines  can  be  connected  to 
pressure  gauges.  Individual  gauges for each line  are preferred as the  use  of  a  disconnectable 
gauge  attached  through  a  snap  coupling  leads  to  pressure loss  at each  connection. The 
pressure lines need  to  be  occasionally  checked for blockage  caused by salt  formation. 

One way snap couplings 
Gmut inlet ,, I n 

Nylon presswe sensing lines 

Fig. 8.14. General  sequence  of installing a  grouted  in  pressure  sensor 
(Gray  and Truong, 1992). 
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Gas pressure in coal seams usually increases with  depth,  but it is not  essential  that gas 
pressure in lower  lying seams wiil always be higher  than in the  upper  lying seam. Some of 
the deep  operations (-800 m)  in  Russia  and  China  have gas content  less  than 5 m3/t and gas 
pressure less than 4 bars.  Fig. 8.15 shows  gas  pressure  data  from  Ukraine and Russian coal 
fields. As Seen from this figure, in some  mines  gas  pressure  exceeds  the  hydrostatic  pressure 
and this is particularly so in the  range  from  400 - 800 m  depth.  At  higher  depth, the gas 
pressures are in general  lower  than  the  hydraulic  head. 

Besides  depth,  gas  pressure  depends  upon  metamorphism,  porosity  and  moisture levels of 
coal.  Gas  pressure  ranges, in general terms, in Ukraine  and  various  Russian coal fields are 
given in Table 8.5. 

Table 8.5. Range of gas pressures in coal  mines  in  USSR 
(Lidin et al, 1987). 

Coal  field Depth, Gas pressure range, 
m MPa 

Donetsk 4-6 500 - 600 . 600-700 

8 -  11 800 - 900 
7 - 9  700 - 800 
6 - 8  

>1 ,Ooo 9 -  14 

Karaganda 4 - 6  400-500 
500 - 600 
600 - 650 

5 - 6.5 
6 - 7  

Verkula 300 - 400 
400-500 
500 - 600 
600 - 800 

>800 

4 - 4.5 
5 - 6  
6 - 6.5 
6.5 - 7 
7 - 8  

Fig.  8.15.  Underground 
gas pressure  measurements 
in  USSR coal mines 
(Data  from  Lidin et al, 
1987) 
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Gas pressure  measurements  in  some Australian mines  with seams liable  to  outbursts are given 
in  Table 8.6 

Gas pressure measurements in oil and gas wells show  both sub normal (lower than 
hydrostatic head) and  abnormally  high  pressure  (higher  than  hydrostatic  head).  Results of 
these measurements are shown in Fig.  8.16, 1.17 and  8.18 for Europe  and  former  USSR 
(Fertl, 1976). The reasons for overpressure are as follows: 

Rapid sealing off  of  under  compacted  sediments  and  diagnosis of montmorillonite  clays 
into illite and  release  of  crystallisation water. 
Direct tectonic  compression, local or  regional  faulting,  lateral  sliding  and  slipping  and 
squeezing  caused by  down dropping of  blocks. 
Hydraulic  communication  with  deeper  lying  formations. 
Existence of shale diapirism, mud volcanoes  and mud lumps, salt diapirism  and salt 
domes. 

Fig.  8.16. Selected  abnormal  formation 
pressure data,  on-  and  offshore  Europe 

(Fertl, 1976). 
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\ \  ' 
Hydrostatic 
g r a d l e n t ,  

G, -0.465 PSI / f t  

1 

Farmation  pressure, PSI  

Fig. 8.17.  Abnormally  pressured 
formations  of  Devonian,  Carboniferous 

and  Mesozoic  age  in  the  USSR 
(Fertl,  1976) 
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Sand  dykes. 
Earthquakes. 
Osmotic  pressure  in  association  with  clay  and  shale beds. 
Secondary  precipitation  of  cementation  materials. 
Thermodynamic  and  biochemical  causes,  breakdown  of  higher  hydrocarbons. 

Gas pressure is also influenced  by  gas  composition. Gas pressure  measurements  in  the  Bulli 
seam  show that when  the  percentage  of  carbon  dioxide  increases,  gas  pressure  drops  (Fig. 
8.19 ). The reason is not clear,  particularly  if  carbon  dioxide  has  been  introduced  into  the 
coal seam by  external  sources.  Obviously,  the  existing  methane gas has been  displaced.  This 
is essential if the invading gas was in a gaseous state. However, it is possible  that  waters 
under  pressure  containing  dissolved  carbon  dioxide  invaded  the  coal  seam,  displaced  the 
methane  and  carbon  dioxide,  from  the  water  was  later  sorbed  into  the  coal  matrix. 

1 .o 

s 0.2 z j  0.1 

o . o I . I . l ' I - I * I ' ~ '  

0 10 2 0  30 4 0  5 0  60 ' 

9% of carbon dioxide 

Fig. 8.18. Abnormally  pressured  formations Fig. 8.19. Gas pressure  changes in the  Bulli 
of  Tertiary  age in the USSR seam as a  function  of C02% 

(Fertl, 1976) (Lama, 1994). 
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Table 8.6. Summary of gas  pressure  measurements in Australian  coal  mines 

I Colliery I Dominant I Depth 
gas 

APPb 520 Methane 

v 465 Methane 

North Cliff 460 Carbon  dioxide & 
methane 
(2575) 

Dukes Methane 
(90: 10) Forest 

450 

430 Carbon  dioxide & Tahmoor 
methane 
(40:60) 

I South Bulli 370 Carbon  dioxide & 

Cordeaux 

Leichhardt 

Collinsville  Carbon  dioxide 280 

Ratio of 
Gas pressure (gas pressure/ 

Hy&o&tic head) 
4200 0.8 1 

800 - 4200 0.60 - 0.91 

1530 0.33 

I # 

1830 0.46 

1285 - 2200 0.30 - 0.51 

2500 0.59 

Remarks  on 
gas  pressure 
measurement 

Permeability 
MD 

Underground 
measurements 

-2 - 5 

Underground 
measurements 

- 0.5 - 2.5 Underground 

measurements 
-3 - 5 Underground 

measurements 
-2.5 

**Underground I 4 - 5  * Surface  boreholes 

measurements 
- Underground 

measurements 
r ,.. 2.5 - 4 Underground 

I 
measurements 
Underground 
measurements 

- 

-2 Underground 
measurements 

<1 Underground 

measurements I I 



Gas pressure in  the intervening rock beds can be estimated from the gas  pressure 
measurements  in  the  adjacent seams (Tarnowski,  1976),  thus 

pr =(!I$%) (8.15) 

where Pr = gas pressure  in  rock 
PI and P2 = gas pressures  in  the surrounding seams. 

If the  distance  between  the two seams is high,  their gas pressure  at  a  point  in  the  thick  rock 
bed  may be taken as linearly  increasing  (decreasing)  such  that 

p r  

where 11 

(8.16) 

and 12 are the  distances  from  the  point to seams 1 and 2 with gas pressures PI and Pz. 

8.5 PERMEABILITY OF COAL 

In  outbursts  and gas drainage,  the  permeability of coal plays  a  very  important  role as this 
determines pressure gradient, development  of tensile stresses and gas emission rates. 
Permeability is a  property of the  material  that  determines the flow of fluid as a result  of 
pressure gradient across the surface.  Darcy's  equation  representing the flow  through the 
porous  medium is given  by 

q1=- K A A P  - 
P A X  

where  q = quantity of fluid  flowing  through  it,  cc/sec 
K = permeability,Darcy 
A = cross-sectional  area, cm2 
p = viscosity  of  the  fluid,  centipoise 

(8.17) 

AP 
Ax 
- = pressure  gradient, Pdcm 

Darcy's  equation  assumes  laminar  flow of single  phase  incompressible  fluid, wit) a  stationery 
layer at the  walls of the  passage  under  isothermal  conditions  and  without  reaction  of  fluid  on 
the  matrix  of the material. 

Flow of gas  through  the  coal  into  mine  workings  and  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. 
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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 et al, 1975; 
Dabbous et al, 1974). These studies concluded  that  the effect of stress is to decrease 
permeability  due to compression of the  crack/joint/cleat  system.  Compressibility  model  was 
proposed  by  Walsh (1981) with  an  equation  of the type: 

(8.18) 

where  A = permeability at zero stress 
B = measure  of  compressibility 
Pe = effective  pressure 

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 Higraves (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 (9) of  coal  and  follows  a  general  relationship  of  the 

type 

(8.19) 

with the exponent  n  varying  between 2-3 (Bumb  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  Angstroms  falling clop 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 
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apparent  permeability (KJ to  the Darcy permeability of incompressible stream line flow (L) 
(at no slip): 

K, = K, (l+i) (8.20) 

where  b = slip  factor 
p = meangas pressure 

The factor  b is related to the mean free  path of gas ( x) and  the  radius  of  the  passage  (rc) 

(8.21) 

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 

(8.22) 

where p = viscosity  and 
MW = molecular  weight 

Introducing  the  value of h into  Klinkenberg  relationship  for b, 

(8.23) 

(8.24) 

This clearly shows that for a  given  system,  the  permeability  will  depend  upowthe  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. 
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A d d 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 

(8.25) 

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 

(8.26) 

For  coals with low permeability Ertekin, King  and  Schwerer (1983) combined the two 
equations  by  introducing  a  factor (Ke) such  that 

(8.27) 

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. 

Besides  the  porosity, pore size distribution and gas type,  permeability  of rocks and 
particularly coal is really  not a constant  but  depends  upon  a  number of other  factors  namely 
stress, joint system  and  cleat  in  coal  and  gas  pressure. 

Influence  of stress on permeability of rock  and  coal is well  established  in  laboratory  tests. 
Patching (1965) studied  Canadian coals and  showed  that  permeability of coal was highly 
stress dependent and also confirmed Klinkenberg  effect.  Patching also reiterated the 
conclusion  of studies by  Graham  and  Botham (1958) (in Patching, 1965) which  showed  that 
flow of gas in coal is though the  cracks  and  that  coal  matrix  permeability is very,  very  low. 
He quotes the results of permeability  measurements  by  Huang  and  Shelton (1962)  (0.0016 - 
1890 mD), by Tarasow (1960) (0.001 - 4.29 mD)  and  observations by Bhyakov (1963) that 
permeability  decreases  rapidly  with  distance  ahead of  an advancing  coal  face.  Pomeroy  and 
Robinson (1967) confined 2 inch (50 mm)  cubes  to 250 atm  pressure in a  biaxial  test rig and 
measured  permeability  parallel to  and at right  angle to the  bedding  plane.  They  reported that 
while  flow of water  followed  Darcy's  law, it was  dependent  upon  pressure,  and  cleat  played  a 
dominant role with  fluid  flowing  with  preferential  flow  along  the  major cleat. 
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Harpalani et al(1988) used 4 inch  and 1.5 inch (10 cm  and 3.76 cm) triaxial stressing  rigs 
which  suggests these larger diameter  core  holders were chosen for low permeability coal 
testing  to  give  reasonable  flow rates which  could be measured at low  pressure  drop  across 
samples. Harpalani concludes that the  absence of significant hysterisis  in the curves for 
individual cycles means that balanced  hydrostatic stressing permits greater recovery  of 
permeability or  that permeability is retained without creep under balanced stressing 
conditions. In laboratory  testing  a  good  system  to  provide  balanced  stressing is less  likely  to 
promote  core  damage  by  misadventure  than in a  mixed  mechanical  and  hydraulic  assembly. 

Dabbous et al(1974, 1976) reported stress related  permeability  from  testing of Pocahontas 
US coal seam using  water  and  gas.  Dabbous  reported  on stress related  permeability for coals 
and  recognised  the  appearance  of  such  behaviour in his testing. The water  permeability  data 
was extrapolated  by  Klinkenberg  procedure from gas flow rates to  reciprocal  mean gas 
pressure of zero at constant c o d i n g  pressure 215 psia. Tests covered  mean flowing 
pressure 35 and 55 psia and  measured  permeabilities  ranged  from 0.03 to 30.0 miLliDarcy 
with  most 0.1 to 10.0 milliDarcy.  Dabbous  reported results varied  greatly so that  many 
observations  were  needed  to  achieve m@ngful figures.  Dabbous (1974, 1976) showed  a 
series at cycling  overburden  pressures  to 1,600 psia (190 bars)  which  suggested  hysterisis  in 
gas flow  when  normalised  permeability  ratio,  using  permeability at 200 psi (13.6 bars) 
confining  pressure as the denominator.  The  sample  became  successively  more  consolidated 
and less permeable as effective stress increased  and  samples  recovered less at low stress upon 
release  each time the cycle was  repeated.  Generally  similar  permeability  was  shown at high 
test stress. For water  flow  measurements  saturated  cores  were  inserted in a  Hassler  sheath 
and 400 psig (27.2 bars)  confining  pressure  established.  Filtered  water  was  pumped through 
at pressure  gradients 0.5 to 5.0 atm per cm  of core length.  For  a  core size 1.5 inch  diameter, 2 
inch long, indicates a pressure difference 40 to 400 psi (2.7 - 27 bars) across samples. 
Dabbous  results agree with  Darcy  flow  laws,  referring  to  earlier  observations  by  Patching 
(1965), (Fish, 1957 and  Evans, 1957 in Dabbous, 1974,  1976) discounting  their  somewhat 
higher  flow  observations  through dry coal as not  reflecting  swelling of the  coal  matrix due to 
wetting  producing  some  closure  of  flow  passageways. This was the first reference  found  to  a 
theory that swelling  affects  permeability. 

Dabbous  reported water permeability  consistently  showing  approximately  half  that of air 
permeability at each  overburden  pressure.  Nine out of ten cores showed an increase in 
overburden within this range  gave  a  reduction in permeability  to gas and  water  by a factor of 
about 15 times.  Dabbous et a l  (1974) used  biaxially stressing in a  Hassler cell but  did  not 
acknowledge  interaction  between  pressure in the  pores  and  confining  pressure as producing 
effective  stress.  They  continue  to  quote  those  component  pressures  which  otherwise  would 
have  allowed correlations between  permeability  and effective stress. Dabbous found the 
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effect of  overburden  pressure  on coal to  be  much  more  dramatic  than on other  rock-like 
reservoir  materials.  Helium  porosity  measurements  were  shown  by  Dabbous  (1976) to be 
five or six times  the  porosity  calculated  from  water  saturation. Air or  methane is not  expected 
to access all pores  available  to  helium  but  to be closer  to  helium  porosity  than  water  porosity. 
Helium  does  not  react or absorb  on  coal. 

Jones  (1969)  reported  permeability  to gas of unstressed UK coal with gas pressures up to 
2  atmospheres.  Jones et al(1982) reports North San  Juan  Colorado as 4.5 microDarcy  and 
includes laboratory measurements of 5 to 1 13 microDarcy  compared  to  well test 'bulk' 
measurements 3.0 to 4.0 milliDarcy. 

Somerton et  al(1975) reported  in  detail  extensive  testing  of  triaxially  stressed US coal to the 
flow of  nitrogen  gas.  Somerton  simulated  overburden  and  horizontal  confining stressing 
between 1.0 and  200  atmospheres with gas pressures  up  to 3.5 atmospheres.  Permeability of 
the coals tested  were  found  to  range  from 0.1 to 100 miUiDarcies.  He with other  co-authors 
including  Duel  (1975)  from US Bureau of Mines  published  a  wealth of data  on US c o d  

Schwerer  and  Pavone  (1984) repoh laboratory  studies  conclusively  show  cleat  permeability 
varies significantly with  applied  stress.  Schwerer  and  Pavone include observations of 
permeability 4 miliiDarcy for the  Fruitland  formation  San  Juan  Basin,  Colorado.  Bumb  and 
McKee (1984,1986,1987) report  Warrior  Basin,  Alabama as 5 milliDarcy in  several  papers. 

Permeability  data  obtained  from  samples of coal  in  the  laboratory is given in Table 8.7. ( S e e  
also Tables 8.5, 8.6 and 8.8). 

Permeability  of  coal  samples,  when  plotted on natural  log  scale  against stress, follow  a  linear 
relationship of the type  shown  in Fig. 8.20 for the Bulli seam  with  low  permeability.  Other 
investigations  have  found this relationship  non  linear in laboratory tests with coals  (Figs.  8.21 
and  8.22)  (McKee et al,  1986).  Data  shows  that  the  higher  the  compressibility,  the  greater  the 
non  linearity. The effect of  depth  on the field  permeability of some USA coal  basins is given 
in Fig. 8.23. The relationship will also hold  good for in-situ  conditions  where  permeability is 
controlled by cracks and joints which close under stress decreasing porosity causing 
compaction.  McKee et  al(1987) have  shown  that  permeability  can be related to*porosity  by a 
power  relationship a 
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Table 8.7. Permeability  of  coal  samples. 

country 

USA 

USA 

USA 

USA 

USA 

USA 

Australia 

Australia 

Australia 

Australia 

Australia 

Australia 

Australia 

Sample 

8.3 bituminous  coal 
38.9 Piceance  basin 

2.9 sub bituminous  coal 
32.3 San  Juan  basin 

mD location 
Permeability, 

Piceance  basin 
bituminous  coal 

234 

9.0 

I 

I ::I Appalachian  basin 

Pittsburg  coal I 15.12 
4.2 

I 

Pittsburg  coal 23 I 2.3 

Bulli  seam 0.8 
0.35 

Gemini  seam 1.2 I 0.1 

I 1 Bulli  seam 

Bulli,  Tower I 0.1 
0.5 

I 
Bulli. Tahmoor I 0.7 

Bulli,  West  Cliff I 0.15 

I OS1 

Ulan 0.7 I 0.16 
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Source I - Remarks 

Rose & Foh, 
high stress (848 Psi) 1984 
low stress (258 Psi) 

low stress (539 Psi) 
very  high  stress 
(1216 Psi) 

high stress (1008) 
Psi 
very  high  stress 
(2456 Psi) 

very  low stress (159 
Psi) 
high stress (539 Psi) 

Dubbous, low stress (200 Psi) 
1974 very  high  stress 

I1 

11 

11 

(1400  Psi) 

low stress (200 Psi) 
very  high stress 
(1400 Psi) 

t I  

Hargraves, 
very high stress 1985 
low stress (150 Psi) 

(lo00 Psi) 

Gray, 
1987 

zero stress 

(1300 Psi) 
very  high  stress 

Lingard low stress (200 Psi) 
very  high stress 
( 1500 Psi) 

Somers, 
1993 

low stress (50 Psi) 
medium stress (750 
Psi) 

~~ 

11 no stress 
very  high stress 
(1250 Psi) 

no stress 
very  high  stress 
(1600 Psi) 

no stress 
medium stress (750 
Psi) 

11 

11 
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Fig. 8.20. Effect of stress on permeability (Somers, 1993) 
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Fig. 8-21. Variation  in uo - 1000 Pa4 

laboratory-derived 
permeability  with effective stress 

ap, - 2000 psi 
- c = 5XlO'~ /P1i  

at constant compressibility 
and match  with curves 
of varying initial porosity 
for Cameo coal core samples 
from depth of 2,766 ft, a 
Piceance  basin,  Colorado 
(McKee et al, 1986). 

UI n 5 0 -  

EFFECTIVE STRESS. 0 (psi) 

Fig. 8.22. Variation in 
laboratory-derived 
permeability  with effective stress 
and match  with  theoretical 
curve for a  Pittsburgh 
coal  mine  sample 
from  depth of 300 ft, 
North Appalachian basin 
(McKee et al, 1986). 

0 I I 1 I I 
0 

1 

1 0 0  2 00 300" ~ 400 SO0 e a  
EFFECTIVE STRESS, u (psi) 

Fig. 8.23. Summary plot 
and  overall  range of values 
for  permeability 
with  depth for coal seams 
in  the  Piceance,  San  Juan,  and 
Black Warrior basins 
(McKee et al, 1986). 
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King and  Ertekin (1988) expressed the view that Ne values are generally greater than  the 
theoretical value of 3. Somers (1993) measured Ne values for  coal and  rock samples and 
found  them  to  vary  slightly  around 3 and  support 3 as the average  measured.  Work by Walsh 
(1981), Ostensen (1982-83), Green  and  Williamson (1966) into crack fractures rather than 
capillaries came to a  similar  relationship.  They  challenged  the  value  assigned  to  the exponent 
and  put  forward the more  general  relationship: L(2) E 

$0 
(8.29) 

Walsh (1981), Ostensen (1982-83) and  Green  and  Williamson (1966) have confi ied the 
general form of this relationship for other reservoir  rock-type materials while  the  work of 
Schwerer and  Pavone (1984) and  McKee et al (1984) suggest it is also  valid for coal seams 
with  the exponent close to 1. This value  has  been  accepted  by  Somers (1993) in modelling 
and by other  investigations. 

8.5.1 Measurement of Permakhlity 

Permeability  can  be  measured in the  laboratory on cylindrical  samples  or on thin slices across 
which  pressure  difference is generated using the  following  relationship: 

For  gases 

For  liquids 

where = 
Kw = 

Q =  
L =  
Po = 
A =  
P1 = 
P2 = 

(8.30) 

(8.31) 

permeability  to  gas,  Darcy 
permeability to liquid,  Darcy t 

quantity of fluid  flowing  through  the  sample at stabilised flow, c d / s  
length of the  sample, cm 
atmospheric  pressure, bars 
cross-sectional  area of the  sample,  cm2 
up  stream  pressure,  bars 
down stream pressure,  bars 

# 
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Permeability may also be  measured by drilling  a hole in the centre of the sample and 
subjecting the sample to gas pressure from inside with gas flowing out radially. The 
relationship  used in this case is 

PQ+) 
K =  

&(Po2 - Pl?) 
(8.32) 

where K = 
P =  
Q =  
ro = 
ri - 
c =  
Po = 
Pu = 

- 

permeability, D a y  
viscosity  of CHq (0.01087 cp) 
rate of flow of gas,  cm3 sec-1 

external  radius of  sample,  cm 
internal  radius of hole,  cm 
length  of  the  sample,  cm 
absolute  pressure  in  the  chamber, bars 
absolute  pressure  in  the  outlet,  bars 

I 

Limitation  of space does not  permit  discussion  of  these  methods  here.  However, it is worth 
mentioning  that  mathematical  models  supported by  field  data  using  measured  gas  content  and 
gas  flow (or both) are recommended for the  estimation of field  permeabilities in operating 
mines,  while  build up  of gas  pressure  and slug tests are recommended in virgin areas. 

Laboratory  permeabilities are always  much  lower,  by  one or two orders of  magnitude. It is 
therefore  essential  that  when  field  data is required, tests be conducted  in  the  field. 

Field  permeability  data  for  different  coal  fields, seams is given  in  Table 8.8. 

Six basic  methods are used in the  field. 

Slug tests in  vertical  boreholes  from  the  surface. 

Multiple  parallel  boreholes  drilled  underground  into  the  rib  and  injection of tracer gas. 

Build  up of gas  pressure  in a borehole  and  use  of  mathematical  modelling  and history 
matching. 

.# 

Multiple parallel boreholes  drilled at varying distances and  measurement  of gas 
pressure  prior  to  drilling  a  central  hole for drainage  of gas with continuous  recording of 
gas  pressure  with  time  (up  to 30 - 60 days)  and  mathematical  modelling  of  data. 

Use of gas content of coal  in  the rib as a  function of distance  from  the  rib  line  and  time 
elapsed  after  drivage of the  excavation  with  mathematical  model  simulation. 
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Russia 
(Airuni, 
1981) 

USA 
(Hunt & 
Steele, 1991) 

USA 
(GW July 
1991) 

Australia 

Table 8.8. Field  permeability of some coal seams. 

Coal  field 

Pechora 

Karagmda 

AppalaCW 
basin 
(Northem) 

Appalachian 
basin (Central) 

Black Warrior 
basin 

Appalachian 

Appalachian 

south coast 

Bowen  Basin 

Seam 

penryj 

D v o y n O Y  

Trebli 
TroYnOY 

Cetvertyi 
Pjatyi 

Verkhnaya 

Felix 
Shestfutovyi 
Chetyrekh-futovyi 

( Waynesburg 
( Piasburg 
( Freeport 
(Kittanning 
( B m W e /  
( Clarion 

( JaegedJawbone 
( Lower Seaboard 
( Fine  Creek 
(pocahontas#4 

#3 

(M 
( M a r y -  
( Black  Creek seams 

Pocahontas #3 
(Buchabman County, 
Islandcreek) 

Pittsburgh 
Lower Kittanning 
Maboning 

Bulli Seam 
(APPin 
(west cliff 
worth Cliff 
(Darkes Forest 
(T- 
(South  Bulli 
(Tower 

Leichhardt 
Collinsville 
D Seam Mom 
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Permeability, 
mD 

.n 2.3 - 2.5 
114 2.5 - 4.7 
112 + 
113 2.3 - 2.4 
112 1.3 - 1.5 

2.0 - 2.2 
111 0.6 - 0.8 
19 0.7 - 0.9 

c12 3.3 - 3.5 

c10 1.0- 1.2 
<13 0.9 - 1.0 
<14 0.5 - 0.7 

112+ 13 + 14 

0.1 - 26 

5 -27 

2 - 3 0  

5 - 8.3 

27 
0.25 
0.64 

- 2 - 5  
-0.5 - 2.5 

-2.5 
-3 - 5  

-2.5 - 4 

4 - 5  

<1 
-2 

Remadrs 

Liable to outbursts 
I t  

n 

n 

n 

Not liable to outbursts 
n 

n 

n 

n 

n 

Not liable to outbursts 
n 

n 

" 
a 

Not liable to outbursts 
n 

n 

Not  liable to outbursts 

It 

I t  

Not  liable to outbursts 
n 

I, 

Liable to outbursts 
n 

n 

' n  

n 

n 

n 

Liable to outbursts 
n 

n 
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(vi) Measurement  of  flow  of gas from  the  borehole  over  extended  period  of  time (30 days) 
and use of  mathematical  modelling. 

8.5.2 Effect of Gas Pressure on Permeability 

The  effect of gas pressure  on  the  permeability is explained  by  Klinkenberg  effect (Eq. 8.20). 
This effect of gas  pressure  on  the  permeability of coal  samples is shown  in  Fig. 8.24. 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 C&. The  value of Klinkenberg  slip  factor for the  different stress levels 
are given  in  Table 8.9. While the  value  of  b (Eq. 8.20) for methane  varies  between 7 - 9, it 
drops  rapidly for carbon  dioxide  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. 

Table 8.9. Slip factor  values  for  the Bulli Seam  coal  samples  (Lama, 1995b). 

I I I 

Gas Slip  factor, stress, 
MPa b,  bars 

Methane 0.5 

9.83 7.5 
7.34 5.0 
7.02 2.5 
7.46 

2.5 41.2 
5.0 22.9 

Carbon  dioxide 177 0.5 

I 7.5 11.61 

The change in values  of  Klinkenberg effect for carbon  dioxide at higher  gas pressuks and 
lower stress, as observed, is not  compatible  with  the  theory  of  fluid  flow  thoough  porous 
media as outlined  earlier.  At  high  pressures  and  at  laboratory  temperature  of 2OoC carbon 
dioxide  does  not  behave as an  ideal gas. Together  with  the  compressibility  factor Z in Eq. 
8.24 gives  the K, value as 

K, = K- (1. 8.52 C'u &) ZRT 
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Fig. 8.24. Effect of gas  pressure  on  permeability 
of Bulli coal samples  for CHq and C02 (Lama,  1995b). 

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 (Eq. 8.23) will  change  only by 10%. The drop  in fact is much  greater. 
Also from Eq. 8.24, the  ratio of Klinkenberg slip factor  b for the  two  gases (COz and C&) 
should be about 0.824 at low pressures and decrease to 0.737 at higher pressures (Lama, 
1995b). 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 (I(CO~/T(CH~) should  be  in  the  range  of 0.7 - 0.8. This is not 
supported by experimental  data. 

This explanation needs to  be sought somewhere else. There may be several phenomena 
occurring  simultaneously  (Lama,  1995b). 

1. 

2. 

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. * 

At  high  pressures,  high  adsorption of COz gas takes  place  within ths 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.  8.25).  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  can  be  best  represented by the  relationship  (Muskat, 
1937) 

(8.34) 

where  the  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 COz, lower fluid  velocity  and 
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. 

Fig.  8.25. Point of high  flow  of gas through  the  sample, 
see soap  bubble of the  sample  surface  (Lama,  1995b). 
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The second  factor [ - z2) in  the  above  equation  indicates  that at higher  velocities  there will 

be an  additional  pressure  drop  resulting  in  lower  apparent  permeabilitj. 

8.53 Effect of Vacuum 

Effect  of  vacuum  on  flow  rate  from  boreholes is now  well  established (Airuni, 1981; Lama, 
1980). Increase in vacuum  applied  to  boreholes  increases flow rate. The reasons for this 
increase are not clear. 

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  (Lama, 1986,1995b). 

Results at stabilised  gas  flow are given  in  Tables 8.10 and 8.11. These  results  indicate that 
the  application  of gas pressure  causes  lateral  expansion of the  samples  up  to 220 pstrains and 
application  of  vacuum  causes  coqtraction  of  the  sample  by 2 - 45 pstrains depending  upon 
axial stress, gas  type  and  vacuum  applied.  Carbon  dioxide causes more  expansion,  and 
expansion is higher,  the  lower  the stress value.  The  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  drop  in  permeability  of  coal. The effect of  vacuum  however  opposes it. 
Fig. 8.26 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. 

Table 8.10. Changes  in  lateral strain (expansion)  on  application 
of gas at  constant  axial stress (Lama, 1995b). 

stress, 

I Lateral  strain, pm 

10 

190  95 15 0.5 
120  70 10 2.5 
120  70  10 5.0 
145 70 30 7.5 
160 115 50 

Carbon  dioxide  gas  pressure, 
bars 

11 I 19 I 29 
Lateral s t r a  pm 

25 

220 90 40 
350 2 10 75 
270  150 55 
250 130  80 
65  25 
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Table 8.1 1. Effect of application of vacuum  on  changes  in  lateral  strain  (contraction), 
gas = methane, gas pressure 19 bars  (Lama,  1995b). 

Vacuum, 
Axial (abs.  pressure  m  bars) 

I I Lateral strain. um 

I -  

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 
pemeabilities of coal for carbon  dioxide gas at higher  pressures. 

Gil and Swidzinski (1988) have collated the data from various sources and present a 
simplified diagram  which  relates  the  permeability of coal  in-situ  with  the  liability  to  outbursts 
(Fig.  8.27). This data should not  be  treated  independent of the gas content, strength of coal 
and stress levels occurring at a point. 

LEGEND 

" - - "- 

Fig.  8.26. Effect of stress and vacuum on permeability  of  cylindrical coal samples, 
gas - CH4 , pressure 6 bar  abs.,  sequence type 'A (Lama,  1995b). 
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Legend: 
1. Khodot  (Donetsk  coal) 
2. G N .  Feit 
3. Institute IGC (Karaganda coal) 
4. Institute IGC (Vorkuta coal) 
5 . 0 .  J. Czernow  (Kuznetsk coal) 
6. Institute MakNII (Donetsk coal) 
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Fig. 8.27. The relationship of permeability to outburst  proneness (Gil and Swidzinski, 1988) 



8.6 DIFFUSION OF GASES FROM  COAL 

While  permeability  determines  flow of  gas  through  the  crack  system  in  coat,  flow  of  gas from 
the matrix into  the  crack system occurs as a  result of diffusion. This phenomenon is 
responsible in coal of pore size (r) equal to the  molecular size (1) of the  gas  and  occurs as a 
result of the difference in the  concentration of gas across the  surface.  Diffusion  can  be 
represented by the relationship (Ficks law) 

(8.35) 

where Q d  = amount  of  gas  diffusing  through  a  surface,  cm3/s 
F = surfacearea,m2 
D = diffusivity of gas  through  the  material,  cm2/s 
R = diffusion  path, cm 
C1 and C2 = concentrations of gas  across  the  diffhsion  path k' 

When  the  pore size  is very  small (Ah) -2, there are molecules  of  gas  diffusing  through these 
pores  which  collide  with  each  other.  At  atmospheric  pressure  for h = 10-5 cm,  diffusion  can 
take  place  only in pores  with  r >lO-5 cm  and  diffusion  constant is given by 

1 7-25 
D = const. L A 

P a 2 3 / r n ' T + C  
(8.36) 

where P = gas  pressure 
0 = molecular  diameter  of gas 
MW = molecular  mass of gas 
T = absolute  temperature 
C = Sutherland's  constant 

Under  normal  conditions,  the  value of  D for  gases  of  low  molecular  weight  lies  between 0.1 - 
1 m%. 

When (3) >>1,  there is interaction  between  the walls of the  micropores  and  gas  molecules 

resulting  in slowing down of the  movement. The molecular  diffusion  then  follows  Knudsen's 
diffusion  law  given  by 

a 

(8.37) 
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Knudsen  diffusion is proportional  to  square  root of temperature  and  inversely  proportional to 
the square root  of  molecular  mass.  Knudsen  diffusion  occurs only at low  pressures  and in 
small pores, its value is about 10-2 cm2/s. 

Gases which are sorbed  on  the  surface of coal,  their  movement  take  place as a result of 
surface  diffusion  along  the  surface of the  pores  in  the  direction of the  concentration  gradient. 
Only  a  part  of  the  molecules  which  have  activation  energy less than  the  heat  of  adsorption 
take part and move  along  the  surface  without  leaving  the  surface.  This  process of surface 
diffhsion  (Valmer  diffusion) is given  by  (Carman,  1956): 

D, = constant  f(T) e ( Q 2 )  (8.38) 

where Ev = activation  energy 

Q = heat  of  adsorption 
f(T) = function 

Function f(T) is not  very  much depndent upon  temperature.  The  value of D, varies  between 
wide limits 10-5 - 1 0 1 1  cm2/s 

Both Valmer  and  Knudsen  diffusion  coefficients are independent  of  pressure. 

8.6.1 Kinetics of D i e i o n  

The adsorption of gas  in  coal  is  a  reversible  phenomenon.  When  a  coal  sample is exposed  to 
the  atmosphere,  gas  escapes  into  the  atmosphere.  The  law,  which  the  desorbing gas from coal 
obeys, is not very clear, but it can be  argued that it could  possibly follow the laws of 
diffusion,  where  gas  from  the  coal  matrix  desorbs  and  diffuses  into  the  cracks  and  through  a 
network of cracks flows out into  the  excavation. If the unit  particles  forming  the  coal are 
assumed to be  spherical  (an  approximation)  and if particle  diameter is sufficiently  small so 
that  there is no  network of cracks,  then  the  amount of gas Q desorbed  in  a  given  time  t  can be 
given by (Boxho et al, 1980). 

(8.39) 

where Qt = gas  desorbed,  cm3  in  given  time, t 
Qoo = total gas desorbed  after  time t = 00, i.e. the  gas  present  initially in coal 

sample 
t = time,  seconds 
D = diffusion  coefficient,  cm2/s; and 
d = equivalent  particle  diameter,  cm; d = 6V/&V 

(V = particle  volume  and = surface ma).  
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The diffusion  coefficient  depends  upon  temperature, initial and final gas content and  the 
nature  of  the  gas. The value of  D for  methane  varies  from  to 10-12 cm%. For small 
values of  t[tcd2/nD)],  equation (8.37) can  be red t ten  as 

Qt =Qm(-F-.7) 12 d a  Dt 12Dt 

or 

(8.41) 

Since  D  and  d are constants for a  given  sample,  one  can state that 

L = k , &  Q (8.42) 
Qm 

where kl = desorption  rate  which is a  function of the  gas  content of the  coal. 

. 
In other  words, for a  short  period,  the  rate  of  desorption is proportional to the  square  root  of 
time. This expression has been  used in gas  estimation  from  cores.  However, if the time 
elapsed is large, this expression  breaks down. 

Certain  researchers  have  put  forward  a  gas  emission  relationship of the type (Airey, 1968). 

(8.43) 

where = time for desorption of 63% of the  total  gas;  and 
n = constant, 0.33 for  bituminous  coal  and 0.5 for  anthracite  coal 

Equation (8.42) has  been  commonly  used to estimate  lost  gas  in  the  first few minutes of 
desorption of gas  although in many cases  it  may  not be applicable  (Lama  and  Bartosiewicz, 
1982). From  equations (8.41) and (8.42) 

12 D 12D- t k l = -  -- 
d a  $- d2 

Since  D is very  small  and  d is comparatively  large,  the  second term of equation (8.44) can be 
neglected.  Hence 

(8.45) 
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D xk: 
;I'=144 

Therefore from the  initial  desorption  rate,  the  value of K1 can  be determined,  which  can  help 
assess the value of  D/d2.  When particles of coal  are  small,  the  value of d can be assumed- 
equal to  the  particle  diameter. 

Some other methods  have been used for the  determination of diffusion  coefficients.  The  one 
commonly accepted  is  the  Pallat  string  reactor method (PSR). In this  method a cylinder filled 
with a large number of uniform  diameter  coal  pieces are packed  and an impulse of tracer  gas 
with a carrier gas is  passed  through  it.  The  shape of trace of the eluted gas is analysed to 
determine the diffusion coefficients (Smith  and  Williams, 1984) using computer programs 
especially  developed for the  purpose. 

The  diffusivity of coal  samples varies between 10-7 m2/s to 10-12 cm%. If a bi-disperse  pore 
model is used,  then a single  diffusion  coefficient  is  not  enough. It requires  the  determination 
of micro  pore effective diffusivity,  macro  pore  effective  diffusivity  and a constant A which is 
proportional  to  the  micro/macro  gas  distribution. PSR technique is best  suited for this study. 
Smith  and  Williams (1984) report  the  results of studies on  three different coals (Table 8.12). 
For  diffusivity of 10-10 cm%,  the  time  required  for  the  desorption of 90% of gas is dependent 
upon  the  particle  diameter  and  is  given  as  follows  (Table 8.13): 

Table 8.12. Bi-disperse  pore  model  parameters as measured with the PSR 
(Smith and  Williams, 1984). 

Sample 

0.48 16.0 5.6 11.0 Subbituminous Fruitland 
0.45 5.9 5.2 4.4 Bituminous Pittsburgh 
1.23 3.7 1.2 1 .o Anthracite  Madrid 

__ A Ax~O~(S-~)  D,xl@(s-') D1~107(~-1) Rank 
3Di 

Table 8.13. Time  for  diffusion of 90% of gas  from  spherical  particles. 

Diameter 

150,000 years 15 years 1 month 13 hours 1 O m i n  1.6 sec Time 
I m  10 mm 1 mm 0.1 mm 0.01 mm 0.001 mm 

a 

Zwietering et al (1956) (in van  Krevelen, 1961, p. 146) measured diffusion coefficient on 
bituminous  coal  and  found  its  value = 10"2 cm2/s  at  room  temperature  and 10-20 cm2/s  at 
liquid air temperature for methane.  Swenster (1959) measured diffusion coefficient on 
pulverised  coal and coal  discs for 0 2  and Hz0 vapours. For the  first  case he found  the  values 
= 10-13 cm2/s and for the second case = 10-11 cm2/s  and attributes  these differences to  the 
presence of micro  fractures  in  the discs. 
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Kawecka  (1993b) reports that  the  coefficient of diffusion  increases with increase  in  sorption 
of sorbate on coal both for methanol  and  water  vapours, reaches it maximum  and  then 
decreases. Z6lcinska and Lason (1981) measured  diffusion  coefficients  on  Nowa  Ruda coal 
for C02 and  found  its  value between lo-' and  10-8 cm2/s with no difference in its  value  during 
sorption and  desorption.  The  coefficient  increased with increase  in  pressure  which  suggests 
different mechanism of diffusion  occurring  within  coal. 

8.6.2 Desorption Time 

Diffusion data of coal is many  times  expressed in terms of desorption time (z) and  this 
expression is utilised  in reservoir modelling  (Sawyer  et  al, 1987). The  relationship is given 
by the  amount of time in days for 63% of the  gas  to be desorbed  from a coal  sample. This 

value can be related  to  the 7 as  follows (d" 1 
($)=- 0.1676 z (8.47) 

8.7 STRENGTH OF COAL 

The strength of coal  depends upon a number of factors,  but  more  particularly  on  the  degree of 
maturation,  petrographic  constituents,  cleat and degree of fracturing  (mylotinisation  that it has 
undergone).  Micro  hardness  initially  increases with rank  and  passes through a maximum of 
0.85% Rwit and then decreases passing through a minimum  of 1.6 Rmit (Alpem, 1956) (Fig. 
8.28) and  increases  again.  This  transition  occurs between biturninisation  and 
debituminisation and  the  second  reversal  occurs  at  the  end of debituminisation. Similarly 
Hardgrove  index follows a similar  curve  (Yancy  and  Geer, 1945) (Fig. 8.28). On microscopic 
scale fusinite the strongest constituent.  The  micro  hardness of exinite approaches  that of 
vitrinite. Y 

0 10 20 

Volatile Matter, 9'0, daf 

Fig. 8.28. Variation  in  mechanical  behaviour of coal as a function of rank. 
(A) Microhardness of vitrinite as a function of vitrinite  reflectance  (Alpern,  1956) 

(€3) Hardgrove  Grindability  Index  as a function of volatile  matter  yield 
(Yancy  and  Geer,  1945)  (Taken  from  Lavine,  1993). 
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Cleat  in  coal  is of two  types,  endogenic  (primary)  and  exogenic  (secondary).  Endogenic  cleat 
is due  to contraction on  dehydration and this is maintained  over  the whole of the coal field 
and  up  to  very  late  stages of carbonisation.  This  predominantly  occurs  in  the  bright  portion of 
coal and  as  such vitrain and  clarain  portions are weaker.  The degree of coalification and 
petrofabric  (lithotypes) has a major effect on the frequency of cleat.  With  further 
coalification, this  is  healed.  Fig. 8.29 shows  the  average distance of cleat in relation to 
volatile  matter. 

Strength  determined  using NCB core  indenter has been  found  to be related to the rank of coal 
(Beamish  and  Crosdale, 1995). Fig. 8.30 shows  the  results  which  relate  the  uniaxial  strength 
determined on specimens  from  the Bowen  seam  (Australia).  There is  a substantial  decrease 
in  strength with increase in  rank.  Bright  coals  stressed  perpendicular  to  bedding  have  lower 
strength  than its dull rank  equivalent,  whereas  the  opposite  is  true  when  samples are stressed 
parallel to bedding. Of the  high  volatiles  bituminous coals tested,  the lowest strength is 
displayed by a sample  rich in inertodetrinite. 

50 40 30 20 10 0 

Fig. 8.29. Cleat density  as a function of coal rank. 
(After  Sarbiejewa,  taken from Gabzdyl, 1987). 

Fig. 8.30. Relationship between $ 40 
uniaxial  compressive  strength p! 

- 

indenter  measurements) and 8 30- 
(as determined  from NCB  cone E" 
coal rank of Bowen  Basin  coals 
(Beamish  and  Crosdale, 1995). * F j  .- 

.- 0 

- a 

s -20 - 
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Strength of coal seams liable to outbursts is  low.  Lower strength is associated with the 
maturity of coal, as well as the effect of tectonic  movements  that coal seams have  undergone. 
Shearing of the coal seams as a  result of roof,  floor or movement  of  stronger  beds within the 
coal seam is seen in many coal seams liable to  outbursts. Bulli Seam, Gemini Seam and 
Bowen  Seam  where  virtually all outbursts  have  occurred  in  Australia  have  shearing within the 
seam. 

8.7.1 Effect of Gas on Strength of Coal 

A number of studies have shown  that fluids adsorbed  on  the surface of rocks influence 
strength. The concept that  fluids  influence  strength was first  put  forward by Rebinder  and is 
known as the rebinder effect.  Strength of rocks is higher  under  vacuum  that at atmospheric 
pressure in dry air. 

Laboratory studies conducted by Josien et  al(1983) on the effect of gas pressure  on sandstone 
from  Marlebach  Colliery  (France)  showed  that  the  uniaxial  strength  dropped from 60 MPa  to 
20 MPa as  the gas pressure increased  to-10 MPa. K u n i r  and  Farmer  (1983) suggest that gas 
present in the cracks accelerates their growth  and this causes explosive disintegration. 
Studies on the Bulli coal using  indenters at various  pressure of carbon dioxide showed that 
strength decreased by almost 30% as  the  gas  pressure  rose to 10 atmospheres  (Lama, 1995) 
(Fig.  8.3 1). 

Fig.  8.31. Effect of 
carbon dioxide on the 
shear  strength of coal 
(Lama, 1995~). 
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8.8 METHODS FOR THE  DETERMINATION OF STRENGTH OF COAL 

The standard method for the determination of strength of coal (arid rock) is to take core 
samples of 52 mm and  subject  these  to  compression,  tension or triaxial  testing.  For  uniaxial 
compressive strength, the  height to diameter  ratio of the  samples  should be at least two and 
the  strength is detennined using  the  relationship 

F ucs = - 
Area 

(8.48) 

For tensile strength  determination,  either  the  sample is subjected to direct tension or indirect 
methods  such as Brazilian tests may be used. In direct tension,  tensile  strength is calculated 
using  the  same  relationship  as for compressive  strength  determination.  In  the  Brazilian  test, 
the  disc samples (width of disc = diameter)  are  subjected to diametral loading (Fig. 8.32) and 
tensile  strength is calculated  using  the  relationship 

F 
mt. Tensile strength = - (8.49) 

where F = force at failure 
r = radius ofdisc 
t = thickness of  the disc 

For more details refer to  Vutukuri et al,  1974. 

Regular samples are also subjected  to  testing  under biaxial and triaxial testing where the 
lateral stresses can be varied.  Two  main  variations  occur  in  this. In the first case, cylindrical 
samples are subject to varying  confinement  while  the axial load is varied.  In the second case 
cubic specimens are subjected  to  true  triaxial  loading  where  the stresses along all the  three 
axes  can be varied. These methods  are  used to determine  cohesion,  angle of internal friction, 
plasticity  conditions,  etc.  (Vutukuri et al,  1974;  Lama  and Vutukuri, 1978). 

In seams liable to outbursts, it is usually  not  possible  to  obtain samples of regular shape  and 
size. As such,  techniques have been  developed for the determination of compressive and 
tensile  strength  using  irregular  samples. In  highly  fractured coal, only small particles of coal 
can be obtained. In such  cases  special  methods  such as Protodyakonov  index (f) and Impact 
Strength Index  (ISI)  have  been  developed.  These  methods,  particularly  Protodyakonov  index, 
are frequently stated and  used  in  eastern  European  countries  and  China. These methods are 
described  below. 



I: 

Fig. 8.32. The Brazilian  test, 
showing  notation used. 

8.8.1 Testing of Irregular Specimens 

The estimation of compressive  strength  from  tests on irregular  specimens  can be useful in the 
case of weaker rocks from which preparation of regular shaped specimens is extremely 
difficult. It is also useful in the case of very strong rocks which  may require special  machines 
for the  preparation of regular-shaped  specimens. This testing also has direct relevance to the 
degradation of coal during the  process of transportation. 

The work on this method was initiated by Protodyakonov  and followed by other Russian 
scientists (Protodyakonov and Voblikov, 1957; Tokhtuyev  and  Borisenko, 1958; Melekidze, 
1959; Protodyakonov, 1960 and  Ilivitskii  and Nikolin, 1961). International  Bureau for Rock 
Mechanics (1961) recommended  egg-shaped  irregular  samples  with  the ratio of  the largest to 
the  smallest  dimension about 1.5 : 1 and  a  volume of about 100 cm3. After rounding off the 
samples with light hammer  blows, 15 to 20 specimens,  having  a  mass difference of k2% are 
tested parallel to the longest axis and perpendicular to  the plane of laminations. The 
compressive strength of these  specimens, Oci is  given by 

F 
cTci =- 

A 
(8.50) 

where F = applied  force  at  failure;  and 
A = maximum  area of cross-section of the  specimen. 

O~ and oc (compressive strengths of regular  specimens)  are  related by the  equation 

cTC" 
0.19 

- Gci (8.51) 



C 

Hobbs (1964a) conducted experiments on irregular specimens in the  mass  range of 30 to 
128 g. He crushed them  parallel  to  their  shortest  dimensions  without  restricting  them to any 
orientation of the laminations.  He  measured  the  area of contact of kegular specimens  with 
the  loading platens by placing a carbon  paper  and a graph  paper  between  the  specimen  and 
each of the loading platens.  The total area of these  imprints at fracture was obtained by 
counting the  blackened  squares and the mean of the  two  total  areas  thus  found  was  taken  as 
the area of contact of the  platens  with  the  specimen. His results  are  given  below. 

1. There is a straight-line relationship between  applied  force at failure (F) and  the  mean 
specimen  mass  (m)  when  plotted on a log-log  scale.  The  equation  is 

F = m  0.56 (8.52) 

If the  mean  mass  of the irregular  specimens  is not 32 g, the  corrected  value of the force 
6.96 F 
m -  

- 

at failure is  given by -. 

2. There is  a strong correlation between  the  compressive  strength of irregular specimens 
(od) defined as  the  average  applied  stress  at  failure  and  the  volume of the specimens 
(V) of Donisthorpe siltstone I. The  relationship  is 

4 

(8.53) 

where od = applied  force  at  failure  @/mean  area of contact (A); and 
V = volume of specimen. 

This type of relationship,  however, was  not  observed  for  Maesgwyn  Cap  mudstone  and 
Pennant  sandstone. 

3. There  is  a  close  correlation between  the compressive strength, 0ci2,  of irregular 
specimens, 32 g in mass,  and  compressive  strength of cylinder of 2.54 cm  in  length  and 
2.54  cm  in  diameter (0~1) (Fig. 8.33). The  regression  line  equation  is 

where dCl and C T ~  are in lbf/in2. 

The  error  in  the  regression  estimate 

(oci2 - 17660)' ' 

1 1 0 5 ~ 1 0 ~  

112 
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Fig. 8.33. Relationship  between 
the  average  applied stress at fracture 
and  the  compressive  strength 
(Hobbs,  1964a). 
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Evans and Pomeroy (1966) carried out irregular specimen tests on  Deep Duffryn and 
Barnsley  Hard coals without  adhering to any  particular  orientation of the  bedding  planes.  For 
Deep Duffryn coal, they found no sigqificant  strength difference when  the orientation of 
bedding  planes  was varied. 

From  their test results,  they  found  the  following  relationships: 

~ c i 2  V -0.09*0.03 for Deep  Duffryn 
q 5 2  v -'.oeo*02 for  Barnsley Hards 

and 
A/ oc vo . sko .6  for  Deep Duffryn 

for Barnsley  Hards. A/ oc ~0.51'0.06 

They also reported  that  strengths  obtained from crushing of irregular  specimens are about 1.7 
to 2.0 times  as large as those from testing of cubes of similar mass. 

The  study of the mode of failure of irregular  specimens  indicated  that failure starts with  the 
crumbling of areas in contact with  the press platens, but final failure is a clear cut breakage 
which splits the specimen  into two large  pieces. The reason of this  failure is the develbpment 
of tensile stresses at right angles to the  plane joining the  points of contact of the  Jpecimen  and 
the  press  platens. 

From the  myriad of equations and test specimen configurations used by different 
investigators, it would  appear that the true compressive  strength of a  material  must be known 
before  any predictors of strength  from tests on irregular  specimens  can be determined. This 
restricts the applicability of tests on irregular specimens to those situations where vast 
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numbers of tests will be performed  on  material  from  one  deposit for which  many  compressive 
strength  values  have  already  been  determined by the  usual  techniques. 

Impact strength test has also been  used for the  determination of surface energy and other 
parameters for comparison of sites liable to outbursts  (Lama et al, 1983). 

8.8.2 Protodyakonov Test 

This is  a  very simple test meant  to determine the resistance of rock  to failure and can be 
applied  to experiments on mass  scale. This test is widely  used  in  the USSR and  other  East 
European countries to determine the  workability of coal seams. The test was devised by 
Rotodyakonov Sr. and has sometimes been called the pounding method (Rotodyakonov, 
1962). Samples in  the  form of lumps 0.6 to 0.8 dm3 are taken from the rock bed, their 
number depending upon  the coefficient of variation (V%) of rock hardness (Table 8.14). 
Each  sample is broken  up  with  a  hammer  and 5 test  specimens,  consisting of fragments of 20 
to 40 mm in size and of each 10 to 20 cm3 are picked.  Each test specimen is placed in a 
cylinder of 76 mm internal  diameter  and is pounded  with  a 2.4 kg drop  mass falling through  a 
distance of 0.6 m  (Fig. 8.34). The number of impacts,  n, to  which  these test specimens are 
subjected is 5 to 15, depending upon  the  strength of the rock. After pounding all five 
specimens, the test material is sieved  on  a 0.5 mm screen.  Fines,  which pass through  the 
0.5 mm screen, are poured  into  the  tube of a  volumometer  (Fig. 8.35) of 23 mm diameter and 
the  height  of  the  column of dust, 1, in mm in the  volumometer is recorded. The strength 
coefficient, f,  is given by the  following  equation: 

20n f = -  
1 

This strength  coefficient is related  to  the  compressive  strength by the  equation 

where cC = compressive  strength,  kgf/cm* 
E = modulus of elasticity  in  compression,  kgf/cm2  and * 

f = strength  coefficient. 
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Table 8.14. Dependence of number of experiments  on  coefficient of variation 
(after htodyakonov, 1962). 

Coefficient of variation (V%) No. of experiments  (n) 
30 

4 20 
6 25 
9 

I 15 I 3 

0 cylinder 

@ tube 

0 drop mass 

@ handle 

coner pm 

@ arrester 

a steel cnble 

f 

0 tube 

a piston 

Q stopper 

1 tube 2 piston 
3 stopper 

1 cylinder 2 tube 
3 dlQDmaSS 4 handle 
5 cotierpin 6 arrester 
7 steel cable Fig. 8.35. Volumometer.  The  zero mark 

on  the scale should be level  with the 
Fig. 8.34. Installation for detennining rock edge of the  tube  when  the  piston 

strength by the  pounding  technique is  completely  pushed in 
(Protodyakonov, 1962). (Protodyakonov, 1962). 
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Protodyakonov further suggested  that E can  be  determined  empirically by the  rebound of the 
hammer  head,  h,  of  the Shore scleroscope  from  a  polished  surface of rock  specimen  with  the 
help  of the following relationship: 

E = 1 . 0 7 ~  106h kgf / cm 
154-h 

Therefore 

0, 1050 
h 

(8.61) 

The strength factor, f, has also been  determined  using  penetrometer or frring a spring load 
penetrometer (gun penetrometer). 

This has a force of 800 N. Studies have  shown  that  the  value of f is a critical factor. In 
Lower Silesian coal field, 35 field measurements  were  made at places where outbursts 
occurred.  At all these  places,  the  value of f was less than 0.8 and  gas content was 8 m3/t or 
more (Fig. 8.36) (Gil and Swidzinski, 1988). In Ibbenburen, outbursts have occurred in 
stronger coal beds with coal strength of 15 - 16 MPa (f4.5 - 1.6) at depths of 1,300 m. 

. 

Selim and Bruce (1970) modified  the  original  method,  in  which  the fines below 0.5 mm are 

weighed  and converted to a  volume by dividing  the  specific  gravity of the rock, thus  avoiding 
the use of volumeter. The number of blows  used is found, by trial and error, to give the 
minimum coefficient of rock  strength,  using 2 sets of specimens  and 3 to 40 blows. 

Brook (1970) reported certain modifications  to the test.  After determining the number of 
blows required to produce a fines column of 50 mm, he  used this value n  in the standard 
formula, with 1 taken  as 50 mm. He  also  mentioned  that  in finding a value for h, care must 
be taken to use  a flat surface  and  the  specimen  must be about 50 mm (2 in)  thick.  An  average 
of 100 readings was  used  to  determine h for  each  rock.  Table 8.15 gives  his results for eight 
rocks. 

These results show  a  good  correlation  between  compressive strength values obtained from 
regular tests and Rotodyakonov tests,  except for the  higher  strength  rocks.  However,  a  more 
consistent correlation exists between  Shore  sclerescope  rebound  height, h, and compressive 
strength oc2, according to the  formula 

. 

o,2 = 2.55(h-6) MPa (8.62) 
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Table 8.15.  Protodyakonov  test  results  for some rocks 
(after Brook, 1970) 

Rock 

1. Red sandstone 
2. White sandstone 
3. Blue  sandstone 
4. Limestone 
5. Magnesian  limestone 
6. Metamorphosed 

limestone 
7.  Quartz-dolerite 
8. Quartzite 

- 
f 
- 
0.84 
2.28 
3.48 
4.68 
4.28 
7.50 

10.64 
4.50 - 

- 
h - 

21.7 
45.8 
58.7 
59.0 
51.7 
77.0 

77.5 
95.0 - 

ad* 
MPa  (lbVm2) 
38.2  (5540) 

101.2 (14677) 
150.1  (21769) 
174.6  (25323) 
152.0  (22045) 
275.7  (39985) 

336.5 (48803) 
276.6 (401 16) 

- ac2'** 
MPa (lbf/in2) 

36.0  (5221) 
93.2  (13517) 

137.8 (19985) 
124.1 (17999) 
150.6 (21842) 
172.7 (25047) 

185.4  (26889) 
221.7  (32154) 

* from  Protodyakonov  test 
** from tests on regular specimens 

Brook  (1986) has further modified  the e s t  and calls  it  rock  impact  hardness  number  where 
the  number of blows required are counted to  reduce a rock  sample of 25 mm diameter  x 
50 mm long so that at least  25% of it  passes  through  0.5 mm sieve  after hand sieving for 90 s. 

The  apparatus  used for impact  hardness  number 0 is  shown  in  Fig.  8.37. The RIHN is 
defined by volumetric measurement  as  the  number of blows required to  produce  10 ml of 
hand  compacted fines below 0.5 mm from a charge of 25  cc  shows a good relationship with 
tensile  strength  (Fig.  8.38). 

s la: 0 0 m .  0 
c1 ' 6  

Fig.  8.36. Relationship  between 
8 gas  content  and  Protodyakonov I 

strength  index, f, 0 1 2 -  8 
.I 

0 . 0, 

at places of Occurrence of outbursts a t a .  
(Lower  Silesian coal field) 

.e: t o  I 

(Gil  and Swidzinski, 1988). 6 .  a 

v 
U 1 4  . 

e 0 0c""""- I Limit of outburst liability 
* 

e a  

0" 8.-  -e- -4- -4 

4. 

2 .  



Fig. 8.37. Apparatus for 
rock  impact  hardness 
number  test 
(Brook, 1986). 

Fig. 8.38. Comparison of - 
direct pull tensile  strength 
with rock  impact  hardness  number 

€- 

(Brook, 1993). 

ho 

I" c 

s 

Oiqromrmtic 
not to scok 

8.8.3 Impact Strength Test 

Evans and Pomeroy (1966) used a procedure  similar  to  Protodyakonov's  one,  and  they  called 
the  measured  property  "Impact  Strength  Index, I.S.I.".  The apparatus consists of a vertical 
steel cylinder of 4.45 cm  internal  diameter,  closed  at  the  lower  end by a screwed cap (Fig. 
8.39). A steel  plunger 1.8 kg in mass and of 4.3 cm  in diameter at theJmttom fits loosely 
inside the  hollow  cylinder. A steel  cap,  through  which  the  plunger  handle  passes, is fitted to 
the cylinder. The cap has a dual  purpose;  it  stops  the  coal dust from escaping and with  the 
plunger raised to  its full height,  it  controls  the  height  through  which  the plunger falls. This 
height, measured from the  bottom of the  plunger  to  the inside surface of the base of the 
cylinder, is 30.5 cm. 



Fig. 8.39. Impact  strength 
index  apparatus 
(Evans  and 
Pomeroy,  1966). 

The test consists of placing 100 g of coal, 0.95 - 0.32 cm size range, in  the cylinder and 
subjecting it to  20  blows of the  plunger  which is raised  and  dropped from the maximum 
height  each  time.  The  amount of coal~emaining in  the initial size range, after the test, is 
defined as the Impact Strength Index.  The exact procedures  used in the preparation of 
samples,  and  performance of test  are  given  below: 

Preparation of sample for test: A sample of coal  is  taken  from  the  underground face or  from 
the run-of-mine and is sieved through  a  2.54  cm  sieve.  The  oversize coal is spread on  a 
concrete floor and individual lumps of coal  are  broken by a 3.6 kg flatbased steel earth 
rammer  to give maximum  yield of fragments just under  2.54  cm  size.  Breakage  and  sieving 
are repeated  consecutively until all the  coal  passes  through  2.54  cm  mesh  sieve. 

The  0.95 - 0.32  cm fraction is then  removed  from  the  broken material by hand sieving and 
pieces  trapped in the sieve meshes  are  rejected. Size fractions, each of about 125 g, are 
removed  from the 0.95 - 0.32  cm  sample  by  incremental  sampling,  successive increments 
being added to different fractions.  Each  fraction is then  sieved  on  a 0.32 cm B.S. sieve 
20.30 cm diameter for 3 minutes  using  a  Russell  sieving  machine  (or  a  sieving  machine  that 
has been standardised against a  Russell  machine).  100 fo.05 g is then carefully weighed 
from  the  sieved  fraction,  care  being  taken  to  avoid  further  degradation. 

Test procedure: The 100 g  sample is poured  gently  into  the  hollow cylinder of the I.S.I. 
apparatus  which is then  placed  on  a  level  floor.  The  surface  of  the coal is levelled carefully 
with  a  spatula  without  shaking  the  coal.  The  base of the  apparatus is steadied  with  the feet 
and the top cap is fitted with  the  plunger  raised.  Keeping  the  base  steady  with  the feet the 
operator raises the plunger  to  the full extent and  drops it freely 20 times.  The  impacting  rate 
is kept faster than  once  every two seconds.  Finally,  the cap and  the  plunger are removed  and 

a 
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the coal resieved through  the 0.32 cm B.S. sieve, using the  same sieving machine. It is 
sometimes necessary to  tap  the side of  the  I.S.I.  apparatus  slightly  to eject the  material. The - 
mass of coal in grams  remaining  on  the 0.32 cm  sieve,  including  the  material  trapped in the 
sieve, is the Impact Strength Index of the  coal. 

Six samples are tested for each seam or subsection of each  seam  and  the average value is 
taken as the I.S.I.  I.S.I. values  must differ by at least 3 units before  a strength difference is 
taken as real. If the tests,  however, are made  in different laboratories this difference should 
be at least 4.5 units. 

Evans  and  Pomeroy  (1966)  reported  that I.S.I.  has a  relationship  with  compressive  strength of 
cubes as  shown  in  Fig. 8.40. 

Fig. 8.40. Relationship  between 
compressive  strength of cubes of coal 
loaded  perpendicular to bedding 
planes and impact  strength  index. 
(Evans  and  Pomeroy,  1966). 

4000 - 

6,000 - 

4,000 - 
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0, I I I 
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impact strength index 

Hobbs (1964b) applied this method  to rocks and found that compressive strength, oc2, in 
lbfri2,  is related to I.S.I., f 1 , as follows. 

* (8.63) 

a 
The number  obtained from Protodyakonov or Impact Strength Test is related to the energy 
required to fracture rock  which is important in quantifying rock behaviour for many 
applications.  For  this  purpose,  these tests are  being  conducted in more  and  more  laboratories. 
If these indices are available,  compressive  strength  can be estimated  although these tests are 
not specifically conducted  to  estimate  compressive  strength since it is much easier and  more 
accurate to measure  compressive  strength  directly. 
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8.8.4 Schmidt Hammer 

Schmidt hammer (Fig. 8.41), an impact  loading  hand  held  device,  has been used to estimate 
field strength. There seems to be a reasonable  relationship  between  the  Schmidt  hammer 
rebound index and compressive strength of rock (Fig. 8.42) (Kidybinski, 1982 p. 134). The 
variations from ply to  ply  and  even  within  the  play  in  underground  testing  is  quite  large. As 
such a  large  number of tests (at least 20) are required.  The preparation of the site  is 
important. It should be freshly  prepared  and  ensured  that  the  surface  is  reasonably  smooth 
and in contact with the body of coal. 

Fig. 8.41. Schmidt hammer. 



L 

0 

Fig. 8.42. Relationship  between  Schmidt  hammer  rebound index rs 
and uniaxial  compressive  strength, Rc, MPa (Kidybinski, 1982). 

Wegle matowe  i matowo blyszczace - Dull and  dull  bright  coal 
o Wegle blysizczace i blyszczaco-matowe - Bright and bright  dull coal 

Fig. 8.43. Variation in strength of coal using Schmidt hammer test, 
Gemini  Seam,  Leichhardt  Colliery,  Australia. 

(Lama and  Mitchell, 198 1). 
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8.85 Friability Index 

Friability index is another way  of defining  the  strength of coal when regular  samples  cannot 
be obtained. The method  was  developed  in  Cerchar  (France).  The  method  is  based upon 
collecting a  large sample of coal fractions >4 mm from the  face  and  pulverising  them  in a 
rotating drum for  a  period of 5 minutes.  The  coal  sample  is  then collected and  sieved to 
determine  the  weight of different fractions  generated  and the Friability  Index F3 is  calculated 
using the relationship 

P* + lop2 + loop3 F3 = G 

where P1 = mass fraction A m s i z e ,  kg 
P2 = mass fraction 4 . 5  to +4 mm, kg 
P3 = mass fraction -0.5 mm, kg 
G = total  mass of coal  sample, kg. 

If the  value of F3 > 13, coal is considerdto be liable to outbursts. 



. 
CHAPTER 9 

PREDICTION OF OUTBURSTS- 

9.1 INTRODUCTION 

The necessary conditions for an outburst  to occw vary  from  mine  to  mine,  but  the four most 
important and widely accepted factors are (1) gas content, (2) geological disturbances, 
(3) stress regime and (4) material  properties. 

All the four factors work  together  in  producing an outburst.  Geological  disturbances  determine 
the location of the outbursts. Stress plays its role in initiating an outburst. Gas content 
determines  the amount of energy  that is available for an outburst to manifest  itself  and  transfer 
the  material  involved to a  shorter  or  longer  distance  away  from  its  place of occurrence. 

When predicting outbursts,  the  important thing is to  consider  the  factor  that plays a  major  role 
in a particular situation. As the  name of the  phenomenon  implies,  gas content is always an 
important factor. Without  the prehnce of a certain  critical  gas content value, outbursts of gas 
and coal and rock will not  manifest  themselves at all. 

Geological conditions (faults,  dykes,  shear  zones,  etc.)  play  a  very  dominant  role in shallower 
mines and even in deeper mines  where  the size of the  outburst increases immensely  when  a 
geological disturbance is present. In the  absence of a  geological  anomaly,  outbursts  even  at 
1,0oO m  depth are small. 

Stress plays a very important role in deeper mines.  The role of stress must be judged in 
association  with  the  strength of coal/mk. Stress  levels  that are sufficient  to fracture rock to a 
state of almost pulverisation cause intense  outbursts.  While  gas content can be measured or 
estimated fairly reliably  and  geological  anomalies may be predicted or at least  seen at the  places 
where outbursts have  occurred,  measurement of stress is not  easy  and  almost  impossible on a 
regular basis  under  operating  conditions  in  mines.  The effects of stress are however  measured 
i n d k C t l Y .  

The number of methods  that  have  developed  to  predict  outburst  conditions  can be divided  into 
groups depending upon interaction of the various factors influencing tM method. Fig. 9.1 
gives  a  general  characterisation of the predictive  methods used. It is very  difficult  to  categorise 
each  method  precisely.  For  example,  gas  content  which is a  function of gas  pressure  influences 
the properties of coal and rock.  Discing is a phenomenon  which describes more  the  status of 
stress but it is  influenced by gas  pressure  and  rate of drilling.  Radio  imaging is based upon  the 
dielectric resistance of coal,  but its value is highly  dependent  upon  the  moisture  levels  and  in 
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Fig. 9.1 Classification of outburst  prediction  methods. 
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mines  with  low  moisture  coal, its use  in  prediction of structure is  dependent  upon  moisture 
level anomalies. As such,  the  above  categorisation  is  not exclusive. Tables 9.1  and  9.2 
summarise  various  sorptioddesorption  indices  based  upon  gas  parameters. 

The type of method  used  depends  upon  local  conditions.  Some  mines  may  use  more than one 
method for continuous prediction.  For  local  and  regional  prediction  invariably  more  than  one 
method is used. 

9.2 OUTBURST PREDICTION  INDICES 

A number  of outburst prediction indices have been used  in  different  countries.  The  methods 
used  to  determine  these  indices  are  given  below. 

9.2.1 Ettinger's Sorption/Desorption Index 

Ettinger  (1952)  was  the  first to  point  out  the  role of high  rates of emission  (desorption) of gas 
in  outbursts  based upon laboratoryexperiments, though  view  on this subject  were  aired much 
earlier by Bykov  (1936),  Krichevski  (1948),  Vladimirski  (1948)  and Ettinger (1952). The 
method is based  upon  crushing a sample,  drying  it  to 60' and evacuating it to  remove  any 
residual gas. The sample is sorbed  with  gas  to  equilibrium at 1 atm. pressure (absolute) at 
30OC. 

Low pressure  studies  were  conducted to  ensure  that  changes  in  temperature  due  to  sorption  and 
desorption  are  minimised.  The  particle  size  chosen was  0.25 - 0.5 mm. This size was chosen 
as  this best differentiated the outbursting from non-outbursting coals. He compared the 
sorption  rates of 5 different anthracites with volatile  matter  rate of 3.56% to  6.27%  (Fig.  9.2) 
and  showed  that  in  spite of the  fact  that  their  sorption  capacity  at 1 atm.  pressure is the  same, 
the sorption rate (and so also the desorption rate)  is quite different. Coals with  high 
sorptioddesorption rates  are  liable  to  outbursts  (samples 1 ,2  and  3).  Sample 4 comes  from a 
seam  where outbursts occurred  very  rarely  and  in-seam  (sample  5)  outbursts  never  occurred. 
Similar  results  were  found  for  samples with low-medium  and  medium  volatile  coals  (Figs.  9.3 
and  9.4). In Fig.  9.3,  seam 1 is  highly  liable  to  outbursts  and  seam 3  is not  liable  to  outbursts. 
In Fig.  9.4,  seam 1 is very  highly  liable  to  outbursts  and  seam 2 is  the desFessing seam  which 
has  very  low  liability  to  outbursts.  Ettinger  suggested  that  the  sorption/desorption  rate  in  the 
first  30  seconds  should be  taken  as  the  reference  value. 



Table 9.1. Characteristics of  sorption/desorption  (volumetric)  indices used to  predict  outbursting  conditions (Lama, 1991). 

Time elapsed 
between 
sample 

removal and 
start of  test 
(seconds) 

120 

Distance 
from face 
to point  of 

sample 
collection 

(m) 

3 - 4  

Period  of 
observation 

Outburst 
index 

S. No. Type  of  coal Fraction  size 
Remarks Reference 

(seconds) (mm) 

-1.00 - +0.50 

-1.00 - +0.50 

(Rock) 

120 - 60 W0.75 cm3/g (Ch) Tarnowski, 
1970-7  1 

1 3.5 g sample Bituminous 
(Poland) 

35 3 0 - 7 0  ~ 5 g sample 2 Anthracite 
(Poland) 

Kozlowski 
and  Pol&, 
1978 

Barsnica 
et al,  1978 

V> 1.44 cmYg (CO2) 
where 

3.5 g sample 3 Bituminous 
(Poland) 

2.9 -0.80 +0.50 to <35 

60 to  90 35 - 70 Halamaj, 
1965 

4 Bituminous 
(Poland) 

Simultaneous 
measurement of 
pas pressure 

-1.01 - +0.50 2 

5 Fireclay  seams, 
Lower  Silesia 
(Poland) ' 

2 -1.00 - +0.50 Simultaneous 
measurement of 
gas  pressure 

Kizkminski, 
1976; 
Suchodolski, 
1990 



Table  9.1.  Characteristics of sorption/desorption  (volumetric)  indices  used  to  predict  outbursting  conditions  (Lama,  1991)  (Cont.). 

rime elapsed 
between 
sample 

removal  and 
start  of  test 
(seconds) 

35 

Distance 
fiom  face 
to  point of 

sample 
collection 

(m) 

2.7 - 3.0 

Fraction  size Period of 
observation 

Outburst 
index 

Type of coal 
Remarks Reference 

(Rock) (seconds) 

70 

(mm> 

+ 0.80 - +0.50 Vo > 1.0  (CH4) Loisen & 
Belin,  1965 

Cevennes 
(France) 

CAP 
VO =E 
c = volume, 
AP = pressure, 
measured  for 
3 g sample 

Weight of 
sample = 10 g 

3 g sample 

R 
-4 

V>2  cm3 (Ch) 3 35 - 70 Vergeron  and 
Belin,  1966 

Cevennes 
(France) 

2.7 - 3.0 -0.80 +5.0 35 70 Vp0.6 cm3 (C02) Somnier, 
1960 

France 

30 +0.63 - +0.50 35 - 70 Janas  and 
Winter,  1976 

weight  of 
sample = log 
V = cm3/min/g 

K*=slope of curve 
represented by gas 
desorbedplotted 
against  time 

hVtl - InV,: 
Int, - Int, 

k* = 

2 (on  face) 
8-10 

(sides) 

Not  critical 

Bituminous 
(West 
Germany) 

Bituminous 
(West c 
Germany) 

9 

- 
10 Janas  and 

Winter,  1976 
-0.63 - +0.40 Earliest 

possible  but 
not  critical 

-600 K*>0.75 ( C h )  



Table 9.1. Characteristics of  sorption/desorption  (volumetric)  indices used to  predict  outbursting  conditions  (Lama, 1991) (Cont.). 

5. No. 

11 

12 

13 

(Cynheidra, 
UK) 

Bituminous 
(Metropolitan, 
Australia) 

1.5 - 1.8 

cuttings 

-1.00 - +0.60 I 

Tim elapsed 
between 
sample Outburst Period of 

removal  and 

(seconds)  (seconds) 
start of  test 

index observation 

Vp1.O cm3 (C&) 
(outburst  danger) 

V ~ 2 . 0  cm3 (CQ) 
(serious  outburst) 

Place (VS) 
and  unsealed 

sample - 
cuttings (Vu) 

50 60 - 360 V>OS - 1.0 (C02) 

J. 

Remarks Reference I 
.I 
weight  of 
sample = log 

Vandeloise, 
1964 

Samples  taken 
at 3 m  intervals 
in each hole  of 
12 m  length  on 
longwall  face 
Vs = average 
gas  content  for 
mine/g, 
predetermined 
Vu = gas 
content  from 
cuttings/g 

Weight  of 
sample = 4 g 

Davies  and 
Jenkins, 1978 

I ~ _ _ _ _  

Hargraves, 
1962 



Table 9.1. Characteristics of sorption/desorption  (volumetric)  indices  used  to  predict  outbursting  conditions (Lama, 1991) (Cont.). 

S. No. 

- 
14 

15 

- 

Distance 
between from face 

Time  elapsed 

Type of coal Outburst Period of sample Fraction size to  point of 
sample Remarks index observation  removal  and 

collection 
(seconds)  (seconds) (mm) (m) (Rock) 

start of test 

Bituminous 

Australia 
sample = 4 g (Leichhardt, 
Weight of V>1.5 (CH4) 60 - 360 50 -1.00 - +0.60 1.5 - 1.8 

West  Cliff  m-n 

studies zone  prediction 
100 g L2 > 0.5 5 - lo00 Laboratory -10 +5 mm Colliery  shear 

(West  Cliff 
studies band 

100 8 L2 > 0.2 5 - 1000 Laboratory -0.5 +0.25 Up  to 10 

Reference 

Leichhanit 
Colliery 
(formal 
communication 
1978) 

Lama, 1981 



Table  9.2.  Characteristics of desorption  (pressure)  indices  used  to  predict  outbursting  conditions (Lama, 1991). 

Type of coal 

(Rock) 

Bituminous 
:USSR) 

Bituminous 
(Poland) 

- 
Bituminous  and 
Anthracite 
(West 
Germany) 

Distance 
from  face 
to  point of 

sample 
collection 

(m) 

Laboratory 
test 

(location 
not  critical) 

Laboratory 
tests 

Laboratory 
- tests 

Fraction  size 

(mm) 

-0.5 - M.25 

-0.5 - "0.25 

-0.5 - 4 . 2 5  
(for  bituminous: 

(for  anthracite) 
-3.0 - +2.0 

Saturation 
pressure, 

for  90  min, 

W a )  

100 

100 

100 

Period of 
observation 

(seconds) 

10 - 60 

1 

0-60  

10 - 60 

Outburst 
index  and  type  of gas 

AP45 mm Hg 
(no  outburst) 

154Pc25 mm Hg 
(sporadic  outburst) 
AP>25 mm Hg 

(certain outburst) 
Gas: C& or C02 

Ne40 mm Hg 
(no  outburst) 

404P475 mm Hg 
(sporadic  outburst) 

AP>75 mm Hg 
(certain  outburst) 
Gas: CHq or C02 

AP<15 
(no  outburst) 

AP> 1 5 
(likely  outburst) 

Gas: CHq 

Remarks 

Weight  of  coal 

free  volume = 
4 c c  
(Partial value of 
AP, considered 
as filtration 
property  of 
coal) 

Weight  of 
sample = 3.5 g 
free  volume = 
4cc 
(Total value of 
AP, considered 
as an overall 
property of 
coal) 

Weight  of 
sample = 10 g, 
total volume = 
26 cc 

= 3.5 g 

Reference 

Ettinger  and 
Zupachina, 
1954 

Tarnowski, 
1966 

I 

Paul,  1974 



Table 9.2. Characteristics of desorption  (pressure)  indices  used  to  predict  outbursting  conditions (Lama, 1991) (Cont.). 

Distance 
from  face 
to  point of 

sample 
collection 

(m) 

Field  test - 3m 

Saturation 
pressure, 

for 90 min, 

&Pa) 

Period of 
observation 

Outburst 
index  and type of gas 

Type of coal Fraction  size 3. No. 

4 

Remarks Reference 

(seconds) 

120 

(mm> 

-6.0 - +0.5 Kozlowski & 
Polak, 1978 

Anthracite 
(Poland) 

Weight of 
sample = 3  g 
maximumtime 
elapsed 
between 
collection  of 
sample & start 
of test = 35 s 

Use of both 
AP, V and 
micro-seismic 
measurements 

AP>120 mm H20 
Gas: C02 

Field  test 
-3m 

35 - 70 Vergeron & 
Belin, 1965 

5 Bituminous 
(France) 

AP> 14 
Gas: CHq 

100 0 - 60 Sample  weight 
= 3 g  
*95% values 
lying  above  this 
limit 

Loison & 
Belin, 1965 

6 Anthracite 
(France) 

Laboratory 
tests 

-3.0 - +2.0 
(Cevennes 

basin) 

(other basins) 
-0.50 - +0.25 

-0.5 - 4.25 

AP>16* 
Gas: CHq 

* 
Bituminous 
(Bulgaria) 

100 0 - 60 Sample  weight 
= 3 g  

Anon., 1964 7 Laboratory 
I tests 

AP<25 

Gas: CHd 
(25 - 32) 



s. No. 

8 

9 

- 

Table 9.2. Characteristics of desorption  (pressure)  indices  used  to  predict  outbursting  conditions  (Lama, 1991) (Cont.). 

Type of coal 

(Rock) 

Bituminous 
(Czechoslovakia) 

Distance 
from face 
to point of 

sample 
collection 
(m) 

Laboratory 

Laboratory 
test 

Fraction  size 

h t n )  

4 . 5  - -0.25 

4 . 5  - -0.25 

Saturation 
pressure, 

for 90 min, 

(Ha) 

100 

100 

Period of 
observation 

(seconds) 

10 - 60 

a 

0.60 

1 

Outburst 
index  and type of gas Remarks 

AP>25 

Gas: CH4 
(25 - 35) 

AP< 15 
(no  outburst) 
15dP<30 

(slight  suspect) 
30dP<45 

45cAP<60 
(dangerous) 

AP>60 
(highly  dangerous) 

Gas: CH4 

(suspect) 

Sample  weight 
= 3 g  

Sample  weight 
= 3g 

Reference 

hon.,  1 9 6 4  

Vandeloise, 
1964 

c 



Fig. 9.2. Sorption rates of 5 anthracite Fig. 9.3. Sorption  rates of 5 anthracite 
coal seams (Ettinger, 1932). cod seams (Ettinger, 1952). 

y-axis = percentage of sorption  capacity 

x-axis = sorption time 
1. Sorption  capacity = 6 cc/g,Vol = 4.82%, 
2.  Sorption  capacity = 5.67 cc/g,Vol = 

3. Sorption  capacity = 7.0 cc/g,  Vol = 4.72% 
4. Sorption  capacity = 7.52cc/g,  Vol = 3.5%, 
5 .  Sorption  capacity = 6.4 cc/g,  Vol = 6.12, 

at 1 a m  pressure  and 30°C 

6.27%, 

Fig. 9.4. Sorption  rates of 2 
anthracite  coal seams 
(Ettinger, 1952). 

y-axis = percentage of sorption 

x-axis = sorption  time 

Seam 1 = highly liable to outbursts, 
sorption  capacity = 3.58 cc/g, 
Vol = 21.6% 

sorption  capacity = 2.45 cc/g, 
Vol = 24.1 % 

capacity  at 1 atm  pressure and 3OoC 

Seam 2 = destressing seam, 

y-axis = percentage of sorption  capacity 
at 1 atmpressure and 30°C 

x-axis = sorption time 
1.  Sorption  capacity = 3 cc/g 

2. and 3. Sorption  capacity = 3.15 cc/g, 

4. Sorption  capacity = 2.3 cc/g, 

Vol = 12.2%, highly liable  to  outbursts 

Vol = 16.5%, 

Vol = 22.8%, 

(Sample 2 taken from the  outburst  cavern, 
and  sample 3 from the  same seam 
but  not from the outburst  site.) 



In 1953, Ettinger et al, (1953)  present further data,  where instead of measuring  the rate of 
sorption/desorption as a  percentage of  the gas sorbed at 1 atm pressure,  they suggested gas 
pressure  build up  in  an  enclosed  chamber of definite  dimensions.  The rate of gas emission 
expressed as "gas  emission  index" in terms of rise in pressure  in mm of  Hg  and  the liability of a 
coal  seam to outburst is expressed as follows: 

AP 5 5 ,  coal not  liable to outbursts 
AP = 5 - 15,  coal  liable to outbursts 
AP = 15 - 20, coal highly  liable  to  outbursts. 

In  their  studies,  they  found  that  even  carbonaceous  shales  containing up  to 50% ash  may  have 
high  sorption rate and outbursts  can  occur  in  these beds. 

Seams  contain  bands  with  high sorptioddesorption rate,  but  the  width of these  bands is much 
higher  in seams liable to  outbursts  compared  with  seams  not  liable  to  outbursts.  Lidin et al 
(1954)  present data in categorising  sections of  seams  and  zones  of a  coal  seam. 

These basic research publications of Eitinger  and his colleagues  have  formed  the  basis of 
virtually  all  sorption  desorption  indices. 

Ettinger et  al(1953) defined  the APo-30 value  and  later  the APo-60 value (Lidin et al, 1954). 

The modification of the A&~-60 index for field  studies  has  been  used in a  number  of countries 
for  the  estimation of liability to  outbursts  of  an  advancing  face.  The  method consists of drilling 
holes  3  m  deep in a  development  heading. On a longwall  face,  the  holes  must be drilled every 
15 m. A coal  sample is extracted  from  the  depth of 2.5 - 3  m  and  sieved. In bituminous  coal, 
the  particle  size  collected  is 0.25 - 0.5 mm and  in  anthracite  coal,  the  particle size collected is 
2 - 3 mm. A 3  g of the  sample is enclosed  in  a  sealed  chamber  within  90 s of the drilling and 
change in gas pressure in mm of  Hg is measured on elapse of 10 and  60  seconds.  The AP 
values  calculated  are 

where Po, Plo and P60 are pressures  developed  in mm of  mercury (Hg) at times equal to 0, 10 
and 60 seconds. 
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The  arrangement of holes is given in Fig. 9.5. 

The critical value of APO-60, >15 mm Hg (-20 mbars) is taken as a sign of  an imminent 
outburst. An automatic  measurement  system  has  been  developed for the  determination of this 
value  under  field  conditions.  The method has  been  used in seams  with  predominantly  methane 
gas  in  Ibbenbiiren  Colliery in anthracite  coal and in Belgian  coal  mines who were  the first to 
adopt  it  on a regular  basis  (Vandeloise, 1964). 

00-60 index  can vary widely  within  the  coal  seam.  Fig. 9.6 shows  an  example of the .hp0-60 
value  for a coal  seam  (Janas  and  Winter, 1977). 

The  highest  value is 26 and  the  lowest 5.  Dull  coals show  the  highest  value - possibly  due to 
their lowest diffusivity.  The  value  is  reduced by increase  in  ash  and  the  modified  value  to 
account for ash is  given by 

00-60 value  cannot be evaluated  for  moist  coals. 

f 
-""- 
""" 

I 2.5 - 3.0 m - 
2.5 - 3.0 m 25 - 3.0 m 

Development heading I 
I r  

T 
""" 15 m ""- 

I :_"L 
I 
"""- 

Fig. 9.5. Placement of holes for sampling  for APo-60 determination. 
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AP0-60 value has been  found to depend  upon  the  depth of the  borehole and structure of coal. 
Fig. 9.7 shows  the  effect of depth  (increased stress and gas) (Paul, 1977) on  the fiPo-60 value. 
Pulverised coal or coal from shear  zones  also  show high AP0-a values. - 

Roof coal lithotype " Index 

43 bright coal 

8 bright  coal 

2 shaleband 

2 dull coal 
4  brightcoal 

34 bright coal 

3 dullshalecoal 

10 bright coal 

t 

8 

8 
5 

26 

7 

14 

8 

Fig. 9.6. Variation in AP0-m in Gemini  seam,  Leichhardt  Colliery 
(Janas  and  Winter, 1977). 

Fig. 9.7. Effect of borehole  depth  and  structure of coal on APea value  (Paul, 1977). 
Zeche = seam; Bohrlochlhge = borehole depth 
Einfacher  @erlagerungsdruck = stress, equal to  vertical  load 
hifacher  Uberlagerungsdruck = stress, 3 times  the  vertical  load. 
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There is a definite relationship  between APO-60 and AP10-m. The shape is a steep parabola 
such  that (Fig. 9.8) 

Ap10-60 = 1.62 ( A P o ~ j o ) ~ . ~ ~  

APo-60 

Fig. 9.8. Relationship  between 
APo-60 and @lo-60. 
(Vandeloise, 1964). 

Belgian classification using AP indices is 

0 5 3 0 7 5 5 5  

given  in  Table 9.3. 

Table 9.3.  Belgian  classification of AP indices  (Vandeloise,  1964) 

AP10-60 Fissuration class Degree of danger APO-60 

0 -  10 Class: & lower 3 Coal  not  prone  to  outbursts 0 -  15 
10 - 15 

45 - 60 20 - 25 

Class 3 & 4 Suspect  to  outbursts 30 - 45 15 - 20 
Class 3 & lower 4 slightly suspect 15 - 30 

Class 3 and  upper 4 Dangerous 
>25 Class 4 & 5 Highly  dangerous >60 



c 

Vandeloise (1964) identifred AP0-60 = 20 as the  lower limit of outburst  danger. In Cevennes 
coal field this limit  was  found to be about 14 with 43% of the  values  lying  above 14. In highly 
outburst  prone seams, 65% of the  values lie above 14. A P @ f j O  values  have k e n  found  to  relate 
very roughly  to  the  fissuration in the  coal  seams  (Table 4.6). 

9.2.3 Polish Desorbometer 

Polish  desorbometer  measures the AP value in terms of water  gauge  using a 3 g sample of size 
fractions 4 . 5  to -1.0 mm. Samples are taken  from a 42 mm diameter  hole drilled to a depth of 
3 m and cuttings are collected  from  the  last 10 cm  of drill hole.  Fractions are sealed  and  test 
started  within 35 s and  observations  are  made  over  the  next 120 s. AP d u e s  (H20 gauge) are 
reported as APo.5 , AP1 and AP2 which refer to  water  gauge reading at elapsed times of 
0.5 min, 1 min and 2 minutes after sealing the  sample  (Tarnowski, 1966,  1968). The AP 
equal to 120 mm of Hz0 over 2 minute  period  has been found to  be  the limiting value for 
defining conditions of  an imminent  outburst in anthracite  mines  with C02 in Lower Silesian 
coal field (basin),  Poland  (Kozlowski  and  Polak, 1978 a,  b). 

Some of the AP indices used in various  cbuntries are given  in  Table 9.2. 

9.2.4 KT Index 

This index  is a measure of the  change in desorption  rate of a coal  sample.  The  emission of gas 
from a coal  sample  can be related to a power  function of the type 

Taking  the  logs  from  both  sides 

I n v *  - lnv* 
lnT2  -InTl (9.4) 

where VT1 = amount of  gas desorbed  (cc/g min) at  time TI 
V T ~  = amount of  gas  desorbed  (cc/g  min) at time T2 

a 

Thus if  the  ratio  of gas desorbed is plotted  against  time on In-ln  scale,  the  slope of the curve 
gives the KT value (Fig. 9.9). Studies conducted have  shown that the coefficient Kt is 
dependent  upon a range of parameters.  The critical value KT ~0 .645  kO.035 is considered 
normal. For outbursts KT should be higher  or  at  least 0.75%. 
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The  method of sampling  consists of drilling  holes  and collecting fractions of particles in the 
range of 0.4 - 0.63 mm. The  weight of the  sample depends upon the  capacity of the 
equipment. The critical Kt value  relates  to  gas  content of 9m3/t. - The slope of the curve 
(Fig.  9.9) at desorption time of 1 min gives  the  desorption  rate of the  sample. This value 
denoted  by V l  (at t = 1) is related to the Ktvalue through a relationship 

3, = v t t K t  (9.5) 

This is  shown  in  Fig.  9.10.  Thus  the  amount of gas desorbed over a time a to b can be 
calculated by integrating  and  is  given by 

The  amount  of gas  desorbed  over  the time 0 - 1 minute is given  by 

The  desorbable  gas  content of coal  has been  found  to be related  to 91 through a relationship; 

The  above  relationship is valid  for  particle  sizes of 0.4 - 0.63 mm. The Vl value for 9m3/t is 

A00 cm3/kg. 

Fig.  9.11 shows the  changes in Vl and Kt values  while  going  through an outburst zone in 
seam #54 in  Ibbenbiiren  Colliery. Kt value  variations  in  Leichhardt  Colliery,  Gemini  seam  are 
given in Fig.  9.12. 

Automated  equipment  has been developed for use underground  in  mines  (Noack,  1995). 

Fig.  9.9.  Calculation of KT value 

Methandesorptionsstrom in 
cm3/min kg - 
Methane  desorption in cm3/min kg 

Desorption  time in minutes 
Desorptionszeit in min - 
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Fig.  9.10.  Methane  desorption 
rate  for  different & values 
(Janas and Winter,  1977). 

* (p-l)= lobar 
Particle size d = 0 2  to 0.315 mm 

VI value 
cm3/min kg 

a lo00 0.9  1 

Sample &-value 

b 

250 0.60 e 
340 0.65 d 
630 0.78 C 
970 0.91 

Fig.  9.1 1. KT and V, values 
while mining through an 
outburst  zone in #53 seam,  Ibbenbiiren 
(Janas  and  Winter,  1977) 

Kt-Wert - &-Value 
Vl -Wert in cm3/min.kg - f - 0.8 - / I  .A?\ I 

V, -value in cm3/min.kg 
Streckenliinge in m - E loco 

Roadway  length, m 2 800 

Ostlicher  StoS - East  face 
Westlicher  Stoa - West face 
An beiden  StoBen  gleich - 

2 200 

Equal  value at both  the  faces 
KorngroBe d = 0.2 bis  0.315 mm - 

Particle size between 0.2 - 0.315 mm 

0 bstlicher Stoa Westlicher Stoll IS An belden S t o b n  gleich, 
Komgrolle d=O.Z bls 0,315 rnrn 

1.0 
= 0.9 - 

* 0.7 

2 06 w A ’  

1 \ 
I A 

6CO 
E 

r 4ca 
- 

300 310 320 330 340 350 360 370 380 - 
‘1 Streckenlange In rn 
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Fig. 9.12. Variations  in KT value 
in Gemini seam, Leichhardt  Colliery 
(Janas  and  Winter, 1977). 

Glanzkohle - Bright coal 
Mattkohle - Dull coal 
Bergestreifen - Shale  band 
Matt-Glanzkohle - Dull-bright coal 

0 Glanzkohle 

E 0.5 
5 Mattkohle 
C : 1.0 Matt-Glanzkohle 
tl a Bergestreifen 

- 1.5 I" 
5 
D 

Matt-Glanzkohle 

5 2.0 

lii 2.5 

- - - J Matt-Glanzkohle 

Matt-Glanzkohle 

I 
0.6 0.7 0.8 0.9 1.0 1 . 1  1.2 1.3 

kt -Weft 

9.2.5 AP Express Index 

AP express method was developed (Paul, 1977) when the automatic equipment  for Kt 
determination was as yet  not  available for use  underground  in  the  mines. In this equipment 
about 70 g of coal sample in  the range of 0.25 - 0.5 mm for bituminous (2 - 3 mm for 
anthracite) is enclosed.  The  sample * is evacuated for 2 minutes  and  then  methane gas is allowed 
into it to  raise  the  gas  pressure to 2 bars as quickly as possible. The gas flow into the chamber 
is closed. The chamber is immediately  connected to a  manometer  and  change in pressure over 
time is determined. The gas pressure after an elapse of one minute is read out  from the 
manometer  which  gives the De,. index. 

The  APexp  index  has  been  related  to  the AP0-60 value  (Fig. 9.13) for anthracite samples and 
the  corresponding  value is 0.45. 

50- 

40- 
a x 

Korngroae 2 bis 3 rnm 

E 30- 

2 """_""""~"". 
- - 
8 
0' 20 - 

l o r  

i 0 ~ o r o o ~ o  

J 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

0 0 0  0 

A p  express in  bar 

Fig. 9.13. Relationship  between APexp.  and AP0-a value (Paul, 1977) 

Korngrok - Particle  size. 
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9.2.6 Gas Emission V-Index 

The  V-index  is a measure of the  volume  of  gas  in  the  early  stages of desorption of a coal  sample 
under atmospheric pressure. The method is based  upon early work of Ettinger and the 
equipment developed by Somnier  (France) uses a flexible 0.5 mm diameter coiled round a 
drum.  The  V-Index is calculated  using  the  following  relationship 

v = t2 -to *:] c d / g  - 2t* (9.9) 

where b = Time required  to  collect  the  sample  and seal it in a container, 
between 0 - 35 s. 

V1 = Volume  of  gas  evolved  at  atmospheric  pressure  between  elapse of next 
35 - 70 S. 

t2 = Time required such  that  the  amount of gas (V2) evolved is twice that 
of VI. 

Somnier  (1960)  used 0.5 - 0.8 mm fracti&s  and  sample  weight  was 5.0 g. 

In Dauphin  basin,  the  critical  value of V 2 4 cm3/g  and in Cevennes  basin V 2 3.5 cm3/g. 

There  are  other  variations of the  V-index  Some of these  are  given  below: 

9.2.7 Hargrave's  Emission Rates 

Hargraves (1962) developed equipment  which  measures  gas  emitted  from  the samples with 
virtually no  back  pressure (325 mm of H20). A sample of approximately 4 g (rt8%) in  the  size 
range of -14 mesh +25 mesh  (-0.125 mm 4 . 5  mm) is  collected  in a container  within 2 minutes 
and  desorption is measured  over  time up to 6 minutes  from  the start of drilling (4 minutes  in the 
sampling equipment). The sample  is  collected  by  drilling a 2 m hole  in  the comer of the 
development  heading at 45' to  the axis of development  in  the  last 0.5 m of the  hole  length.  For 
pure methane in  the Gemini seam  at  Leichhardt  Colliery, a critical  value of 1.5 cc/g was 
postulated safe. This was  reduced  to 1.2  cc/g  was at a later  date.  In  the  Bulli  seam  in C02 
areas at  Metropolitan  Colliery, a value of 1.2  cc/g  was  accepted  as  critical. 

Emission values are sensitive to  the  coal  ply  and  highly  sensitive to moisture content in  the 
sample. 

a 
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9.3 GAS FLOW INDEX - G 

This  is  a commonly used  method  in  Russia,  Ulcraine,  Czech  Republic  and other eastern 
European countries. This method  is  based  upon  measurement of gas  flow from boreholes 
drilled into  the  face. A 43 mm diameter, 3 m deep  borehole  is  drilled  and  the first 2.5 m length 
is sealed. Gas emission  from  the  hole in the  last 0.5 m is measured within 2 min after drilling 

the  hole. The criterion  depends upon  the  volatile  matter  of  coal  and  is  given  below. 

I Volatile matter in coal Critical  flow  rate, G 
lhnin 

<35 - 30 
~ 30 - 25 
~ 25 - 15 ~ 

>5 
24.5 
24.0 

Together  with  the  above  indices,  the  fissuration  class  (class V) is  also  taken  into  account. 

4 

9.4 CUTTING VOLUME - S 

The volume of the cuttings produced  during  drilling  in a coal  seam  is a measure of the stress 
and  strength of the  coal seam.  The  drilling of a s m a l l  hole in the  face of an advancing  heading 
is like making an excavation  on a smaller  scale.  The  instability of the  hole  which results in the 
collapse of its walls is  a measure of the  danger of an outburst.  The  method  was  first  developed 
by Jahns (1964) for the  detection of zones of  high  stresses.  Since  the  relationship  of  stress  and 
outbursts  is now  well established, the  method  has  been  used  to  predict conditions liable  to 
outbursts of gas and  coal.  The  volume of cuttings/m  length of a borehole depends upon the 
hole diameter. The volume recovered, if the  hole collapses, may  be  much more  than  the 
volume of  the coal if  the  hole remains stable.  Table 9.4 gives some values. 

Table 9.4. Cutting  volume  from a borehole. 

Volumdm  length 
Hole  diameter in  case of possible Normal volume 

litredm length  outburst,  litres 
4s) 

50 

>90 21.5 140 
>50 9.92 95 
>8 2.75 

The hole diameter used  varies  in  different  countries. In Ibbenburen  Colliery,  hole diameter 
used is 95 mm. 
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The method requires that in a development  heading  at  least 2 holes be drilled ahead  to a depth of 
5 m and cuttings collected. On a longwall  face,  the  holes  should be drilled  at  spacings of no 
more  than 15 m. 

9.5 STRESS  LEVEL 

Stress level is  defined by the  depth of occurrence  and is calculated using  the relationship 
(Khodot, 1970) 

(9.10) 

where K = Coefficient of stress  concentration which depends upon  the shape of the 
excavation  and  the  properties of the  surrounding  rock.  The  value of K can 
vary from 1.5 - 3. For development headings, 2.0 is common. In 
regions where areas have  been  mined,  the  value  may be much lower. 
Increased stress max be acting when  mining  under  remnant  pillars. 

y = Average  density of the  overlying  rocks = 2.4 - 2.6, on  the  average >2.5. 
H = Depth, m. 
aa = Coefficient  depending  upon  the  angle of dip (a) of  the  coal seam 

For a = c3Oo, aa = 1.0 
For a = <30 - 60°, aa = COS a 
For a = %Oo, aa = 0.5 

UCS = Uniaxial  compressive  strength. 

The  critical  values of h for  various  coal  fields  where  it  is used are as  follows 

Central  Donetsk  region h, = 2.5 

Makejev-Donetsk  region ho = 2.0 

Vorkuta  region h, = 1.8 

Another  stress factor  is the  critical  depth H, at  which outbursts may be expected. 'This is 
defined by I 

- hoUCS(1- v,) 
Ho - K(l+VK)ya, , m  

where V, = Variation  in  the  strength  properties of coal  seam (0 - 0.5) 
VK = Changes in stress  concentration  ahead of the  face (0 - 3.0). 
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Some other investigators  (Murashov et al, 1995) are of the  opinion  that  critical stress (depth) is 
influenced  by  the strain rate as a  result of  tectonic  stresses  and  is  given by 

7500 + 3000 
(V+6)2 (a+30) ' 

H, = (9.12) 

where V = Rate of present  vertical  movement of the  surface of the mining district, 

a = Angle of dip. 

However,  the gas content  must  still  remain  critical. 

The rate of vertical  movement in the Kuznetsk coal  field  varies  from  region to region  and  ranges 
between -0.1 to 2.5 &year and so the  critical  depth  varies  from 150 m - 500 m. 

Based upon analytical techniques Gil and Swidzinski (1988) developed a method for the 
determination of the critical depth of Occurrence of an outburst.  The  method is based  upon  the 
concept that outburst  occurs  when  the  horizontal  stress  component  and  gas  pressure  gradient of 
free  gas in pores exceeds the strength of coal. The critical depth (H,) is given by the 
relationship (Gil and  Swidzinski, 1981) 

100(1- v)[& - 2(1- m)x,-,A~] 
2( 1 - m)u, 

Ho = (9.13) 

where 2) = Poissons  ratio 

k ucs = Plasticity  coefficient for coal = - 

UCS = Uniaxial  strength of rock,  MPa 
m = Porosity, % 

& 

Y = Density of overlying rocks, Urn3 
AP = Gas pressure  gradient of free gas from  the  face, MPa 

Based  upon  the above relationship,  the  critical  depths  have  been  calculated  and  compared with 
observed values as  below  (Gil  and  Swidzinski, 1988). 

. 
Colliery Observed  critical Calculated  critical 

depth,  m depth,  m 
Nowa  Ruda 

418 (no mining  at  lower  depths) 280.1 Thorez 
28 1 247.6 Walbrzych 

110 108.5 

I Rybnik  basin I 308 I 309 I 



This method has been used for  predicting  outbursts in new coal  mines  and in salt  mines as well 
as on longwall faces. 

9.6 SEAM THICKNESS  VARIATION  INDEX, Mm 

Seam thickness variation index is a measure of the  tectonic stress which can cause local 
compression of the coal seam.  Seam  thickness  variation  index  (Mm) is used in Bulgaria and 
Russia. It is based upon taking a  number  of  measurements  of  seam  thickness  over  a  distance  of 
30 m on both sides of a  roadway.  The value of  Mm is calculated by using  the relationship 
(Smid et al, 1978). 

7/LZ(MZ -a2) 
Mm = n x 100 , % (9.14) 

where Mi = Value of ameasurement - 
M = Meanvalue 
n = Number of  measureinent. 

When pinching of seam  occurs  as  a  result of a  fault,  the  index  used is different  than  the  above. 
The  index  then is a  measure of the  rate of change of  seam  thickness  and is given  by  (Smid et al, 
1978) 

(9.15) 

where Mm, = Maximum  thickness,  m 
Mmh = Minimum  thickness,  m 
1 = Shortest  distance 

9.7  V, INDEX 

This is an index of initial desorption  rate  which  defines  the  amount of gas  liberated  in $.he first 
30 seconds  after  the face has been  blasted.  It is a  measure of the gas content of the coal and the 
rate of gas emission on the  assumption  that  the firing pattern and amount of e'rplosive used 
remain  the  same. The underlying  assumption  is  that  outbursts  manifest  themselves  when  the 
gas content exceeds 9 m3/t. The percentage of gas  in  the  ventilation current together  with  the 
ventilation quality is measured and gas emission over  the 30 s from the  time of firing is 
calculated.  Fig. 9.14 shows an example of the  percentage of gas  emitted  after f i g  (Noack et 
al, 1983). 
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Fig. 9.14. Methane  content  in  the  ventilation  after  a  blast  (Noack et al, 1983) 

x = time, min; y = concentration, % 

The  criterion  used is that if the V, value  exceeds 3.6 m3/t  (i.e. >40% of total),  then  there is a 
probability of an  outburst. If V30 > 5.4 m3/t  (i.e. >60%) then  there is a  danger of an  outburst. 

The  measurement  system  is  placed  at some distance  from  the  face so that  it  is  in  the  zone  where 
the  probability of high methane  percentage  does  not  exist. The gas  composition at places  close 
to  the  blast can reach above  the  upper  explosive  limit of gas. As such all power equipment 
close to  the face is switched  off.  The  gas  monitoring  system  switches off when  the  percentage 
of gas reaches 2.5%. 

9.8 GAS EMISSION RATE (K) 

Sergeev and Ivanov (1995) suggest criteria based  upon gas emission during continuous 
operation of a development machine.  Gas emitted per cycle is calculated based upon 
monitoring of the ventilation  system.  Outburst  imminent  criteria  are  given by I 

a 
(9.16) 

(9.17) 
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Where g = Average gasemission 

gi = Gas emitted during  the  ith  cycle 
n = Number of cycles 

Q = Amount  of air atthe face 
Ci = Concentration of gas  in  the air 

= Background  concentration 

The value of gi is calculated from continuous field measurements  using fast response gas 
analyser placed as  close  as possible to  the  face.  Authors suggest that when  the value of 
K N.7, the probability that  the face has  reached  a  zone of outbursts is 0.98. 28 mines  in 
Donetsk coal field have been tested using this method  with  a total advance of 7,000 m. 
Statistical evidence showed  that  the  failure in prediction  (i.e.  when  an  outburst  occurred  while 
the  method predicted that there will be  no outburst)  using this method  was 7.7% and  that  the 
failure when  the  method  predicted the possibility  and in reality  no  outburst  occurred  was  20%. 

9.9 REGIONAL  ASSESSMENT  FOR  PREDICTION OF OUTBURSTS 
t 

Prediction of outbursts of gas and coal and  rock is carried  out on three  levels: regional level, 
local  level,  and  continuous  face  monitoring. 

Regional level is done to predict the  possibility of outbursts in new  areas of coal field or coal 
seams  which have not  been  mined  before. The importance of these investigations is to  pre- 
define  the possible conditions. This can  greatly  change  the  economics of  the  whole  region  or 
mine.  Local level prediction is done when a  part of a  seam,  section or rock  type is opened  but 
where some mining in the area has already taken  place  and  some data on the  behaviour of the 
seam/rock  type is already  available.  The  main  purpose of this prediction  is to prepare  the  mine 
plans  and equipment so that  production  can be achieved  safely  and  economically.  Continuous 
prediction is done for  the  working faces on a  daily/weekly  basis to define  the  probability of  an 
imminent outburst and take management decisions if the  work be continued or stopped  and 
what  action is needed to be taken to ensure  safety of  operation. 

Regional  methods are based  upon  defining four major  parameters  stated earlier that  influence 
outbursts. I 

1. The gas content of the coal  seams is an  important  parameter,  but  while determining the 
total gas content, the gas content of individual bands of the coal seam must not be 
neglected.  It is possible that, on  the  averaged  basis,  the  total  gas  content, m3/t,  may be 
below  the critical values, but  a  section or part of the coal seam  may contain bands  that 
have  much higher gas content.  With  gas  content,  the  composition of the gas is important 
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as critical values for the different gases (C02, C&)  may  be different for the seam or a 
section of a  seam.  Similarly  desorption rate should be defined for each  section of the 
seam if possible. 

Strength  and  structure of the  coal  seam are important  considerations.  Presence of vitrain, 
fusain and clarain in  large  percentages when  associated  with  higher  gas content favours 
outburst as some of these  macerals  have  lower  strength  and  higher  capacity for sorption 
of gas. Porosity and strength are important factors in outbursts of gas and  rock. 
Microscopic examination of coal can  reveal  tectonic effects such as mylotinisation, 
fracturing  and loss of natural  fabric are indications of intense  tectonic  activity.  Such  coal 
seams are highly  liable  to  outbursts. 

Stress levels are dependent  upon  depth  and  regional  tectonics.  Khodot  (1970)  defines 
stress based  upon  depth  alone  while  some  other  investigations  take  into  account  tectonic 
stresses. In mines  with  high  horizontal  stress,  direction of drivage becomes  important 
and this needs to be considered  (Hanes  et al, 1983).  Stress  must  take  into  account  stress 
intensity  factor  which is related  to  the  type of excavation  and  other  imposed  stresses  as a 
result of mining  (see  Section 9.5). 

-. 

9.9.1 Local Assessment for Prediction of Outbursts 

Local assessment is generally based  upon  the  following factors, which virtually takes into 
account all the  major  factors  that  have been  used in outburst  prediction. These include 

Gas content 
Gas pressure 
Flow rate from  borehole 
Desorption indices such as VI, AP, APeXp. 
Strength  indices  such as Protodyakonov  value 
Fracture density 
Coal friability index 
Changes in seam  thickness  index Mm  and 2. 

In  the case of outbursts of gas  and  rock  (sandstone)  samples  are  also  analysed for discing  and 
porosity of sandstone. 

Not all factors have  been  taken  into  account in the  development of a  composite  index.  Some of 
the  composite  indices  for  local  assessment are given  below: 
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1. In Russia, IGD Institute has  developed two indices for local assessment of outburst 
potential. The first index (U) takes  into  account four factors which are depth (H), 
strength of coal (0, gas pressure (P) and  thickness of the coal seam (m).  The  value of the 
index is given by (Khodot, 1970): 

u = PA - teqM (9.18) 

where PA = P + 0.1H 
M = Coefficient  defining  the  non-homogeneity  and  strength of the coal 

seam. Its value  varies between 0 - 1. 
5 and q = Empirical  factors.  For  Donetsk  coal  basin,  these  have  values of 40 

and  0.25  respectively. 

Thus for the  Donetsk  coal  field 

U = P + 0.1H - 40eo.”M 

The  second  index (W) is calculated  from  the  relationship 

l+F(tw) 
2 

w =  

-t2 

F(tw) = 2 ‘7 e2.dt 
2x  0 

U-T? 
=” 

tw = - 

(9.19) 

(9.20) 

(9.21) 

(9.22) 

Where F(tw) = Probabilityintegral. 
U = Value of U as determined  above 
U = Arithmetic mean of U. (Its  value  is  12.5  for  Donetsk  basin.) 
o, = Average square of difference u and U. Its  value  is 40 for the 

- 

Donetsk  basin. 

In the  Donetsk  basin  the  value of W varies between 0 - 100  and  the  value of U varies 
between 0 - 50. The  critical  value of W is 20.  For  value of W ~ 2 0 ,  thgseam  is safe. 
For  value 20 cW ~ 4 0 ,  there  is a danger of outbursts.  For W A O ,  the seam is highly 
susceptible  to  outbursts (Khodot, 1970). 



t 

2. Institute WostNII (Russia)  has  developed another index for the  Kuznetsk coal fields of 
Russia. This index is based on gas  pressure  and  Protodyakonov  strength of coal and is 
given  by  (Khodot, 1970): 

P, = P, maX -14 f- 2 (9.23) 

where Pg m a  = Maximum  gas pressure measured  in the seam 
fmin = Minimum  value of Protudyakonov  index for  the seam. 

The  critical  value of Ps = 0. For P, 20 the seam is  considered  liable  to  outbursts. 

3. For  Karaganda  basin,  the  index used is given by (Anon, 1977) 

(9.24) 

AF'w = KW AP0-60 
KW = (0.9 - 1.4) log w 

If the  value of P,1210.5, the seam is considered  liable to outbursts. 

4. For  Jagorszynski  basin,  the  local  index used  is 

where C = Block  size in the  coal  representing  the  complexity of structure of coal. 

When E >2 1, the seam is considered  liable to outbursts. 

5. For  Upper  Silesian  coal  field  with m, the  index  used  is  (Tarnowski, 1966) 

(9.26) 

where  Zw = Coefficient of desorption. Its value  should greater than 0.75 
cm3/g 

P = Gas pressure  abs (am) 
Po = Air pressure  (atm) 
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6 .  For  Lower Silesian coal field, two different indices  have  been  suggested  (Tarnowski, 
1995). 

For compact outbursts 

(H+H,)-Q ST, = 
4000f 

(9.27) 

For dispersed outbursts 

where H = Depth  from  the  surface, m 
H, = Equivalent additional depth as a result of mining under remnant 

Q = Gas content of the mal seam,  m3/t 
f = Protodyakonov  index. 

pillars,  m 

% 

If the value of ST2 ~ 0 . 2 5 ,  outbursts do  not  occur. If STz lies between 0.25 and 0.5, 
dispersed outbursts occur  and for ST2 M . 5  there is a  serious  danger of outbursts. 

7,  Ryncarz and Majcherczyk (1982) have  given  an  index for Nowa  Ruda mine for C02. 
This index combines gas flow  rate from boreholes, stress and strength of the coal and is 
given by 

Rw = a .   m.  z. Qf 
1 

(9.28) 

where a = Proportionality  coefficient,  e.g. for 42 mm diameter  holes,  a = 11 

m = Thickness of the  coal  seam,  m 
Z = Volume of the cuttings, Vm 
Qf = GasflowrateVm.min 
1 = Distance  between  various points of measurement  in  the  borehole, m. 

In the  case of a  single  measurement  at the borehole  collar, it is qual  
to the  length of the  borehole. 4 

If the value of  R, exceeds 80, then  there is a  danger of outbursts. 
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8. WostNII Institute  Method 

The method  developed by WostNII  (Chernov  and  Puzyryev,-1979) incorporates two 
indices, namely  gas  flow  rate  from  the  borehole  and  the  volume of cuttings. For this 
purpose a 6 m deep hole is drilled  and  the  volume of cuttings is measured from the 
section of the  borehole  over 1 m  sections  from  1.5 - 2.5, 3.5 - 4.5 m  and 5.5 - 6.5 m  and 
also the gas emission  from  the  borehole  along  these  sections.  Drilling is done in stages 
such  that gas flow  index G can  be  measured  within 2 minutes of completion  of drilling of 
a particular  section.  The  hole  diameter  is 43 mm. Together  with the volume of cuttings, 
the Wost NII Index is calculated  using  the  relationship 

(9.29) 

If the value of R1>6, this shows the  region of outburst risk. 

This index  has been  used  in  Eastern coal  fields of Russia in steeply  dipping  seams  and 
only  in  development  headings.  Holes  are drilled horizontally  and at angle  towards  the 
roof. 

9. Bulgarian Method 

In Bulgaria,  a  complex  index based  upon  statistical  analysis of outbursts  over  the  last 20 
years has  been  developed  to  define an area  liable  to  outbursts.  The  index  is  called KPO 
(Complex  Safety  Index)  and is given  by  the  relationship  (Nanovska, 1985). 

KPO = 1.26 + 0.0006H5 + 0.065VI- 0.014 P, f 
+0.3ET + 0.037N + 0. OIMm + 0.12Mn - 0.092f (9.30) 

where  H = 

v =  
fc = 

M =  
N =  
Mm = 

M, = 
f* = 

- 

Depth 
V-index  based  upon  10 g  sample  cm3/10g 
Strength  index of coal  determined by  using  the  impact gun 
Average  seam  thickness 
Number of bands in the  seam 
Variation  in  seam  thickness 
Coefficient of variation of seam  hardness 
Strength of surrounding  rocks  determined by using  the  impact gun. 

I 

483 



The  value of KPO 20.49 is considered  dangerous,  however,  it  must be supported by the 
V-index 23.0 cm3/log (for  methane)  and Kp0.3 within 3 m of the  opening.  Using this 
criteria 500 seams have been successfully  worked  since  1974. 

10. Method  used in China 

Based upon experiences in 10 collieries of Beipiao,  Chongqing,  Meitian,  Liwangmiao, 
Gixi  and  Jiaozou  areas, a complex 'D' index has been proposed  to  predict  outburst  hazard 
(Wang and Yang,  1987).  The  index  takes  into  account  three  major  factors,  stress, coal 
strength  and  gas  pressure,  and  is  given by 

D = ( O.Oy - 3 ) (P - 0.74) 

where H = depth, m 
f = Protodyakonov  index 
P = Gas pressure, MPa. 

(9.3 1) 

If the  value of D exceeds 0.25 the  seam is considered  liable  to  outbursts.  If  the  values of 
any  of the two components in  the  above  equation  i.e.  pressure  <0.74  MPa or depth 

is negative,  there is no danger of an outburst. 

9.10 CONTINUOUS FACE MONITORING  METHODS 

For  day  to  day  assessment of the  conditions  at  the  face on a continuous  basis, a simplification 
of the  methods  is  essential.  One of the  primary  requirements  of  any  method  to be used is that  it 
should be possible either to  collect  the  data  remotely  and  transfer  the  information  to  the  crew 
working  at  the  face if the  conditions  change  and  outburst  danger  increases,  or  the  method  or  test 
used  should be able  to  give  the  information as quickly as possible  about  the  imminent  danger so 
that  steps  can  be  taken to address  the  situation. As such  the  methods  that  have  been  used for 
continuous  assessment  can be classified  into two classes. 

(a) Local methods 
(b) Remote  methods. a 

Local methods virtually include all the indices of pressure, gas emission, gas flow, etc. 
mentioned  in  Section  9.9.1.  Remote  methods  include  geophysical  techniques  such as micro- 
seismic  measurements  and  electrical  measurements. In  many  mines  more  than one index is 
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used. Some mines  assign  values  to  each  index  and  then  use composite index.  Others  use 
single indices without  combining  them  and  if  any of the  indices  exceed  the  critical  value,  the 
seam  condition is considered  as  liable  to  outburst.  Examples of  such approaches are given 
below. 

Czech  Republic 

In the Czech  Republic the indices used are (Smid et al, 1978) 

Gas pressure (P) 
V-Index 
Gas  flow  rate - G 
APO-60 

Seam thickness  variation, Mm 
Friability  index F3 

Gas pressure is measured  in 3 m, 42 mm diameter  holes drilled at 30' to  the axis of the 
roadways. Gas pressure is lneasured over a period of 4 minutes  in  the last 2 m bore 
length  with 1 m of inflatable  seal.  V-index  is  measured  from  coal  cuttings  collected  from 
the  same  hole  over 35 - 70 s except  that  the  mass of the  cuttings  is  10 g. Gas flow rate G 
is measured for each  metre of the  borehole  length. A.Pe.60 is  measured  from a 3 g sample 
collected  from the face using  Ettinger's  equipment. The values of  Mm and F3 are 
measured as described  earlier.  The  critical  values  for  the various stages are shown  in 
Table 9.5. 

In Bulgaria  continuous  assessment  is based upon  the  measurement of gas  emission  index 
V using 10 g samples  in a desorbometer  under  free  flow  conditions.  Critical  value  is 
taken as if V >3.5 cm3/lOg. If V ~3.5 cm3/lOg,  the conditions are  assumed  to be safe 
and  no  special  care is needed. 

In Hungary, two parameters  used  are gas pressure p and  flow  rate G. Gas pressure is 
measured  only  on a limited scale,  but  flow rate is  measured  continuously,  every  cycle. A 
15  m deep hole  is drilled at  the  mid  face  and two 6 m deep  holes are drilled at 30" to the 
axis at the comers. Measurements  are  repeated  every 6 m. critical values are  p >150 
KPa  and G >25 ymin. If any  one of the parameters is  exceeded, the condition is 
considered as liable to outbursts. 

* 
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Table 9.5. Critical V and Lip values in Czech  Republic 
(1) Jan Sverna  Collier 

Gas pressure, P, KPa 

V-index, cm3 

Mm index 8 

APoao, KPa for CO, 

F3 index 

(2) Paskov  Colliery 

Gas pressure, P, KPa 

V-index, cm3 

G index, Vmin 

A P o - 6 ~ .  KPa for CH, 

F3 index 

Mm index 8 

Gas pressure, P, KPa 

V-index, cm3 

G index, Vmin 

h4m index % 

A P o b o .  KPa for CJ& 

F3 index 

No outburst 

P,, <20 
pmaX 4 0  

$VI <1.0 
v1 max <1.5 

M m  <lo 
A P C  <3.3 
APcmax <3.9 

+F3 <12 
.L 

1.0 I $VI <1.5 
1.5 I V1 MX ~2.3 

Mm 210 

3.3 < APc <4.1 
3.0 I APq,,., ~6.4 

13 < +F3 

Unsafe 

M m  210 

A P C  >4.1 
MCmax 6.4 

A 

No outburst 

Pmm 4 0  
pmax 450 

$VI <1.0 
VI max <1.5 

+cl <2 
v <3 

APc ~1.2 
APc,,, ~1.6 

4F3 <12 
F3mu x13 

Vm <lo 

No outburst 

P,, 4 0  
P,X 450 

gv1 <1.0 
v1 max <1.5 

N <2 
v <3 

Vm <lo 
4APc <0.8 
APc,,, <1.2 

@F3 <12 
F3max 4 3  

Demeofdanger 
Probable 

50 I P,, <lo0 
150 I P,, c320 

2 <  4q <4 
3 <  qnax <8 

1.2 < APc  <1.6 
1.6 I APc,,  <2.5 

Vm 210 

50 I Pmm <lo0 
150 I PmX <250 

1.0 I +Vi <1.5 
1.5 I VI max <2.5 

21 $q <4 
3 I  qmax <8 

Vm 210 

0.8 < gAPc  <1.2 
1.2 I APc,, <1.5 

12 < gF3 <13 
13 < F3max 4 8  

Unsafie 

P,, 2100 
Pmax  2320 

VI max 22.2 

+cl 24 
qmax 28 

APc  21.6 
22.5 

$Vi 21.5 

+F3 213 
F3m.x '18 

Vm 110 
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Unsafe 

P,, 2100 
P,X 2250 

Vm 210 

gAPc 21.2 
APc,,, 2 1.5 
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(d) In Australia,  V-index  using  Hargraves  desorbometer  had been used  to predict outburst 
conditions.  For  methane  the  value is 1.2 - 1.5 cc/g  and for carbon  dioxide 1.2 cc/g.  The 
practice was discontinued  in the early eighties. More recently, total gas content  sampling 
is used.  Critical  values vary from mine  to  mine  depending  upon  gas  composition. In 
general,  the  accepted  values are 

for CHq = 9 - 9.5 m3/t or  cc/g, 
for C@ = 5 - 6 m3/t or cc/g. 

(e) Gas Content  Threshold  Values 

For  the  determination of gas  content,  samples  are  taken  ahead of the face every pillar 
length  from a position  which is regarded  to  have  maximum  gas  content  and are crushed to 
obtain  total  gas  content. The total  gas  content  values  are  measured on as received basis 
and no correction is incorporated  for  ash  and  moisture  levels. 

Critical gas  content levels used  in  various other coal fields for assessment are given 
below. 

Hungary - 
Donetsk - 
Bulgaria - 
Germany - 
Poland - 

- 
Australia - 

All the  above figures relate to desorbable  gas  content. 

Surprisingly, though  many of the  indices  developed  are  based upon gas content as the 
basic value, this has not  been  used  in  practice  except  in  Australia. One of  the  basic 
reasons  has been the  problem of determination  of  gas  content  quickly. 

( f )  In Poland  two  basic  indices  used  are  V-index  and AF'2, though a number of other indices 
have  been  developed  but  have  not  found  use in mines on a day to day  basis. 

The critical  values are (Kozlowski and  Polak, 1978 a,  b) 

V-index 2 1.44 c d / g  
A P 2  2120 mm of H20 in DMC-2 desorbometer. 
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The above two indices are valid for C02 gas in  bituminous  and anthracite coals in the 
Lower  Silesian coal field. 

Some other indices are used in association  with  gas  pressure  measurements  and  gas  flow 
measurements. Gas pressure is measured  in  holes of 6 m or longer  and  at  the last 0.5 m. 
Measurements are taken  every 30 s till the  value  is  stabilised.  The  test  is  discontinued if 
the gas pressure exceeds 400 KPa. 

Critical  gas  values used are 
for C02 P 20.3 bars  (gauge) 
for C& P 20.8 bars  (gauge) 

With  simultaneous  measurement of gas  pressure  for C02, the  value of V-index 23 cm3. 

(g) In anthracite mines in the UK (Cynheidre,  West Wales) the  index  used  is  the ratio 
between  the average gas content (Vs/g) of coal as determined on the surface in the 
laboratory and (Vu/& the gas content determined from cuttings in a  sealed chamber. 
Samples are collected  from  holes 12 m  deep  on  the  longwall face ends.  The  critical  value 
of the  index is (for C&) pavies and  Jenkins, 1978) 

vs " 1 4  
v u  

(9.32) 

(h) In  Germany KT index has been  most  commonly used in  Ibbenbiiren coal field. The 
critical value is KT M.75 for anthracite  coal.  For  bituminous  coal  V-index  has  been  used 
and  the critical value is 4 cc/g for C&. (Janas  and  Winter, 1977). 

(i) In France  V-index is most  common  and  critical  values are: 

For C& (Cevennes coal basin)  V-index 22 cc/g (10 g  sample) 
For C02 V-index 0.6 cc/g (3 g  sample). 

9.1 1 GEOPHYSICAL METHODS 

A number of geophysical techniques  have  been  used to predict  imminent  outbursts.  Some of 
these  are claimed to have success,  but,  possibly,  there is no technique that can 5e fully relied 
upon to predict outbursts successfully. The methods  used  can be divided into three basic 
groups: 

(1) Seismoacoustic  method 
(2) Seismic  method 
(3) Electro  magnetic method. 
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9.11.1 Seismoacoustic Method 

The principle of seismo acoustic  method  is  based  upon the registration of natural  impulses 
generated as a result of fracture propagation in coal  under  the  influence of stress changes  and 
desorption of gases  in  coal. The crack  propagation in rock  as  a result of the stress and  gas 
pressure changes manifests itself  in  the  release of acoustic  impulses,  the  frequency of  which 
varies over a  wide  spectrum.  Even  without  the  existence of any external stress, the  process of 
sorption-desorption  causes  acoustic  emission in coal  and  coals  that are susceptible to outbursts 
show  much  higher  micro-seismic  activity.  This  activity is higher,  the  higher  the  gas  pressure 
and  lower the temperature (Majewska, 1990). It is also reported that the increase in 
microseismic activity results in  increase  in  the  permeability of coal (Majewska  and  Marcak, 
1990). 

Ryncarz  (1990)  showed that when  spherical particles of coal are suddenly  subjected to  gas, 
tensile stresses  develop close to  the  exposed  surface.  These  tensile stresses change  with  time. 
The maximum  stress  occurs at a  time  given by the  relationship: 

b2 t, = 0.0574 - 
D 

(9.33) 

and its value is given  by: 

a, E c, 
2(1- u) 

a, = 0.771 

1 Where a, = Concentration  gradient = - 
3N 

N = Parameter  representing  expansion of coal  in  sorption 
Cp = Concentration of gas  at  the  surface of the  sphere 
b = diameterofthesphere 
D = Diffusion  coefficient 
E = Modulus of elasticity  of  coal 
v = Poisson's ratio of coal 

This relationship is given in Fig.  9.15. 

The process should be reversed when  desorption  takes  place. The tensile stress developed 
causes fracturing of coal during sorption  have  been  noticed  using  micro  seismic  studies.  Fig. 
9.16  shows  the results of C02 sorption in coal.  This type of activity is dependent upon  the 
type of coal. Coals that are liable to  outbursts  show  higher  activity  than  coals  that are not  liable 
to outbursts. Also at higher  temperatures  when  the amount of gas  sorbed  is  lower,  the  activity 
drops (Figs.  9.17  and  9.18)  (Majewska,  1990). 

489 

""""" - 



I n  
Fig. 9.15. Schematic of bt 
change in maximum 
tensile stress in a sphere 
during sorption as 
a  function of time 

-1 p= 3.0 MPa 

a 

b 

p = 3.0 
L 

5h t 

Fig. 9.16. Changes in seismo-acoustic response of coal during sorption 
ofaatroom@qaattn. 

a - outbursting coal, b - non-outbursting coal, N = No. of impulses 
(Majewska, 1990). 
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Fig. 9.17. Seismo-acoustic  response of coal  liable  to outbursts 
during  sorption  at  different  gas  pressures  at  room temperature. 

Top - liable to outbursts, bottom - not  liable to outbursts 
N& = cumulative impulses (Majewska, 1990). 

~~ t = 60°C 
3 

2 P = 5 5 m  

t = 60°C 
p= 55 Mm 

3 p = 4.5 MPa 

2 p=1OMk 

1 p= 1.5 MPa 

= . i h  3h i h  5h sh t 

Fig. 9.18. Seismo-acoustic  response of coal  liable to outbursts during sorption  at 60 "C. 
Top - liable  to  outbursts,  Bottom - not  liable  to  outbursts 

Na = cumulative  impulses  (Majewska, 1990). 

These studies explain  that for an outburst  to occur, it  is not  essential  to have increased rock 
stresses or residual tectonic stresses, but  gas  pressure and gas  pressure gradients alone can 
cause damage to the  structure of coal and initiate an outburst. 

Styles (1995) based his conclusions on micro-seismic  monitoring of outbursts in Cynheidre 
Colliery  (Wales, UK) using a network of seismometers  mounted on the  surface.  He  found that 
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micro-seismic monitoring  invariably  shows  that  outburst  itself is the coalescence of  many 
acoustic emissiodmicroseismic events,  but  that  the  process  was  initiated  much  earlier,  perhaps 
several days before  the final catastrophic  culmination.  According  to  him, it  is the structural 
weakness  within  the  coal  that  controls  the  location of the  outburst.  The "0"-type seismic  event 
during  methane  outburst  has  the  characteristics of long  periodic  harmonic  tremor-type  events  of 
30 Hz lying in the  range of volcanic  events (1 - 2 Hz)  and  hydrofracs (-1 KHz) and is very 
much like pulsed infusion firing. Accordingly,  an  outburst is like a dilatant micro-crack 
development  within  the  coal  initiated by a weakened  disturbed  zone  well in advance of  the face 
position. 

More  recently  studies  have  shown  that gas  driven  outbursts  generate  typical  impulses  that  have 
certain  frequency.  Results of  monitoring  at  Cynheidre  Colliery  where  outbursts  are  associated 
with  methane,  show  that  these  events  occur  prior  to  the  manifestation of  an outburst,  have  a 
duration of 600 milliseconds  and are symmetrically  headed with a  principal  frequency of 32 Hz. 
These  suffer  little  attenuation  compared with normal  events  which  attenuate  rapidly  (Hatherly  et 
al, 1995) and  propagate  slowly with velocities  ranging  from 300 m/s - 1,000 4 s .  Studies in 
Tahmoor  showed  that  these  events  have  a  frequency of 12 Hz.  These  events are supposed  to 
be generated  by  quasi-instantaneous  desorption of gas  from  coal in a  dilatant  micro-fracture. 

The main criteria used in micro  seismic  prediction  are: 

(i)  Number  of  impulses  generated  per  unit  time (N) 
(ii) Amplitude of  the  impulses (I)' 
(E) Energy  associated  with  the  impulses  (e). 

and are calculated  using  the  relationships 

- N = 1 i N i  
t i  

e = K I *  

E =  

- 
where  N 

t 
e 
I 
e - 

FNi  I2 

Nt 
1 

= Average  number  of  impulses  per unit time 
= Time 
= Energy  of  the  impulse,  Ni 
= amplitude of an impulse,  Ni 
= Average  energy  per unit time. 
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Both  the  number  of  impulses  and  their  energy  increases with stress changes, through  some 
observations  show  that  there  is  a  decrease  in  both  the  energy  and  the  impulse rate just prior  to 
an  imminent failure or outburst. 

By placing  a  number of seismometers, or by  using a  3-D  seismometer,  the site where  most of 
the  energy is being  released  can be located. 

One of the major problems in  the  use of this technique is the selection of appropriate 
seismometers/accelerometers. The  very  high  frequencies  are  attenuated  very  quickly  in  rock 
and as such  the  accelerometers  need  to be moved  very  frequently  as  the face advances. If the 
lower frequency is recorded,  then  the  events  associated  with the early processes that  occur in 
the  rock  may be missed.  Selection of  the frequency  band, so that  the data is useful  and  can be 
monitored is thus very essential. The  frequency  range  used varies between 0.5 - 5 KHz. 
McKavanagh et al(1978) used  100 - 5 KHz while  Grezl et  al(1984) used 2 - 1.5 KHz. Styles 
(1995) reports frequencies of  12  and  32  Hz  associated  with  outbursts. Obviously, these  low 
frequencies are possibly  related  to  the  gas  vibrations in an  advanced stage of gas  emission. In 
Japan  and  China  the  frequency  range  used  is 10 - 5 KHz (Deguchi et al,  1995). 

The use of straight noise level has  not  been  successful in predicting outbursts. The noise 
associated  with  the  working of mining  equipment  can be filtered  out  using  appropriate filters 
and  the  acoustic  impulses  associated  with  the  propagation of fractures  and release of energy  can 
be captured for analysis. The important  point  in  this  technique  is  to decide the band  frequency 
that  represents  the  phenomenbn. 

Higher  frequencies are generated  with  the  propagation of smaller  cracks  and as the  length of the 
cracks increases, the  wave  length  increases  and  frequency  drops.  Model studies have  shown 
that  the  resonance  frequency of the  system  in  which  cracks are propagating drops with  increase 
in fractures  (Allison  and Lama, 1979). 

Seismic  monitoring of rock  bursts in the  mining industry was first done almost 40  years  ago 
(Antsyferov,  1966)  but its use in monitoring of outbursts  is  fairly  new. The earliest studies  in 
Australia  were  done  at  West  Cliff  Colliery  (McKavanagh et al, 1980)  followed by Leichhardt 
and  Metropolitan  Collieries  (Grezl et al, 1984).  Outburst  monitoring has been  reported in USA 
(Leighton, 1984), Japan  (Itakura,  1984;  Nakajima et al, 1984,  1989),  China  (Deguchi et al, 
1995;  Zhang et al, 1987),  Russia  and  Ukraine  (Bobrov,  1995), UK (Styles,  1983; Styles et al, 
1987,1991), Canada  (Corbet  and Mowed, 1994;  Talebi et al, 1995). 

Zhang et  al(1987) have  shown  that  acoustic  activity is associated  with gas emissions and  the 
plot of cumulative  frequency of events (N) and  their  amplitude  characterise gas emission.  They 
noted three types of the  amplitude-frequency  distribution of acoustic emission due to coal 
fracture (Figs. 9.20  and  9.21). A large  amount of gas  was discharged in response to  high 
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acoustic  emission  activity  only in the  cases of the  distribution  consisted  of three straight  lines 
broken at two points in a semilogarithmic  graph.  The characteristics of this distribution 
indicated  that  coal  seams  were  composed of regular  structure and  that  the scale of  new fissures 
was  beyond  the  dimension  of maximum unit  of regular  structure. 

In  Donetsk,  seismic  signals are analysed  and  the  change in frequency  spectrum is noted  both 
for the  low frequency and  high  frequency  signals.  Areas  liable  to outbursts show  sudden 
simultaneous growth of  high  frequency  component  and  drop in low frequency  component of 
the  amplitude.  Immediately  before an outburst  the  low  frequency  amplitude  gradually  increases 
and the high frequency amplitude decreases. This change is used for  outburst hazard 
prediction.  The  ratio of the high  frequency  amplitude AB (>600 Hz) and  the  low  frequency 

amplitude AH (€240 Hz) is used  as a criterion  such  that when this  ratio K = 

describes the  conditions for a possible  outburst (MkNII, 1992; Kolesov et al, 1995). A system 
has  been  developed  where  the  results of drilling  or  cutting  machine vibrations are used for 
analysis of the situation.  The data is transmitted  to  the  surface.  Information is continuously 
analysed  and  signalled  underground  to  the  operators  (Kolesov et al, 1995). The technique is 
also used  to assess the effectiveness of the  safety  measures  such  as  water infusion at high 
pressure.  Geophones are installed  at 1 - 10 m in  holes  of 0.5 m depth  at floor level. 
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9.1 1.2 Electro-magnetic Impulse  Method 

The principle is based  upon practical observations  that when rock is  stressed and cracks 
propagate,  it  emits  packets of electro-magnetic  energy @ME) that is  a measure of the  stress 
state of rock. A number of studies  conducted  mainly in USSR show a relationship  between  the 
stages of failure of rock  and  the  changes  in  electrical  impulse  emitted. The principle has  been 
used in the  development of equipment  which  is  claimed  to  predict  movement  along existing 
discontinuities and  hence is capable of predicting  geological  structures, if these are present 
ahead of a mining  excavation on the  assumption  that  movement  along  the  geological  structure 
will be  initiated  prior to a large  scale  movement.  Generation of EME takes  place  with  change of 
rock  and  gas  pressure,  and  rheological  changes  in  physico-mechanical  properties  of  coal  within 
the high pressure zones. In the high  pressure  zone,  the coal  deformation  occurs with 
microfailures  generating  the EME. It  is  characterised by quasistationary  distribution of quantity 
and power of the sources at  the points of mine  workings. The amplitude-frequency 
characteristic of such  an  emission  is  defined by specific features of natural structure and 
electromagnetic  properties of particular coal as well as layout in the  mining  system. 

In the  formation of the  hazardous  geomechanical  situation  the  changes occur in total zonality of 
source distribution,  their  concentration  increases in stress-strained rocks and in zones of 
elevated gas pressure. In this  case  the  velocity of EME generation rises and so also  the  power. 
Based  on  the  measurements in different  geomechanical  situations for  coal seams, one  can 
establish  the  criteria of haza@ degree by changes in parameters characterising the  structure  of 
emission  at  various  points of  the excavation.  The  system  thus  gives  an early warning. 

The  electro-magnetic  impulse  equipment  used in Russian  mines is shown in  Fig. 9.21. The 
equipment  picks up signals in  the  range of 5 - 15 m using a highly direction antenna and 
examines  the  impulses  generated by cracks in the  range of 0.5 - 2.0 cm  and automatically 
calculates  the  slope  of a number  of  electro-magnetic  impulses  received  and  their  amplitude. 

For  comparison of measurement  results  at different points, the orientation of the  antenna 
position in the  roadway  is  changed.  With  the  same  mode of signal  reception  with  time  interval, 
information compiled includes frequency  band, amplitude range  and  selection order. 
Estimation criteria is selected by the  software  built  in  the  unit. It is  possible to use a 
measurement  mode  with  preset  parameters  or  with  the  parameters  manually  changed  by  an 
operator in the  mine. 

The result of signal reception  at a point is entered  into  memory of the unit with location 
indication of the  measuring  point.  The  result  of  estimation of hazard  degree is presented on the 
display when  the  measurements are over.  For  documentation, the measurement data are 
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duplicated  from  memory of the  unit into computer  compatible with IBM PC in  a form, suitable 
for graphic  presentation of results. 

The  system  can  pick up electromagnetic  signals from a distance 5 - 15 m  and  presents  the  result 
as the number of impulses  and  their  amplitude in a  scaled  value  from 1 - 11 for different 
frequency bands. A decrease in frequency and increase in amplitude is considered an 
approaching  instability  condition.  The  smaller  the  slope of  number  of impulses  vs  amplitude, 
the higher  the  danger.  Fig.  9.22  shows  the  situation on a  longwall  face.  The  system  can  thus 
be  used  to predict effectiveness of  any measures  that  are  taken to control the dangerous 
conditions.  The  equipment  needs  to be calibrated to determine  the  ranges  which  define  normal 
operation,  and  dangerous  operation if the  unit is to be used in automatic  mode. 

Use of this  equipment  has  shown  positive  results in  predicting  the  location of floor  bursts  on  a 
longwall  face.  The  portable unit is  used  to  conduct  a  traverse  survey  along the face and  the 
prediction of a  tectonic  disturbance  along  a  face in Donbass.  Increased  frequency  and  lower 
slope of the curve (B) (Fig.  9.22) of the  impulse,  in  both  cases,  is  interpreted as a  dangerous 
signal. 

Fig.  9.21. EME monitoring  equipment 
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9.12 RADON  MIGRATION  AND  OUTBURST  PREDICTION 

Seismic  phenomenon  have  been  associated  with  increased  or decreased emission of certain 
gases  such as radon, helium  (Kisin,  1982).  Nikolin et al (1972)  noticed changes in helium 
concentration  in  Donetsk  mines  and  presented a view  that  high  helium concentration in mine air 
corresponds  to  high  gas  pressures.  Lebecka  et a1 (1989)  however  state  that  radon emission is 
independent of gas  pressure. Radon  gas  emission  depends  upon  the  rock  type  and changes in 
radon  are  not  the  same  in different rocks.  For  example, in sandstone  no change in radon 
concentration was  noticed  with an outburst or on approaching outburst site (Lebecka et al, 
1989).  Samples  taken  from  test  boreholes  (3 m deep)  (Lebecka, 1987) and found that  the 
radon concentrations were  low  prior  to  the  occurrence of the  outburst  (Fig.  9.23).  However, 
just before  the outburst, there may be a slight  increase. There is no correlation of radon 
emission  with other indices such as AP and  gas  pressure.  There is  a need to continuously 
monitor  radon  rather  than  take  spot  samples if this method is to be developed  further. 

450 xlo 6 W  

'=Rn c&ratum mnatmns m poses 
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Fig.  9.23.  Radon  concentration variations m gases 
(Lebecka et al, 1989). 
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9.13 TEMPERATURE  MEASUREMENT 

Effect of emission of gas  from  coal is to  cause  changes in temperature  on  the  face  as  well as in 
boreholes.  Changes in temperature  at  the  face  have  been  measured in USSR and  Poland  and 
seem  to be related to the  rate of emission of gas. 

In Donetsk  basin,  temperature  change in borehole is used  as  a  criterion  for  the  production of 
outburst  danger. 3 m  long  holes  are  drilled at the  face  and  temperature at depths of 2  m (AT2) 
and 3 m (AT3) is measured  using  a  rod  thennometer.  The  criteria used is as follows: 

Non-hazardous  situation - AT3 - AT2 I 2°C 
Threatening  situation - 2°C I AT3  -AT2 < 2.5"C 
Hazardous  situation - AT3 - AT2 2 2S"C 

Systems for the  measurement  of  temperature  changes in boreholes are available  which  have  an 
accuracy of  0.1"C. These  techniques  present an avenue  for  the  prediction of zones of high gas 
emissions in boreholes. 
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CHAPTER 10 

CONTROL  AND  MANAGEMENT OF OUTBURSTS 

10.1 INTRODUCTION 

Control  of  outbursts  of  gas  and  coal  and  rock is based  upon two broad  concepts. The first 
approach is to  develop  and use methods so that  these  do  not  occw at all. The second  approach, 
if  these  cannot be avoided, is to develop  systems so that  the  mines and equipment  can be 
protected  from  their  effects. 

The development  and  use  of  the  methods that may be  applicable under given conditions 
depends  upon  the  dominant  factors  that  can be changed or controlled  most  easily. 

There are a  number of classifications  under  which  most of the  control  methods can be divided. 
These classification  systems are based  upon  control  factors  such as gas, stress or both or 
locational  factors  such as regional  or  local.  Two  examples  of  the  classification  system are given 
in Fig. 10.1 and  10.2. 

A general  description  of the  methods is given in this chapter. 

10.2 DESTRESSING USING DRILLING 

Destressing  using small and large diameter  holes has been  successful in east European 
countries,  China,  Japan  and  Australia.  The  hole  diameter  and  length has been  different  under 
different  conditions. In Australia in the  Bulli seam, holes of up to 300 mm were  drilled. In the 
Gemini seam, in Leichhardt  Colliery, 12 holes of 100 mm was  a  practice  followed till the 
closure of the  Colliery. 

In Czech  Republic, 3 holes  each of at  least 6 m  length  and 115 mm diameter are drilled  ahead of 
the face.  Two  test  holes are drilled at 30' on  the  sides of  the  roadway and  overlap of the  holes 
is at least 5 m. In Ibbenbiiren  Colliery,  one  hole  of 95 rnm diameter is drilled  to  a  length of 
15 m  ahead  followed  by  4  holes of 95 mm to  a  distance of 10 m. The holes  cover  a  barrier of 
5 m  from  the  edges  of  the  excavation. In Poland, in Nowa  Ruda Colliery, 42 mm diameter 
holes are drilled and  enlarged to 110 mm to  a  depth  of 15 m  covering  a  barrier  zone  of 6 m  on 
the dip side and 8 m  on  the rise side. In a 4.2 m  wide  roadway  the  number  of  destressing  holes 
is about 30 (Fig.  10.3). In Japan  small  boreholes of 45 - 50 m  have  been  used  but these are not 
effective  for  destressing (Anon, 1964a).  Holes  of  200 - 300 mm are considered  to be effective. 
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Fig. 10.1. Classification  based  upon  principal  factors 
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Fig.. 10.2. Classification based upon  locational  factors 



In Sumitomo  Collieries, 2 - 3 boreholes 15 m  long  were  drilled  ahead  and an overlap of 1 m 
was considered minimum. In Hiltestsee Colliery, 2 or more  boreholes are drilled  to  a  depth of 
30 m. In Sunagawa  Colliery,  the  standard  practice was to drill 5 boreholes-from  a distance of 
5 m before a crosscut intersected the seam 

Fig. 10.3. Destressing  holes 
in a roadway, Nowa Ruda Colliery 
(Gil and Swidzinski, 1988). 

cross 

m 

Fig. 10.4. System  used for advance  boring at Mitsui-Sunagawa  mine 
(Anon, 1964). 
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Very large diameter  holes 500 - 700 mm right in front  of  the  face  have  been  tried (Gil and 
Swidzinski, 1988). Examples of these are given  in  Figs. 10.5 and 10.6. 

Stress relief  for  prevention of outbursts has been tried by  driving  a  heading 5 - 10 m on the top 
of the roadway in rock  (Fukushima et al, 1985,  1987). Using  a  variety of techniques they 
found  that  a  roadway  driven  under  a  destressing  roadway  experiences  drop in gas  pressure,  gas 
flow rates and  rock stress. This is particularly so when  a  fault is present.  The  effective  area is 
confined  to a distance of 10 m  below  the stress relieving  roadway (stress relieving  roadway 
was 4.5 m wide arched  roof at a depth  of 550 m in a  coal seam of workable  thickness  of 2.5 m) 
(Fukushima, 1985). Stress relief  roadway  can also be used for drilling  large  diameter 
(250 mm) holes  which  greatly  increase  the radius of  destressing. 

Khodot (1970) has  developed  theoretical basis of destressing  using small diameter boreholes 
based  upon elastic theory. The effectiveness is based  upon  radius of influence causing 
destressing (%esJ and  radius  of  degassification hgS). The  spacing  between  the  holes is 
taken equal to 2 hegas while the spacing  due to degassing is taken as 3 %est. Using  the theory 
Gil and  Swidzinski (1988) have  calculated the hole spacings  (Table 10.1) for two mines in 
Lower Silesian coal  field. 

Fig. 10.5. Placement  of 
large  diameter boreholes in a m .  
KK - safety  barrier, 
1 - 1st series of  holes, 
2 - 2nd series of holes 
(Gi l  and Swidzinski, 1988). 

Fig. 10.6. Development of 
a  roadway by drilling in the seam 
(Gil and Swidziuski, 1988). 
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Table 10.1. Effective  hole  spacing (Gil and  Swidzinski,l988). 

Effective spacing, 
Sf3Ul Effective m Coal strength 

Colliery 
length diameter diameter degrees kg/cm2 m m 
hole Hole Hole $3 ' c thickness, ~epth ,  

+ = 4 2 1 ~ m  @ =  11Omm 
Nowa  Ruda 

11 0.91 19 0.5 1.5 600 Thorex 
17 1.1 14 0.15 2.0 610 

These two examples  show  that in spite of increase in cohesion  of  coal  by a factor of 3, the 
spacing  has  reduced  only  by  16%.  Effective  hole  length,  however, is quite different. This is 
influenced  by  the  mechanical  properties of the  roof  and  floor  and  depth  of  occurrence. 

Yu-Bufan  (1985)  describes  the use of  boring  (auguring) of thin seams  to  destress  a seam prone 
to outbursting. ## seam in Donglin  Colliery  (Nantong  area)  with  high  frequency  of  outbursts 
was stress relieved by auguring #3 seam lying 6 m above it. Seams  dip at  25 - 30'. 300 mm 
diameter  holes  spaced at 0.8 - 1.0 m were  drilled. 

The hole  spacing  was  calculated  using  the following relationship: 

(10.1) 

where  h = distance  between  the two seams 
he = equivalent  (effective)  thickness  extracted 

- &a  of the  hole zD2 
Total area / hole 4& 

- - " 

& = hole  spacing 
d = hole  diameter. 

For hole  diameter = 0.3 m and  h = 6 m, the  value  of L = 0.9 m. 

Tu Xigen  and  Ma  Piliang  (1987)  have  given  the  dimensions  of stress relief  zone as a  function 
of the borehole  radius  (Table 10.2). Theoretical  calculations of gas  flow  based  upon stress 
relief  zone  which  has  different  permeability  than  the  zone  not stress relieved  agree  well  with 
field  observations  which  supports  the  validity of the  data  given in Table 10.2. 

Table 10.2. Dimensions  of stress relief  zone as a  function  of  borehole  diameter 
(Xigen  and  Piliang,  1987). 

Borehole 
diameter, 

700 630 570 500 460 430 400 diameter mm 
Stress relief  zone, 

300 250 200 150 120 100 75 
mm 
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The above data is in  agreement with the relationship  developed by Yu Bufan (1985). 

In Czech  Republic  the  number of destressing  holes  depends  upon  the  degree of danger  defined 
by whether  the  critical  values are below critical (Dl), critical (D2) or when +70% indices are 

' above  critical @3). The  number of holes  drilled  in  such  situations is given  in  Table 10.3 (Smid 
et al, 1983). 

Table 10.3. No. of destressing  holes, Czech Collieries  (Smid et al, 1989). 

No. of holes 
No. of holes  at an angle 

>1.4 m c1.4 m >1.4 m 4 . 4  m 

to the axis totheaxis 
No. of holes  parallel 

Danger Seam thickness seam thichess 

Dl 

9  9 10 10 D3 
6 5 7  7 D2 

5 3 5 1 

The length  and  direction is given in Fig. 10.7. 

Fig. 10.7. Distribution of 
destress  boreholes to form 
zone of protection 
type&-holestoadepth 

of 3 m to the  sidewalls 
1 - length of central  borehole, 
NZ -unprotected  zone 
(Smid et al, 1985). 
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Hargraves et al (1964) state that  holes of 150 mm diameter  and 18 m length  indicated no 
significant  reduction of gas in the  face as a  whole  in  Metropolitan  Colliery,  Australia. Also 
22  mm  holes  were  found  to be of little value.  Using 600 mm diameter  holes  drilled at the  face, 
Hargraves  (1995)  measured  drop in stress levels from  1,700 psi (1 13 bars) to 1,250  psi 
(83 bars) at 1.2  m  distance  over 11 days  period,  but  with  a  big  drop  at  the  beginning. 

10.3 DESTRESSING OF SEAMS 

I Where  multiple  seams  are  mined  and  seams  are  closely  spaced  with  properties  such that one 
seam is not liable to  outbursts  (or less liable to outbursts  than  the  other),  then  the seam not 
liable to outburst  may  be  mined  first. This helps  to  destress  the  surrounding  seam as well as 
degas  it.  The seam mined first is called  the  destressing seam and  the seam mined later is called 
the  destressed  seam  or  protected seam. Mining  may be done  sequentially  where  the destressing 
seam is mined first followed  by  the  destressed seam or the  two seams may be mined 
simultaneously with a certain lag. 

The amount  of  destressing  and  degassing  depends  upon  a  number  of factors, the most 
important of  which are: 

(a)  Distance  between  the two seams. 
(b)  Thickness  of  the  destressing  seam. 
(c) Location  of  the  faces in the  two  seams  when  mined  simultaneously. 
(d)  Mechanical  properties  of  the  rocks lying between  the seams. 
(e)  Method  of mining, caving  or  packing. 
(f) Location of  the  (above  or  below)  the  destressing seam. 
(g) Dip of  the seam. 

The  principle  of  destressing  has  been  successfully  used  in  Poland  (Tarnowski,  1974), USSR 
(Airuni, 198l), Bulgaria,  China  (Yu  Bufan,  1980),  Hungary  and  Ukraine. The method 
reduces  both the gas content as well as the  stress  in  the  destressed seam. 

Results  of  field  studies  on  the  residual gas content of undermined  and  overmined flat seams is 
shown  in  Fig.  10.8. No. 1 in  the  figure  represents  the  conditions  with  no drainage of  the 
surrounding  seams. No. 2  presents  the  conditions  when  the  surrounding seams were  drained 
using cross measure  drainage  holes  placed  at 10 - 15 m intervals.  With  increase in interval 
between  the  seams,  the  effect  decreases.  With  increase in thickness of  the  seam  mined  the 
residual gas pressure decreases proportionally.  For  successful gas pressure  reduction  of seams 
lying at large  distance  from  the  destressing  seam,  drainage  of  seam  using  interstrata  drainage 
holes  becomes  essential.  A  general  idea  of  the  spacing of cross  measure  holes is given in Fig. 
10.9. 
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Fig. 10.8. Dependence of residual gas pressure in under-  and overworked seams 
(a)  Flat seams, (b) Steep seams. 

1 - without  drainage, 2 - with  drainage 
(Airuni, 1984). 

&, M/M = Ratio of (distance/seam thickness), Mza = MPa 

Fig. 10.9. Residual gas pressure in steep overworked seams in artificial gas drainage 
through boreholes drilled  at  different intervals (N) 

(Smorchkov et al, 1989). 



An important  point in the use of  this  method is that  the  destressing  seam  should  be  extracted 
without leaving pillars.  Under  the  remnant  pillars,  higher stresses develop due to stress 
concentration  and  the  frequency of  outbursts  increases. Also if strong  massive  sandstone  beds 
are present in between  the seams, particularly if the damssing seam lies above  the  seam to be 
destressed,  there  may be very little natural  drainage  unless  cross  measure  boreholes are drilled. 

10.4  GAS DRAINAGE 

Gas drainage is the best  method  for  the  control of outbursts. In fact all control  methods  are 
based  upon  reducing gas pressure  and  gas  content. The techniques  used  depend  upon  local 
conditions  and  economics.  The two most  important  parameters  that  influence  the  design of the 
system are the  coal  permeability  and  drainage  time  available.  Other factors that influence 
drainage are 

(i)  Angle of drilling (parallel to or  right  angle to major  cleat) 
(ii) Presence of  water  and  water  control  strategies. 
(iii) Hole stability. 

Two  basic  methodologies  used are: 

(a)  Area  drainage  from  underground. 
(b) Local  drainage  ahead of the roadway. 
(c) ' Predrainage  from  the  surface. 

Under area drainage,  holes may be  drilled  from  the  surface or from  an  adjacent  panel.  Under 
local drainage  and  drainage  from  cross  cuts,  holes  are  drilled in advance  of the heading.  The 
systems  involving  these  technologies are described  below. 

10.4.1 Area drainage from Underground 

Lateral  drainage is applicable  when  one  excavation is already  available.  Medium  length  holes  of 
up to 250 m  can be drilled at right  angles  to  the axis of an existing  excavation (Fig. 10.10) and 
the next  roadway's  position as well as the coal  block to be extracted  can be drained. 

When the drainage of the  future  roadway  position is important  and  drainage  of  the  block is not 
critical,  directional  holes  drilling  technique  can  be  used.  Here,  branching  holes from a  single 
hole  can be drilled to  cover  a  larger m a  Fig. 10.1Ob). Total amount of drilling required  can  be 
reduced using this method. 
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Fig. 10.10. Lateral  drainage  technique. 

The hole  diameter is usually 50, 65 or 80 mm. For  shorter  holes  (up  to 100 m) a  smaller 
diameter  can  be  used.  Longer  holes are difficult to drill using  small  diameter  bits  and  rods  and 
the  diameter  usually used is 65 or 80 mm. 

Holes  longer  than  200  m  require  special  care  during drilling in order  to  keep  them  within  the 
seam  and  designed  azimuth.  The use of monitoring  techniques  such as the Eastman  single  shot 
and  multishot surveying techniques or wireless  borehole  survey tools is used for this purpose 
(see Section 10.9). 

The spacing of the  holes  depends  upon  the  permeability of the seam,  and  lead  time  available. 
To optimise  hole  spacing  it is essential  to  conduct  field  measurements. In general  a  distance of 
12  to 36 m is applicable in coal seams. The  lead  time  under  such  conditions  varies  between two 
to six months  with  a  vacuum of -15 to  -25 Pa. How rates of the  order  of 1 - 5 litreddminute 
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can be expected.  Flow  rates are higher  when  the  holes are drilled at right  angles  to  the  main 
cleat.  When  both  the cleats in the coal are equally developed,  holes should be drilled 
intersecting  the two cleats. 

Flow  rates are highly  dependent  upon  permeability.  When  permeability is low,  flow  rates are 
low,  but  drop  in flow rate is very  slow. In high  permeability  coal,  flow rates are  considerably 
higher.  Fig.  10.1  1  shows  drop  in gas pressure for permeabilities 0.5 and 5 mD for different 
hole  spacings. 

Drainage  time,  spacing  between  the  holes,  initial  and frnal gas content  and gas flow  rates are 
dependent  upon a large  number  of  factors.  Mathematical  modelling  techniques are commonly 
used to decide  the  parameters. 

Flow rates are dependent  upon hole spacing  and  geological  features. Increased spacing 
increases  flow rates but  up  to  a  limit.  Fig.  10.12  shows  that  flow  rates  increased  by 1.5 when 
the hole spacing  was  increased  from 12 m  to  18 m. When  holes  intersect shear zones,  flow 
rates  can  suddenly  increase,  double or triple,  depending  upon the permeability of the zones 
(Fig.  10.13). 

When  access  to  the  seam is not  available  from  underground,  in-seam  drainage  holes  may be 
placed  from another neighbouring  seam  (Fig.  10.14).  Placement  of such holes requires 
directional  drilling.  Holes  need to be drilled  from  the  roadway  placed  on  the  dipside  and into a 
coal  from  in  the  roof. This is to  facilitate  water  drainage.  Drilling of holes  to the lower lying 
seams  creates  problems of  water  drainage  and reduces drainage  efficiency. 

10.4.2. Local Drainage Ahead of the Roadway. 

Advance  drainage  becomes  essential when seams are fiist opened  and  development roads are 
the first drivages.  The  number of holes  to  be  drilled  varies  depending  upon local conditions. 
Holes  are  drilled  to  drain  the gas levels  below  critical  values  and are placed  parallel to or at a 
low  angle  to  the  roadway  axis  and  maintained  ahead of the  face.  The  length of the  holes  can 
vary  from  25  to 100 m  and  the  diameter  of  the  holes is usually  limited  to 100 mm (42 - 80 mm). 

There are two important  considerations in the  design  of  the  holes. These are 

(a)  Overlap  of  holes  along  the axis of the  roadway 
(b) Width  into  the rib that  needs to be protected. 
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Fig. 10.1 1. Effect of permeability  and  drainage  time  on  residual  gas  pressure 
of coal (results of mathematical modelling). Initial  gas pressure 400 psi. 

(a) Gas pressure  for  different  hole  spacing,  initial  gas  pressure = 400 psi, KO = 0.5 mD. 
(b) Gas pressure  for  different  hole  spacing, initial gas  pressure = 400 psi, KO = 5.0 mD. 

""" . . . . .  
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Fig.  10.12.  Effect of 
change in hole  spacing 
on  flow  rate  from  boreholes in 
Bulli  seam  LW 1, 
hole  diameter 50 m 
(Lama,  1987). 

- 
3 
4 
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9 
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Fig. 10.13. Gas flow rates 
from holes  and  location 
of  shear  zones 
(Lama,  1987). 

These  two  parameters are determined  by  the  safety  barrier defied as the  distance  between  the 
excavation  and the location  of  the  structure or a  point  ahead or on the side  of the excavation 
which  when  reduced  could  result in an  outburst. The width of the  safety  barrier is determined 
by stress, strength and  pressure  gradient  occurring  ahead of the  excavation. Its value is 
prescribed  and  varies  from  country  to  country.  Some  examples are given  below. 

China 
Poland 
Poland 
Gellllany 
Australia 
Bulgaria 
Canada 
Czech  Republic 

1.5 m  (Zhou,  1986) 
5 m (Knothe,  1993) 
4 m  (Kozlowski et al, 1985) 
5 m (Noack,  1983) 
2.5 m (Lama,  1991b) 
3 m (Nanovska,  1985) 
2.7  (Aston  and Cain, 1985) 
3 m (Anon,  1964d) 
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Fig.  10.14.  Pre-drainage of upper  lying seams from  excavations  placed  below  them. 
(a)  Directional  drilling  to  pre-drain  upper seam from a  lower seam. 
(b) Pre-drainage of top seam from  a  roadway in the  lower seam or 

from a  roadway  driven in rock  below  the seam. 

In practice, the value of safety  barrier  taken  may  be  much  larger. For example, in Poland  the 
overlap is taken as daily  advance +5 m. In Australia, the overlap is taken as 10 m, but the 
barrier  width  into  the  rib  line is taken as 5 m. In Japan,  the  minimum  distance between the  fault 
and  heading  and seam and  crosscut is taken as 10 m  (Anon,  1964a). 

Drill pattern is also  controlled by the  general  direction of geological  structure  and  the d k t i o n  
of drivage of the  roadways.  The  overlap is shorter  when  the  general  trend of the  structure is at 
high angle to the axis of roadways  and  longer  when  at  low  angle. This is  dictated by the 
minimum  width  of  the  barrier. 

Flank holes  drilled  at  low  angle  to  the  roadway also have  the purpose of detecting  any  structure 
that  may be present  and  which  may  be running at  low  angle to the  roadway. 

Examples of some  advance  holes are given in Fig.  10.15. 
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Fig. 10.15. Safe barrier  zone  and  design of advanced  drainage  holes. 
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In seams with  low  permeability  and  liable to outbursts,  holes  may  need to be drilled into the 
roadway  line  and  the  spacing  between  the  holes  may be much  shorter  (sometimes  only 2.5 m). 
These  holes  are  drilled  parallel  and  sub  parallel  to  the  heading  and  length of the  holes is 
determined by  the  sequence  of  mining, rate of  mining,  requirement  of  minimum  allowable gas 
contents  and  drainage  time  available  and  the  capacity  to  keep  straight  parallel  holes. For 
example,  holes  may  be  drilled  in  the  sequence A, while  sequence B is under  extraction  and 
vice-versa  (Fig.  10.16b).  In  mines  where  permeabilities are low, as much as 5 m  of  borehole 
length  may  have  to  be  drilled for every  metre of roadway  length.  In  coal  seams where 
directional  permeability is a serious  problem,  holes  may  be  drilled at close  spacing from a 
previously  driven  heading  (Fig. 10.16~). Fig.  10.17  shows  drainage  of  the  holes from a 
crosscut  before  the  seam is intersected. A  large  number  of  boreholes  may  be  drilled  from  a 
special  inset  made  on the side of  a cut  through  (Fig.  10.17b) 

In mines  highly  liable to outbursts,  the  length  of  the  holes  drilled  per  metre  advance  of the 
heading  may  vary  from  a  few  metres  to  several  metres. In West Cliff Colliery,  development  of 
headings  in 3 area  required  up  to  12  m  of  drilling  for  every 1 metre  advance of  the  heading. In 
some  Japanese  mines,  the  metrage  drilled is as high  as 18 m. 

10.5 PRE-DRAINAGE FROM THE SURFACE 

A number of  new technologies are being  developed  to  pre-drain  the  coal seam(s) in  advance  of 
mining or purely  from  the  point  of  view  of gas from  coal as an  energy  source.  These  include 

(a) Vertical  borehole  stimulation 
(b) Horizontal drilling from  the  surface 
(c)  Other  techniques  of increasing permeability. 

These  techniques are costly  and  in  case of low  permeability  would  require  spacing  of  holes at 
close distances (-200 m).  Some trials have  been  made  in  Australia  and USSR in seams liable 
to  outbursts, but  these  have  not  been  successful so far.  This  technology  is  however  developing 
at a  very fast  rate  and  unit  costs are coming  down  rapidly. 

10.5.1 Vertical Borehole Stimulation Techniques 

Vertical  borehole  stimulation  techniques  can be divided  into two categories: 

(a)  Methods  that  increase  the  permeability  of  the  coal by creating  a  frac  which extends to 
large  distances  (hydrofracing). 

(3) Methods  that  increase  the  effective  diameter of  the  borehole  by  creating  high  density 
cracks  around it and  destressing the area  (open  hole  stimulation). 
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(a) Two heading  development with low development  rate. 

Drainage 1 line 

B 

(b) Six heading  development with high development rate. 

Predriven heading 

1 
Lower permeability 

Higher  permeability 

-  location of 
heading 

(c) Cross holes  under  conditions of directional permeability. 

Fig. 10.16. Advance  drainage of development  headings. 
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Fig.  10.17.  Holes  drilled 
from  an  inset. 

Methane drainage \\\\I 
hole \ 

Plan view 

The  most  successful  system of stimulation so far has  been  hydrofracing. This system  involves 
the  creation of  a  long  vertical  crack  in  the  coal  seam  using  hydrofracing  and  drainage  of  the  gas 
from  a  surface  borehole.  Almost  8,000  wells  have  been  drilled  in  the  Warrior  and  San  Juan 
Basins (USA) to drain  coal  seams  (Steidl,  1978;  Stubb et al, 1979;  Lambert et al, 1980; 
Diamond,  1989).  Only  in  the  Warrior  Basin  this  technology is associated  with  mining.  Consol 
mines  in  West  Virginia  have  also  used this technology  together  with  underground  drainage 
system  to  lower  gas  levels.  Both  single  and  multiple  frac  technology  has  been  applied.  Hole 
spacing  varies  from 10 - 80  acres  depending  upon  permeability  of  the  coal  seam.  Frac  lengths 
up  to 300 m  have  been  produced.  Experiments  are  being  conducted  in  Australia  and  Poland 
and  studies are being  undertaken  in  China,  Poland,  Ukraine,  Russia,  Germany  and UK on 
possible  application of this technology. 

Factors  governing,  modelling  and  influencing  this  technology arc as follows: 

e 

e 

e 

e 

e 

0 

e 

e 

e 

e 
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coal rank; 
Gas content; 
Seam  thickness; 
Pressure; 
Temperature; 
Cleat  spacing; 
Diffusion  coefficient; 
Compressibility; 
Desorption  isotherm; 
Initial  saturations; 
Permeability; 
Desorption  pressure;  and 
Virgin  stress  field. 
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Most of the above parameters  can  be  determined  during  the  exploration stage or through  well 
testing.  With  observations of underground  fracture,  the  models  can  predict  well  behaviour  and 
production  pattern.  The  most  important  factor  that  controls  the  economics is the  permeability, 
gas content  and  overall  thickness of the  coal  beds. 

The technology uses basically two methods 

(i)  Hydraulic  fracture  stimulation 
(ii) Open  hole  cavity  completion. 

10.5.2 Hydraulic fracture stimulation 

Hydraulic fracture stimulation  consists of creating  a  vertical  hydraulic fracture starting from  a 
vertical  hole  and  extending  into  the  coal bed  over  long  distances  (-300  m  on either side). The 
pressurising  medium is water or gel  and  sand or some  other  propants  may be used to keep the 
fractures open. The fracture  forms  a path  of  high conductivity  along  which gas can  flow into 
the borehole.  When  a  number of seams are present, multiple  .fractures may be created 
stimulating 2,3 or 4 seams  or  a  group of seams  from  the  same  borehole  (Fig.  10.18). 

Water as a  fracturing  stimulant  medium is most  common,  through  in  lower  permeability coal 
seams foam stimulation has been successfully tried,  Use of gels has shown moderate 
productivity  improvements,  though  damage  to the coal formation  (sorption  induced  swelling, 
plugging of cleat (Puri et al, 1991)3 is also evident.  High  fracture  conductivities are achieved 
using  12/20  sand  with  concentrations of  up  to 10 lbdgallon (0.32  kg/l)  of  fluid.  High  volume 
water  treatment  (250,000  gallons (1 x 106 litres))  with  low  propants  (<1  ppg)  with  total  sand 
(-70,000 lbs (32,000  kg)) and  pumping  rates of 35 - 40 bpm (7,000 - 8,000 Ymin) are very 
successful in the  Warrior  Basin  (Alabama)  (Lambert et al, 1989).  These  high  water  treatments 
outperform gel  treatments.  (Reeves,  1987;  Lambert et al, 1989). 

The fracture propagation  pressure  depends  upon  the  depth,  pressure loss in the  hole  and the 
fracture, strength of coal and  rock  and  horizontal stress acting  at  the  tip of the propagating 
fracture.  Most of the  pressure is lost in friction, and fracture  propagation  pressure  is  quite  low 
(Reeves et al, 1987; Lambert et al, 1989)  and  usually  about 0.6 PsUft (14 KPdm) of depth 
(Zuber et al, 1988). 

Hydraulic fracture requires that holes are cased and fractures are performed through 
perforations  placed  in  the  target areas (coal seams) along  the  borehole.  When  multiple  fractures 
are performed,  a  bridge  plug is used to isolate  the  lower  perforated  zone  when  stimulating  the 
next  upper  zone. 
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Fig.  10.18.  Hydraulic  fracturing. 

Flow  from  the  borehole  after  fracing  is  completed  has  a  number  of stages. The  first  stage is the 
dewatering  stage  (Fig.  10.19)  followed  by  stable  production  stage  and  then  decline  stage. It is 
essential  that  efficient  water  drainage  occurs  before gas can  be  obtained  from  the  borehole.  The 
time  for  each of the  stages  differs  from  well  to  well  depending  upon  water-gas  permeability 
characteristics of  the coal seam, type of fracture  and  a  number of other  factors. 

Fig.  10.20 give flow rates  from  hydraulically  fractured well in Mary Lee coal seam in the  Black 
Warrior  Basin, USA. Peak and  average  flow  rates  for  different  basins are given  in  Fig.  10.21. 
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Fig. 10.19. A typical production  profile for a  coalbed  methane  well. 
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Fig.  10.20.  Simulated  production 
results for well P2, Rock Creek site 
a. Gas production  rate, 
b. Water  production  rate 
(Paul et al,  1993). 

PROOUCTION TIME 

Highest  peaks  occur  in San Juan basin  where  typical  peaks  of 750 Mcf/d  on  a  320  acre  spacing 
with  typical  gas  content of 10 m3/t.  Some  good  wells  have  peak  production  approaching 1,800 
Mcf/d.  In  Black  Warrior  basin  with 80 acre  average, and gas  content of 12 m3/t and  seam 
thickness  of 5 - 8 m,  peak  production  after  12  months  reaches  200 - 260  Mcf/d. In the 
Appalachian  basin,  the  values are still lower.  In  Australia,  average  peak  production  expected is 
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150 Mcf/d  occurring  in  18  months  (Jones,  1992). Gas flow rates  are dependent  upon 
permeability  and  borehole  spacing  (Figs.  10.22  and  10.23).  The  flow  rates  in  San  Juan  Basin 
are much higher and this is related to higher  permeability of San  Juan  Basin. 
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Fig.  10.21.  Peak  well  productivity - USA data.  Average  wells  and  good  wells 
(Jones,  1992). I800 
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10.5.3 Open hole cavity completion 

Open  hole  cavity  completion is used  in seams of  high  permeability,  high  potential  regimes. The 
technique  involves  drilling and  casing  of  holes  (180  mm  hole  diameter) to just above  the coal 
beds  and  equipping  the  hole  with  compressed air systems so that  the hole can be  pressurised 
and  then  opened  to  the  atmosphere. This cycle is repeated  many  times. This pressurisation 
cycle  (called  "blow  down")  lasts  for  about 15 minutes. The process is repeated  about 50 times 
over 8 - 10 days.  After  each  pressurisation  the  hole is redrilled  to clear the broken  segments 
filling  the hole (Palmer et al,  1992). The process is analogous  to  borehole  instability  with 
attendant  sand  flow  back  in  unconsolidated  sand.  The  principle of  the  phenomenon is shown  in 
Fig.  10.24.  Cavity  dimensions  may  reach 2 - 3 metres  with  fractures  going far beyond  to 
several  metres.  The  permeability  increase is associated  with  the  dilatancy  of the rock  (Palmer et 
al, 1992). In anisotropic  rocks  (cleat  in  coal),  the  shape  of  the  cavity is not  circular. 

Open  hole  cavity  completion  method is not  cheaper,  and  costs are very close to hydraulic 
stimulation. 

Extensive  studies  in  hydraulic  fracturing  techniques  and  economics of the system show that 
permeability of 5 mD or lower  cannot  be  successfully  drained  economically.  Permeabilities  of 
the order of 20  mD  are  the  successful  targets. As a  result,  zones  of  higher  fracturing,  anticlinal 
structures  need to be  established. 

Because  of  the  very  nature of the  drainage  pattern,  the  area  surrounding  the frac is drained to a 
much  higher  degree  than  away  from  the  frac.  This  non-uniformity of gas drainage, in spite of 
the fact  that 50% of gas  may  have  been  drained, is not  acceptable  from  a  mining  point of  view. 
Use of this  technology  for  degassing of coal  seams  requires  not  only  placing  of  holes at regular 
intervals,  but  also  close  enough so that  all  the  area is drained  to  below  given  threshold  levels. 
In the  absence of this, underground  gas  drainage will still  have  to be practised  together  with this 
technology to drain areas away  from  the  fracture  which  have  high gas content. 
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This technology of gas drainage is primarily  limited  to  a  few  areas  and  has  not  been  widely 
accepted  by  the  coal  mining  industry.  The  basic  reason is the  lack of confidence  on the part of 
the coal mining  industry  that  large  scale  hydrofracing  will  not  damage  the  roof  and create 
adverse mining  conditions..  Diamond  and  Oyler ( 1987)  and  Steidl (1991) presented  the 
evidence  which  shows  no  adverse  effect  on  mining.  Admittedly,  these  well  treatments  were in 
the  lower  to  medium  range  (max 50,000 - 188,000  gallons  of  fluid)  but  the  mechanics  of the 
fracture  indicate  that  any  large  scale  effect  on  ground  conditions is unlikely. 

The  cost of stimulation of these  wells is  the major  hindrance in the acceptance of this 
technology  on  a  large  scale. In the US, the  cost of stimulation of a multiple  frac in a 500 m 
deep well is estimated to be US$250,000. In Australia, the cost may be as high as 
US$750,000. 

10 .5 .4  Horizontal drilling from  the surface (Deviated Drilling) 

Horizontal  drilling  from  the  surface  has  been  applied  on  a very limited  scale to the  drainage of 
methane  from  coal  seams. It is a  concept  which  uses  the  best of  in-seam  drilling  with  surface 
drilling.  Developments  in  short  radius  drilling  using  the  technology  developed in petroleum 
engineering  has  opened up new areas in methane  drainage. A schematic of the  system is shown 
in Fig.  10.25  where,  for  example,  a set of holes 100 - 200 m spacing  and 1,OOO m length  can 
be  placed  from  a  single  hole.  Presently  technology  consists of drilling  from  the  surface  and 
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deviating it into  the  coal seam (Fig.  10.25a).  Once  the  seam  level is reached,  the  hole  can be 
continuously drilled.  In  petroleum engineering holes up to 1,000 m length have been 
successfully  drilled. 

The  fiist experimental  deviated  hole  was  drilled  in  Pittsburgh  coal  seam in 1979  and  had  a 
radius of 30 m. The well  path  required  was 305 to  meet  core seam at a  depth  of  417  m.  (Oyler 
et ai,  1979)  and  again  three  long  holes  were  drilled in 1982. In the  second case the holes 
penetrated  and  continued into coal  to  lengths of 439  m,  912  m  and 977 m  from  a  single  well 
path  (Fig.  10.26).  Fig.  10.27  gives  a  plan of  a multiple  horizontal hole drilled  from  the 
surface. Short radius  system is becoming  common  in  the  industry  and  holes  up  to 305 m 
length  have  been  drilled with a  turning distance of 6 - 12  m (Nazzal, 1990). 

This short  radius  drilling  technology  can  reduce costs considerably. This technology  allows 
installation of water  drainage  pump at the  bottom  of  the  hole  and a set of wells  from  a  single 
surface  borehole. 

Type Radius. 
rn itt) 

Horuontai 
length, m (ft) 

Very short 0.6 30 -60 
(2) ( l o o  - 200) 
(20 - 40) (300- 1 . O O O )  

well Shorl 6.1 - 122 91 - 305 
Medium 91 - 213 

(300 - 700) 
457 - 1219 
( 1 . 5 0 0  - 4pOO) 

c 

i "? 
L 
1) 

, .  . . .. . .  

Very sttart radrus 

Fig.  10.25a.  Schematic  section  view of available directional hole  drilling radii 
(modified from Logan, 1988). 

1,000 rn - 
100 rn -200 rn 

Fig.  10.25b.  Schematic  of  deviated drill holes,  for  drainage of long  blocks. 
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Fig. 10.26. Section  view  of  long  radius  directionally drilled well  path to intercept 
the  Pittsburgh Coalbed horizontally  from the surface,  Pennsylvania 

(Oyler  and  Diamond, 1982). 

Economic  analysis  shows  that  compared to hydrofracing,  horizontal  drilling  technology  has  the 
potential  to  reduce costs by 50%. 

10.6 INCREASING  PERMEABILITY OF COAL  SEAMS 

Drainage of gas prior to the  extraction of a  coal seam when the permeability is >5 mD presents 
no  problems.  When  the  permeability  drops  to 2.5 mD, it can still be  handled  by  advance 
drilling  and  hole  spacing  and  increased  time  for  drainage,  which is still tolerable  and is within 
the  domain  of  modem  technology,  and  economically  acceptable.  When  permeability  drops to 
1 mD or low, gas drainage  advance of mining  becomes  very  difficult. In such  situations,  high 
rates of advance  and  high outputs cannot be achieved. 
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Fig. 10.27. Plan  view  of  multiple  horizontal  methane  drainage  holes drilled from 
a  directional  surface  hole,  Pittsburgh  Coalbed,  Pennsylvania 

(Oyler  and  Diamond, 1982). 

The drop  in  permeability  could  be  due  to  several  factors  such as natural  permeability of coal 
(coal type), type of fluids and  gas  present  (moisture  with C02) and the  effect of depth or stress 
as a  result of  geological  and  tectonic  activity. Stress is invariably  the  most  important  factor  that 
influences  permeability  greatly. Stress can  be  relieved by mining of the  neighbouring seams 
above or below the highly impermeable seam, but this is not possible under many 
circumstances  where  the  economics of the  operation is dependent upon mining  a  single seam. 

Several  different  techniques  have  been  adopted to increase  flow  rates from boreholes  under 
conditions of low  permeability. These include  the  following:- 

Chemical  treatment  of  coal seams 
Electro-hydraulic 
Hydro-fracing 
Pumping of water  under  high  pressure 
slitting 
Blasting or torpedoing 
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Other  method of reducing gas emissions is the use of  bacteria  to  digest  the  gas  in-situ  but this 
may be adopted  in  conjunction  with  pumping of water  under  high  pressure. The effectiveness 
of all these  methods  varies  from seam to seam and  mine to mine. 

10.6.1 Chemical Treatment of Coal Seams 

The chemical  treatment of coal  seams is based  upon  the  injection of fluids  which  help  increase 
permeability by dissolving  some of the  mineral  matter  deposited  on  the cleat surfaces of coal. 
Studies in USSR have  shown that some of the  highly  impervious coal seams in  Karaganda 
basin contain on the average of 1 - 4% and in some cases up to 16.5% of carbonaceous 
inclusions, the major  portion of  which is kolinite (40 - 45%), siderite (40 - 50%) and calcite 
(5 - 10%)  (Sadchikov et al, 1972). Studies on  the  Bulli seam show that calcite is the  main 
constituent  covering  the  surface of cleat and  this is absent  in  areas  where C02 is present in the 
coal seams (Gould  and  Smith,  1980) . 

Studies  have  shown  that  injection of hydrochloric  acid  (-2%) in coal, causes reaction  with  the 
ash portion of the fusinite and vitrinite forming distinct channels which increase the 
permeability (Airuni, 198 1) 

Hydrochloric acid also penetrates the sorption volume as a result of dissolution of the 
microscopic  inclusions. In the  degassing  phase,  there is an increase in the  activation energy 
decreasing  the  rate of diffusion  transfer  and  in  the  final  analysis  increasing  the  duration of the 
active  period  of  degassing  and,  consequently,  the  specific  quantity  of  methane  removed. 

To increase  the  diffusion and  permeation  characteristics of a  coal,  HCl  solution is injected  in 
volumes sufficient to moisten the areas of the seam, alternating with portions of water. 
Periodic  changing of the fluids (hydrochloric  acid - water)  allows  the gas layer formed  upon 
reaction of  the  carbonates  with  the  acid to be removed,  restoring  the chemical activity of the 
carbonates and  HCl after  washing with water (Airuni, 1981).  Addition of surface-active  agents 
to  the  hydrochloric  acid  solution  slows  the speed of  reaction  of the acid  with  the  mineral  portion 
of  the  coal  in  the  zone  around  the  borehole. This helps  the  acid to penetrate to a  greater  distance 
from  the  injection  borehole,  thus  increasing  the  radius  of  treatment of the coal mass  by  the 
borehole. Further, the addition of surfactants to the  acid solution can increase capillary 
pressure,  which  accelerates  saturation of the  small  pores of coal. 

Hole length varies depending upon requirements and hole spacing depends upon the 
permeability  and  number of repetitions  possible.  Over  a 4 - 5 hour cycle, hole spacing of 
10 - 20 m with 20 - 50 m3 of solution at 0.1 - 1.5  MPa pressure is pumped. Studies in 
Churubay-Nurinskaya  Colliery  (Karaganda  basin)  have  shown that gas emissions could be 
tripled  over 100 days  (Fig.  10.28). In another  mine,  flow  rates  increased  over  an 8 day  period 
from 30 - 120 mVday before  treatment, to 170 - 350 m3/day after  treatment  (Sadchikov et al, 
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Fig.  10.28.  Dynamics  of  total  specific 
gas  liberation  in  seam K13 (Shestifutovi) 
into  boreholes  treated with hydrochloric  acid 
solution as a  function of degassing  time. 
(Karaganda  basin, 
"Chumbay-Nurinskaya"  mine) 
1. From  treated  borehole, 
2. Untreated  borehole 

months 

1972  in  Airuni,  1981)  showing an increase  in  gas  flow  by 3 - 8  times. In Shestifutovyy  seam, 
flow into boreholes in hydrochloric  treatment area increased from 25 - 50 mVday to 
80 - 200  mVday,  while  the  mean  flow  rate of methane  from  the  borehole  increased  by  a  factor 
of 2 - 3. The effectiveness of preliminary  degassing  was  increased  by  a factor of 3 - 4 in 
comparison  to  the  untreated  zone  and  reached 6076, while  the  removal  of  methane  was  up  to 
4 m3/t  of coal reserves. 

Hydrochloric  acid  treatment of coal  seams  acts  basically by increasing  macroporosity. It can 
increase the gas  permeability of impermeable  seams by  a factor of 4 - 9,  gas  liberation by  a 
factor of  2 - 3 and the radius of influence of degassing  seam  borehole by  a factor of 2 
(Table 10.4). 

Laboratory  studies  on  coal  samples'  conducted by CSIRO, Division  of  Petroleum,  have  shown 
that permeability of coal samples after treatment with acids increase by  two orders of 
magnitude. The dissolution  of  the  minerals in the  cleat  system is clearly  visible.  Gould  and 
Smith  (1980)  showed  that  pumping of aqueous carbonic  acid  into  coal  samples  dissolved  calcite 
by  converting  carbonates  into  bicarbonates.  Laboratory  studies in USSR have  shown  increase 
in  permeability of samples  from  8 - 126 mD to 91 - 276 mD after  treatment  with HC1 (Lidin et 
al, 1987). 

1 0.6.2 Electro-hydraulic Method 

Electro-hydraulic  technique  depends  upon  the  conversion of electrical  energy  into  mechanical 
energy in the presence of a  fluid - as a  result of the  shock impulse of high energy. In a 
borehole  filled  with  water  and  subjected to an electrical  discharge  high  pressure  develops. 
Electrodes are introduced  into  the  borehole  and  charge is applied at 5 - 8 kV using  condensers 
of (5 - 10 pF) capacity.  Development of an impulse  in  the  hole  filled  with  water  with the 
electrical  discharge  generates  a  dense  low-medium gas pressure  pulse. This causes shock 
waves in the medium  resulting in the  development  of  new  cracks  and  extension  of  existing 
cracks. 
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Table10.4.  Effectiveness  of  treatment  with  hydrochloric  acid  of coal seams 
(Airuni,  198  1) 

I 

Index 
Coal seam in situ 

Under  natural  conditions I In area  treated by I In area  treated  by 
I I hydrochloric  acid  soiution I underground  hydrobursting 

Production  section  (Karaganda  basin) 
(H=350 - 500 m;  2h = 2.1 - 2.6 m; a = 8 - 14;  Vol. = 26 - 29%; 

W = 2.8 - 3.5%;  A = 18 - 22%;  borehole  service life, 150 - 200  days) 
Natural  methane  pressure,  MPa 

4.0 - 6.0  1.5 - 2.5 0.5 - 0.9 Gas permeability of mass,  10-3  mD 
2.8 - 3.0 2.8 - 3.0 2.8 - 3.0 

Radius of zone of degassing  influence of 8 -  10 5 - 6   2 - 4  
borehole, m 
Specific  gas  flow  into  boreholes, m3/m 110 - 160 

6 -  10 3 - 5  1 - 2  Decrease  in  gas  content of coal  for  spacing 
400 - 700 300 - 500 

between  boreholes = 15 m,  m3/t 
Churubay-Nurinskiy  section  (Karaganda  basin) 

(H=250 - 350 m;  2h = 3.5 - 3.9  m; a = 25 - 40’;  Vol. = 19 - 20%; 
W = 4.0 - 5.5%; A = 30 - 34%;  borehole  service  life,  150 - 200  days) 

Natural  methane  pressure,  MPa 

7 - 9   4 - 6  2 - 3  Radius of zone of degassing  influence of 
3.8 - 5.1 1.6 - 2.1 0.3 - 0.6 Gas  permeability of mass, mD 
1.9 - 2.3 1.9 - 2.3 1.9 - 2.3 

borehole,  m 
Specific  gas  flow  into  boreholes, m3/m 100 - 110 250 - 350 400 - 550 
Decrease  in  gas  content  of  coal for  spacing 5 - 8  3 - 4  -1 
between  boreholes = 15 m, m3/t 

Note:  H =Depth a =Seam dip W = Moisture 
2h = Seam  thickness  Vol = Volatiles A=Ash 



Laboratory  and field tests of electro-hydraulic effect show  the  possibility of increasing gas 
emission  and  increasing  the  effectiveness  of  early  drainage. 

Numerous studies using this technique  have  been done in metal  mines  for the purpose of 
blasting and for the  breakage of coal  and  other  rocks  in  the  USA  and  Poland.  Author  has  not 
come  across any  work  using this technique  for  increasing gas flow  rates  in  boreholes. 

10.6.3 Underground  Hydrofracing 

Generation of miniature  frac in the  coal  seam  has  been  tried in USSR to  increase  flow  rates 
using  water as a  fracing  medium.  Tests  have  been  conducted  in  seams of permeability  -1  mD 
and  in  anthracite  mines.  The  length of  the boreholes  varies  from  100 - 200 m. Single  borehole 
fracing or  multiple  holes  (2  or  3)  have also been  used. The spacing  of these holes  varies 
between 60 - 100 m. 

Injection  pressures  depend  upon  permeability  and  depth.  At  depths of 300 - 600  m  injection 
pressures  used  are 11 - 12  MPa  and  at 1,OOO - 1,100 m 20 MPa. Injection  rates  vary  from 
30 - 40 m 3 h  and  total  injection  volume  from 25 - 160 m3/hole. This limits the  radius of the 
frac to 30 - 50 m  (Lidin et al, 1987).  Fracing is carried  out  from  an  excavation  placed in the 
floor of the  seam  or  from  within  the  seam.  Various  possibilities  are  shown in Fig.  10.29. 
Hydrofracing  has  been tried in Donetsk  and  Karaganda  coal  basins.  Results  of  some  studies  in 
Karaganda  basin are given  in  Table'  10.5. In Shestifutovyi (K13) seam in Churubay-Nurinskiy 
section, boreholes were fraced and the  flow rates are compared  with unfraced boreholes 
(Fig.10.30).  Flow rates increased significantly (by  a factor of 6 - 8)  from  fraced  holes. 
Fig.10.31  shows  the effect of fracing on  the flow  rate  and  effective  permeability of  the  coal 
seam  with  very, very low  permeability.  Flow  rates  prior to fracing  were 0.6  m3/day  and  gas 
reduction  levels  achieved  were 1.5 - 2 m3/t. 13 boreholes  were  fraced  from  a  lower  lying seam 
with  hole  spacing of 80 - 100 m with 110 - 120 m3  of fluid injectionhole  at 11 - 13 MPa 
pressure at an  injection  rate of  36 - 44 m3/hour.  Degassing  boreholes  were  drilled at 13 - 15 m 
intervals after fracing.  Flow  rates  increased  to 350 - 400 m3/day  and specific gas emission  per 
hole  increased  to 3.2  m3/day.  Over 8 - 15  months,  total  gas  collected  from  one  borehole  in K12 

seam  varied  from  46 - 227  x 103 m3  and  from K13 seam from  20 - 190  x 103 m3. 

A new hydro-pulse system has been  developed in Skochinski Institute and  tested  under 
laboratory  conditions in a  model  7.0  m  long  and  0.036 m in  diameter.  The  system uses violent 
combustion of  solid fuel and is capable of generating  pressures up  to 20  MPa  and  duration of 
pressure  pulse  from 6 - 11 s. The  pressure  rise  time is 0.4 - 0.85 s (Noskov, 1990). 
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Fig. 10.29b. Scheme of pre-drainage of thick seams of  low permeability  by using underground  hydraulic  fracturing. 
(c) Holes drilled  from  an excavation in  the  roof; (d) Holes drilled  from  the seam itself. 

(Lidin et al, 1987) 
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Table 10.5. Effectiveness of hydrofracing  in  underground coal mines 
in Karaganda basin,  Kazakhstan  (Ayruni, 1981) 

I Coal seam I Parameters of seam boreholes 1 Hydrobursting process I Quantity of methane I 1 

below 
surface 
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Fig. 10.30. Change  in  rate  and  specific  gas 
liberation in borehole in a  gently  dipping  seam 
before  and  after  treatment as a  function of distance 
from  experimental  face  (Karaganda  basin, 
Shestifutovyi  seam,  depth 550): 
1 & 2.  Untreated seam degassing  boreholes; 
3. In  borehole  treated  by  hydrobursting 
(Lidin et al, 1987) 

Fig.  10.3 1. Gas liberation  intensity 
in  gently  dipping  coal seam 
K13 Shestifutovyi  and K12 Verkhnyaya 
Marianna,  relieved of  rock  pressure 
by hydrobursting  in  boreholes 
as a  function of degassing  time 
(Karaganda  basin)  (Airuni, 1981) 

1 0.6.4 Pumping of H z 0  at High  Pressure 

In seams liable  to  outbursts of coal  and  gas in Karaganda  (seams K12 and Klo) holes of 
4 - 7 m  are  drilled and  water is pumped  at 10 - 35 MPa at a  rate of 15 - 30 l/min. A total of 
about  2 - 3 m3  of water is pumped in a  zone of 0.5 - 1.0 m3. Hole diameters used are 
42 - 50 mm. Holes are drilled to a  depth of 2 - 3 m with a  sealed  zone of 1.7 - 1.8  m. Distance 
between  holes is usually 4 - 8 m.  Minimum  thickness of face  extracted is 0.7 - 0.8 m. Increase 
in the  intensity of emission of gas from  the seam by  high  pressure  pumping  of  water is noticed. 
This method  allows uniform distribution of gas from the seam during  mining  and  increased  rate 
of convergence  surrounding  the seam when  compared  with standard method. 

Maximum  convergence of  roof  and floor  occurs  during  pumping  of  water  and  after  that,  in this 
region,  there is slow and uniform deformation  compared to non  treated areas. This  method has 
been used in some  Chinese  mines (Qi and  Zhang,  1989).  Fig.  10.32  shows the effect of  high 
pressure  water  injection  into the coal seam and  rate  of  gas  emission.  Hole  diameter  was 45 mm 
and  hole  length  2 - 3 m. Pumping  pressure  used  was  7.85 - 11.77  MPa  with  infusion time of 
4.7 minutes  and  infusion  quantity of 0.21  m%ole. These  studies  were  done on an  operating 
longwall.  Water  infusion  changes the mechanical  properties of coal,  reduces the potential 
energy,  reduces gas emission  rate  and  hence  decreases  the  chance  of an outburst. 
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10.6.5 Slitting 

In seams  liable to  outbursts  and  in  development  headings,  slitting  can be done to safeguard  and 
increase  drainage. Slitting is done  artificially at the face mechanically or by blasting or using 
high  pressure  water  jets.  Slitting to small  depth  (-3  m) is used  for  control of outbursts of coal 
and  gas.  Slitting  to large depth (100 - 120 m) allows  control of outbursts  and  degasification of 
development  roadway in seams  of  low  permeability. 

Destressed slits are possible  in  different  types  and  configurations.  One of the earliest methods 
is undercutting of coal which is done by drilling ahead, two holes of 100 - 120 mm diameter to 
a  depth of  12 - 15 m. Steel  rods  with cutter chains are inserted into these holes which  can 
extend  these to 3 - 5 m. To control or eliminate  outbursts  in coal and sandstone in Donetsk 
basin, this slitting technique-has been  used successfully. In low dip coal seams, slitting to a 
depth of  1.8 - 2.3 m, with  slit  width of 80 mm, is done  on  both  sides of the  roadway  along its 
full thickness and at right  angle  to the seam  beds.  Maximum distance between slits is 
3 - 3.5  m.  Mid face slitting  is  done for roadways  greater  than 3.5 m  wide. 

For  steeply  dipping  seams,  these slits are introduced at floor or  roof  level. The minimum depth 
of slits in unsafe  seams is 1.0 m and in  highly  unsafe seams 0.5. 

In Donetsk  basin  in  mines liable to  outbursts,  the  destressing slits are done with  a  machine or 
with explosives in roof  rocks parallel to the bedding plane (at 0.3 - 0.5 m in the roof) 
(Fig.  10.33a)  and  increasing  the  width of the slit by 0.6 - 0.7 m  beyond  the  roadway  width 
(Fig.10.33b). 

Optimum depth of the  slit is 1.8  m,  but  not less than 0.5 - 0.7 m  and at height  not  exceeding 
900 mm above  the  seam. Use of these  slits  allows  partial  destressing  and  degassing.  Safety of 
the  face is based  upon  dynamic  of  emission  of gas in  the  slit  placed in the  centre of the  heading 
to a  depth of about  2.0 m. Experience in the use of these slits in Donetsk  basin, shows the 
reliability  and  effectiveness of the  system. 
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Fig. 10.33a Scheme  of region liable 
to  outburst  ahead  of  the  face 
1. Before  and 2. After the slitting 

A - A  - 

I~ y---y -,”””” _””” ”1”””- --” ”-1- + & ”;””------- ~= J2 
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Fig. 10.33b.  Scheme  of safe drivage  of  roadways in outburst  prone seams 
a = with d c ,  b = with  blasting with a slidcut 
1. First  removal  of  rock, 2. Rock  left in place 

3. Max. depth  of  extraction of face. 

538 



Slits may also be produced by  high  pressure  water  cutting.  High pressure water cutting in 
degassing  holes  along  the  coal  bands, is done by  washing out coal starting from the  back  of  the 
hole. This destresses  the  face.  Holes  >75 mm are used.  Two types of hydromonitors are 
used,  these are of impulse type and  continuous type with  or  without  a  cutter. This water jet can 
be effective up to holes of 100 m  length.  Minimum  depth of cut is at least 10 m  to avoid 
damage to the  face.  Increasing  the  thickness of jet increases  the  depth. In seams  with coal 
strength, f = 1.3, (Protodyakonov scale) water pressure of 10 - 30 MPa  and quantity 
120 - 150 Vmin is used. Slits  can be created  with 100 - 120 mm thickness at the  mouth. The 
thickness  drops  to zero at 750 - 1,OOO mm from  the  nozzle. 

Slits can  also  be  produced  along  the  length of a  borehole.  From  a single hole,  within  the coal 
seam  bed, a couple of hundred  square  meters of slit can be made. The gas emission  from the 
hole increases greatly. On the  average,  from  a 100 m of slitted hole, gas emission  reaches 
0.12  m3/min  which is 3 times  prior to slitting (0.04 m3/min) (not accounting for gas emitted 
during  the  formation of the  slit). 

Fig.  10.34  shows  the  schematic of formation of destressing  zone  by  slitting.  Fig.  10.35  shows 
the  shape of the slit ahead  of  the  face  and  Fig.  10.36  shows  the  changes  in  volume  and  porosity 
as a  result of slitting  ahead of the  development  heading. 

Hydraulic flushing is another  variation of slitting.  Hydraulic flushing ahead of the seam 
depends  upon  pumping  water at high  pressure at the  face. This allows  artificial  deformation of 
the  face  and  destressing of the face and  control of  outbursts. It also  creates  a  slit  through  which 
a large  amount of coal is extracted. 

Hydraulic  flushing at high  pressure causes redistribution of stresses in  rock  and lowers the 
strength  in  the  region  that  has  been cut. This change in stress occurs with  transfer of stress into 
deeper regions  to  a  distance  equal to the  depth of  the  cut. The stress decreases  and it also 
increases  the gas emission  at  the  face. 

Complex  parameters  defining  the  susceptibility of coal seams used  in  some USSR mines is 
defined by the initial desorption  rate Ap, strength (0 and moisture % and gas (Pr) and is 
calculated  by  the  relationship: 

R = Ap - 4950f3 / P,& (10.2) 

The values of this  parameter (R) in  the  region  with  slitting are given in Table 10.6. If before 
slitting R >lo, (i.e. seam is dangerous  and liable to burst),  then after slitting, R 4 0 ,  which 
permits mining. 



Fig. 10.34. Schematic of formation of zones  during  hydraulic  cutting of a slit 
M - Seam  thickness,  m - width of slit, MI- Undercut  height,  m 

M I -  Overcut  height,  m. 
1. Bending  region, 2. Fracture region, 3. Slit, 4. Floor  region 

4. Roadway section, 6 - seam. 

Y l  

Fig. 10.35. Shape of  the slit ahead  of the face. 

Fig. 10.36. Change in the volume (a) and  porosity (6) ahead of the face with a Sfit 
1 and 1' - Undercut part, 2 and 2' - Overcut part. 
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Table 10.6. Parameters  defrning  the  effectiveness  of  drainage 
and  degree  of  outburst  potential  in  headings 

Gas pressure 

0.87 14 1.3 roadway  in  seam 
65 12 0.68 28 2.1 2nd  transport 

0.86 14 1.2 inseam K3 
40 18 0.72 3 -L 2 9  3rd transport road 

% R f MPa 

Degassing  Protodyakonov Initial 
Excavation Effect Parameter  strength  index, desorption in seam, 

- 
-56 

- - - 
-6 1 

KlO 

Note: Numerator  gives  values within the  hydraulic  cut  slit 
Denominator  give  values  outside  the  slit  region. 

10.6.6 Blasting 

Blasting or torpedoing is the  most  common  method  used  in  underground  coal  mines  to  increase 
flow rates and  mine  safety.  Most  experiments  using this technique  have  been  conducted in 
seams of  low  permeability  and  liable  to  outbursts  in  Karaganda  and  Donetsk  basins  of  Russia 
and  Ukraine.  Torpedoing is a  common  practice  in seams liable  to  outbursts.  The  concept 
behind  this is to  destress  the  area so that stress is transferred  deeper  ahead of the  face  or  away 
from  the  coal seam. 

In Karaganda  a 12 kg  of  charge  spread  over 2-112  m is a  common  practice in some  seams. 
Two  to three such  charges  (24 - 36 kg)  spread  over  longer distances in a  hole are also fired. In 
a  15-hole  blast  design,  each  hole  was 150 - 200 m long.  Methane  flows  increased  by 30 - 40% 
over the 4  month  period. 

In a  7  m  thick  low  dipping  Marianna  seam,  ammonium  nitrate  #8  explosive  was  used for 
blasting. In one  case  27-1/2 kg of  explosive  was fmd which  resulted in an increased  gas  flow 
of 30%. In the  first  few  days  flow rates doubled  compared to unblasted  holes. Optimum hole 
length  considered in Karaganda  basin  is  100  m  and  2  charges  of  25  kg each are suitably  placed 
to  increase  permeability. On the  average 130 kg of explosive  per 1,OOO tonnes of coal  mined is 
used. 

In Donetsk  basin,  Kommunistkaya  Colliery,  Natalia  seam (1.3  m thick) 7 up  dip  holes  were 
fired. The length of holes  varied  between 45 - 50 m  and  each  hole  was  loaded  with 30 - 70 kg 
of 6 2 8  dynamite  explosive. Gas flows  increased  dramatically over the next  2 - 3 days 
(Fig. 10.37), but  dropped  back to the  initial  levels  after  that. It was  claimed  that  though  total 
increase in gas emission  was  not signScant, the  method  produced  safer  mining  conditions  in 
seams liable  to  outbursts of gas  and  coal. 



Fig. 10.37. Change of  CH4 
emission  from  the  hole, mVday, 
I - Before  blast, II - After blast. 

m3/cyt = m3/day 
cyt = days 

Pudovkin (1990) describes  the use of  ammonium nitrate  blasting  powder  (Ammonite  PZhV-20) 
in 120 mm diameter  holes  which  were  loaded  with  3.36  kg/m.  The  length  of  the  boreholes  was 
10 m. Blast  holes  were  located  in  the  zone of increased stresses. Holes  were  stemmed  with 
water.  After  the  blast,  flow  rates  increased  from  0.14 m3/min to 0.218  m3/min. 

10.6.7 Blasting and Borehole Stimulation 

In virtually all underground  studies, no attention  has  been  paid  to  direct  the  blast so that it is 
more effective  in  creating flow rates.  One  of  the  main  reasons  why  flow  rates  have  not  been 
high is the  failure of the  system  which,  during  uncontrolled  blasting,  cause  local  cracking  only. 

Studies  on  blasting in rock  and  coal in open cut mines  have  shown  that  fractures  can  be  caused 
only when  a free face is available. In the  absence of a free face,  local  failure  occurs,  and  impact 
of zone of fairly  high  stresses is produced  which is not  beneficial  to  drainage. 

Studies  on  enhancement of permeability  from  explosive  generated stress waves  and  expanding 
gases in the absence of a free face  is  very  limited.  Most of the  work  done in this area is in 
nuclear  explosives or in  early  attempts of coal  gasification,  in-situ  leaching  and  retorting  of oil 
shales. 

Borg  (1973)  has  compiled  and  analysed  the  data  from  explosions  including  nuclear  explosions. 
In his study  fractures  were  judged  on  the  basis of  in-situ  permeability  measurements,  macro- 
fracturing in cores and re-entry  tunnels,  microfracturing in cores and  collapsed  chimney 
heights. He concluded  that  horizontal  fracturing  would  extend  to 3.8 cavity radii (&) and 
pervasive  fracturing to 2  times &. This data is for spherical  charges. For a cylindrical  cavity 
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this would  translate  to 2.8 times  this  value,  i.e.  7.8 & for horizontal  fracturing  and 5.6 & for 
pervasive  fracturing. This is calculated on the  assumption  that  total failure shear strain (Cf) is 
the sum of the  pure  shear  distortion  (e,)  and  tensile  strain (ea, (ef = e, + eJ, and  that e, I 10%. 

Kutter and  Fairhurst  (1971) are of the  opinion that in cylindrical charges in underground 
blasting,  radial  fractures  will  extend  to  9 &. 

Butkovich  (1976)  gives  results of explosive  charges  and  their  effect  on  changes in permeability 
and  other  changes in Kemmerer  coal  experiment.  Changes in permeability  extend  up to radius 
of 10 & and permeability  increases by 4  orders of magnitude  (Fig.  10.38). 

Harris (1992)  describes  the  results of an experiment in Julia Creek  Oil Shale Project (CSR) 
when  a  number of blast  holes  were  fired.  The  requirements of the  test  were  that  no surface 
cracking  should  occur. The predicted  depth was 17.2  m for 200 mm diameter holes and 
13.3 m for  152 mm diameter  holes  with AN - fuel oil  mixture.  Explosive  charges  varied  from 
58 kg to 192  kg  in  the oil shale bed.  Over all powder  factor was 1.37  kg/m3  of oil shale. Tests 
showed  that  fractures  could be contained within the oil shale  by  appropriate  location of charge. 

10' 

Fig.  10.38.  Measured  permeability for the  Kemmerer-core-outcrop  experiment 
showing  k 00 R-4 (Butkovich,  1976). 
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Results of tests showed  that  the  oil  shale  was  significantly  fractured  and  damage  outside  the 
blast  holes  extended 3 - 4 m. 

Cylindrical  high  explosive  charges  were  fired  in  a 26 m thick  coal  seam  (Kemmerer  Coal, Wy., 
USA) with  the  purpose of creating  fracture  to  increase  permeability  from  the  point of  view  of 
coal gasification  (Hearst et al,  1976). 59.4 kg  was  placed  at  the  centre of the  seam in a hole 
with  a  depth of  26 m  and  was fired. 

The Kemmerer coal seam is highly  cleated.  Fracture  studies  showed  that there was significant 
fractures up  to about 1.8  m  and clear changes  in sonic velocity up to 1.7  m. Significant 
permeability  increase was noted  up to 1.2  m. Permeability  dropped  off  rapidly  at fl - 1-6 though 
resistivity  changes up to 6 m  were  observed. 

Results of field testing  and  modelling  showed  that  microscopic fractures were induced  to  a 
distance of 6 times  the  cavity  radius  only. 

A number  of  theoretical  models  have  been  developed to predict  fracturing (Harris, 1992;  Kutter 
and Fairhurst, 1971; McKee et al, 1977, Butkovich, 1979; Schatz et al, 1989). The 
relationship describing the permeability enhancement caused by explosive detonation in 
boreholes  has  been  derived as follows  (McKee et al,  1977): 

"3f-3 
(10.3) 

for the case in which  the stress decays  asymptotically as a  power  law; kc and n, represent 
permeability  and  fracture  density  at  the  edge of the  pulverised  region  near  the  cavity  wall; f is a 
geometric  attenuation  factor;  m is the  dissipation  due  to real material  effects; is the  original 
permeability, n, the initial fracture  density,  and rd the scaled radius. This relationship  has  been 
compared  with  available  measurements  from  the  American  "Hardhat"  nuclear shot,  the  French 
nuclear events in  Hoggar granite, and  a chemical explosive shot in coal near Kemmerer, 
Wyoming. Significant  correlation  between  theory  and  experimental  measurements is observed. 
A comparison  between  single and multiple  detonations  shows  that  permeability  enhancement 
falls of steeply  near  the  shot;  however,  enhancement  can  be  considerable  midway  between  two 
shots spaced 10 cavity radii apart. The degree to which enhancement can be significant 
depends on material properties and  initial fracture density.  Porosity distribution from the 
explosive is the  dominant  parameter  in  permeability  enhancement. 

More interesting developments  have  been in the area of presplitting  and directed charges. 
Model studies by Fourney et al (1981)  were conducted in plexi glass in  notched  holes. 
Notched  holes  have  the  advantage  that  these  limit  the  number of cracks that are generated  and 

544 



direct  the  gases  generated  from  the  detonation  in  extending  the  crack  in  a  particular  desired 
direction. Fourney et a1 investigated  both  water filled and  air filled holes.  Investigations 
showed  that  notching of holes  could  drive  a  crack  up to 11 times  the  hole  radius  and  that  water 
filled  holes  required  much less energy  and  propagated  the  crack  much  further.  They  found  that 
an  explosive  charge  placed  at  the  bottom of  the  hole  on  detonation  produces  a  shock  wave  that 
travels  upwards, hits the  stemming  and is reflected  back  with  the  same  sign as the  incoming 
wave. This results in increase in  the  pressure  magnitude  and duration as a result of 
reinforcement  which is very  effective  in  initiating  and  propagating  cracks. 

Based  upon  their  results, the following  conclusions are drawn  for  borehole  stimulation: 

(i) Use  of  notched  boreholes 
(ii) Drilling  a  'rathole'  passed  the  zone  to  be  stimulated 
(iii) Use of packer or stemming  at  the  top  of  the  zone  to  be  stimulated 
(iv) Use of water  in filling this hole  before  blasting. 

Studies  in  Finland  have  shown  that  explosive  can  be  arranged  in  holes so that  cracks  can  be 
directed  in  a  particular  direction  (Figs.  10.39  and 10.40) (Heikkila,  1992). 

In petroleum  production,  borehole  stimulation  using  hydraulic  fracturing is a common  practice. 
In this technology,  water  (or  other  fluids  such as gel or foam)  with  a  propant is pumped  under 
pressure in  a  borehole  in  the  zone to be stimulated  which  has  been  sealed  using  packers  on 
either side.  Fractures  initiate at a  point  where  the stress condition is such  that  the  rock  will 
split. In an isotropic  homogeneous  medium,  fractures  propagate at right  angle to the  maximum 
stress. (This technique is also  used  to  measure  stresses).  Hydraulic fractures up to 300 m  on 
either  side of  boreholes  have  been  created in vertical  boreholes.  The  fractures are propped  with 
a  propant  (sand) so that  when  the  hydraulic  pressure  drops at the  end  of  the frac  completion,  the 
fractures  do  not  close  completely.  Sand  remaining  in  the  fractures  creates  a  high  conductivity 
path for the gas  to flow through  into  the  boreholes. 

This technology  requires  large  equipment  and  has  not  been  tried  underground  on  a  commercial 
scale, CSIRO, Division of Petroleum  has a research  project  funded  by ACARP (Australian 
Coal  Association  Research Projects) Ltd. to investigate  this  technology  using  multiple  mini 
fracs  in  underground  mines. 

Cracks  can  be  extended  from  a  borehole  over  long  distances. The requirement of an efficient 
fracture  propagation  system is that  pressure  in the borehole  with  a  slit  should  be  generated  and 
maintained  over  longer  period.  Hydraulic  stimulation  meets this requirement  very  effectively. 
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Fig. 10.39. Crack network in test blast no. 2. Detonating  cord 40 g PETXlrn 
and the hole filled with water  (Heikkila et d, 1992). 

Fig 10.40. Crack  network  in test blast no. I I .  K-17 pipecharge, 
detonating cord 10 g PETWrn iHeikkila  et al. 1992). 
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Explosives generate  a  pulse of  high  energy  and  pressure  that  lasts for a  very  small  time. This 
results in build  up  of  very  high  dynamic  stresses  which  are  not  conducive  to  directional  crack 
propagation. Studies  show  that  fast  pressure  development results in  borehole  damage  and 
expansion  rather  than  fractures. 

To overcome this problem,  shaped  charges  have  been  developed (Schatz, 1990). These 
charges  allow  slow  development of  pressure.  However,  the  cost  of these is prohibitive. 

The effect of initial  fractures and cleat  system on fracture  propagation  needs to be  considered. 
Studies have shown that in coal fractures will  propagate in the direction of cleat under 
conditions when  the  difference At in the  tensile  strength  right  angle to cleat  and  at  right  angle to 
the  maximum stress exceeds  a  certain  value  determined by the  tectonic stress, Poisson  ratio of 
coal and  vertical  stress.  The  smaller  the  difference in tensile  strengths,  the  higher  the  value of 
the  tectonic stresses required  for  the  fracture to  deviate.  Also  higher  the  angle  between  cleat  and 
maximum stress, more  difficult  for  the  fracture  to  deviate  (Warren  and  Hayatdavoudi,  1976). 
Studies  conducted  on  the  effect of  blast in a medium  containing  fractures  showed  the  following 
(Bedell, 1990): 

Pre-existing  discontinuities  affect  the  location and  number  of fractures produced by the 
dominant  blast  induced  fracture  mechanisms  and introduce additional  mechanisms. 

Fractures inferred to  be joint initiated fractures are limited to regions where shear 
movement  along  a joint interface is possible.  Jointed  regions  with  a  high  degree of 
confinement  parallel  to  the  direction of the  discontinuity  do  not exhibit this mechanism  of 
fracture  initiation. 

Pre-existing joints with  smooth surfaces provide a barrier to fracture propagation 
regardless of orientation. 

Propagating  fractures  can  be  transmitted  across an open  pre-existing rough joint. 

Smooth joint surfaces reflect  a  greater  proportion of the  outgoing strain wave  than do 
rough joints. 

Comminution  within  the  region  containing  the  borehole is greater when  pre-existing 
discontinuities are oriented  perpendicular  to  the  free  face  and  smaller  in  those  regions  not 
containing  the  borehole  compared  with an unflawed  specimen. 
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1 0.7 WATER  INJECTION 

This is one of the  common  methods  used  in  Bulgaria,  China,  France, CIS countries  and in 
Canada. The principle of the  method is to  increase the moisture  content  of  the coal seams 
which  does  not  allow  rapid  desorption  and  at  the  same  time  forces  the  methane  gas  out  from  the 
coal. The water  pressure  (Pw)  required  depends  upon  the gas pressure  and  depth,  such  that 

037 OH <Pw <(12-15)P (10.4) 

where oH = vertical stress, MPa 
P = gas  pressure,  MPa. 

Pumping of water is successful in the  longwall  blocks as well as in  the seams that are to  be 
exposed  for  the first time. 

During  the  pumping  process, three phases are observed. In the  first  phase,  there is a  decrease 
in flow  rate  with  time. In the second  phase,  the  flow  rate  remains  constant  and  in  the  third 
phase the flow  rate  increases. In the first and  second  phases,  pumping  pressure  remains 
constant  and  in  the  third  phase,  it  drops.  Successful  water  injection  must  reach  the  third  phase 
which is an  indication  that f r acms  have  been  developed in the  coal seam. 

Under  low  permeability  conditions,  pumping  pressures  up  to 15 MPa have  been  used (Gil and 
Swidzinski,  1988)  with  slow  pumping rates over 20 - 25 days  with  hole  spacing  of 2 m. 

Surface  active  compounds  have been  developed  which  when  added  into  water  during  injection 
result  in  higher  penetration  and  changes in the  molecular  structure of coal (Airuni, 1992, 
Personal  communication). These changes  occur in the  aliphatic  part  of the coal structure. 
These  reagents  have  aromatic  complexes  linked with the  hydrogen  bond  by  carboxyl  and  amine 
groups. The electrolytic  properties of these  compounds  result  in deeper penetration  and 
decrease the methane-coal  bond  energy.  Treatment of coal seam is done at pressures of 
5 - 6 MPa over 1 - 2 day  periods.  These  compounds  can  penetrate 50 - 60 m  from  the  infusion 
hole  and  allow  preliminary  degassing up  to 65 - 75% over  a  period of  time. This  technique  has 
been effectively  used  in  Bazhanov  Colliery in Donetsk  basin  at  a  depth  of 1,150 m. 

It  is considered that water  injection is not  successful  in  seams  with carbon dioxide.  The 
arguments  advanced are that  injection of water  at  high  pressure will increase  the  pressure of gas 
in  the  micro-crack  system  and  with the development of cracks, it may  cause  an  outburst (Gil 
and  Swidzinski,  1988).  However, the solubility of carbon  dioxide  into  water is high and this 
has  not  been taken into account.  Suggestions  have  also  been  made  to  pump  chemicals  such as 
sodium  hydroxide which  can  dissolve  carbon  dioxide  and  thereby  reduce gas content. 
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Pumping of fluid can be facilitated by the use of pumps  which do not keep the injection 
pressure  constant,  rather  cause  pulsation.  These  have the capacity to increase  pumping  rate by 
almost  a  factor of 2. 

When  opening  new coal seam from  crosscuts  in  rock,  the  barrier  (minimum  distance  from  the 
seam  to  the  crosscut) is important.  Some  practical situations of the conditions are given  in 
Fig. 10.4 1 .  

Fig. 10.41. 
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The width  of the barrier (L) when  high  pressure  water  injection is used is  usually  taken as 3 m 
or more in  Bulgaria,  Czech  Republic,  Germany  and  Hungary. In Russia  and  Ukraine,  the 
barrier  width is calculated  using  the  relationship: 

L = K(1.3 + 0.1s + 0.2p),  m (10.5) 

where K = Empirical  factor  (1.1 - 1.3)  depending  upon  depth. 
For  depth 11,OOO  m, K = 1.1 

S = Cross-section  of the  roadway,  m3/t 
p = Gas  pressure in atmosphere. 

However,  the  minimum  value of L should  not  be  less  than 3 m. 

10.8 MANAGEMENT  SYSTEMS  FOR  CONTROL  OF  OUTBURSTS 

Mining of seams liable to outbursts  requires  the  development of special  procedures  to  ensure 
that the risk to  miners  and  equipment is eliminated or reduced.  Most  mines  have  laid  out  basic 
parameters  which,  when  achieved, can allow  mining of outburst  prone  seams  safer.  These 
conditions  may be based  upon  achievement  of  critical TVH of gas  content  levels  or  AN^, gas 
flow and Ap, or KT values  etc.  and  the  methods  to  achieve  these  are  defined  depending  upon 
local conditions. The purpose  of the  management  systems is to  ensure  that the procedures  are 
in place are precisely  followed  and  to  ensure  that  under  no  circumstances  mining  proceeds 
which can endanger  operations. 

A management  system  thus relies on checks and  balances  to  achieve  the  desired  result. It also 
ensures that the system  operates  independent  of  the  people  who  developed it or have  been 
driving  it. It helps  to  arrive  at  the  desired  results  efficiently  by  defining  the  methodologies  to 
achieve the results and  when the desired results are not achieved, it can help vary the 
procedures without  sacrificing  safety.  Most  countries  around  the  world  have  developed 
guidelines for mining  under  outburst  conditions. 

The Department of Mineral Resources, NSW, Australia has provided Outburst Mining 
Guidelines (DMR,  1995)  which is designed  to  help  draw an outburst  management  plan for 
operations  in  Australian  underground  mines.  The  basic  outline  of  a  management  plan is given 
in Fig.  10.42. 



Fig. 10.42. Basic  outline  of  management  plan. 

10.8.1 Key  Elements of an  Outburst  Management  Plan 

The  key  features  of  a  good  management  system are 

( I )  Definition of the Problem 

Definition of the  problem  and  the  conditions  necessary  to  overcome it. The phenomenon of 
outbursts in a  mine  may  be  associated with high  gas,  high stress, in association  with  structures, 
etc. and  the  solution  to  the  problem  may lie in reducing  gas,  destressing,  defining  structures, 
etc. The solution  may  need  simultaneous  reductiodelimination  or  recognition of one or more 
factors  that  determine  the  cause of an  outburst.  The  management  system  should  address  these 
aspects  and  clearly  define  the  conditions  that  need  to  be  achieved  to  mine safely. Procedures 
required for sampling,  and testing be  defined  unambiguously  and it is essential to  ensure  that 
the  persons  testing are independent  of  the  users  of the information. 

( 2 )  Methodobgy to achieve it 

A management  system  must  define  the  procedures  that  will  be necessary to achieve  the 
conditions for safe mining.  For  example,  when  gas  content  levels  have to be reduced to a 
certain  critical  level by  the gas drainage. 

The  results of sampling  for  gas  content  or any other  threshold  values  established in accordance 
with  the  safety  requirements  of  mining  of  the  outburst  seam  must  be  certified  by  the  engineer 
responsible  ensuring  that the standard  operating  practice  has  been  followed to collect the  data. 
This must  be  supported by  appropriate  records. 
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All this information,  together  with  any  other  prior  information,  must  be  presented  on  the  mine 
plan  and  certified  by  the  surveyor  responsible for the  preparation  of  the  plans  ensuring that  the 
information  relating  to  placement of holes,  sampling,  location  of  structures,  etc. is correct. 

Only  when all the  above  information  has  been  assembled  together,  then  only  the  person 
responsible  can  authorise  it  in  writing.  This  authorisation  should  be  supported  by  data  on  the 
layout of  the  holes,  spacing  between  the holes,  drainage  time,  methods for drilling  and  drilling 
technology  to  achieve  successful  placement  of  holes to achieve  the results. 

(3) Management P h  

A management  plan  should  incorporate  standards  pertaining  to  all  technical  aspects  of  the 
management  plan  such as 

Equipment  operation,  checking  and  maintenance. 
Gas content, gas composition 
Threshold  index  values  such as threshold gas content, KT, flow  rates, A@-(jO, seismic 
signal  values  etc. as applicable  at  the  mine 
Drilling strategies 
Gas drainage  standards  such as hole  integrity,  surveying of holes,  flow  monitoring, etc. 
Testing strategies 
Mining  standards  such as ventilation,  barrier  widths,  protection  equipment for miners, 
etc. 

These  standards,  sometimes  called  ‘Best  Mining  Practices’  must  be  documented  and  made 
available to the  persons  involved  in  various  operations  of  the  plan in part or as a  whole. 

(4) Decision Making Process 

The  process of decision  making  has  to  be  logical.  The use of flow  charts in decision  making is 
very  helpful  at  virtually  all  levels.  Figs.  10.43  and 10.44 give  examples  of  decision  making 
processes. 

In  the  decision  making  process,  whether  normal  mining  can  be  done  or  mining  will  have  to  be 
conducted  under special conditions  such as mining  under  outburst  conditions  where  an  outburst 
may  occur,  need to answer  a  number of questions.  Some of these are noted  below  (Allonby, 
1995;  Kelly,  1995). 

552 



WEMINING  DATA 

PREMINING  INSEAM  DRILLING 
+ 

c + 
ASSESSMEMOFGEOLOSICALSTRUCTUREE 

~ G A s c O N T E N f  
+ 

1 
AUTHORWTKNTO 

MINE 
I 

OUTBURST  MINING NORMAL MINING 

I 

UNPREDICTEDWTBURST RKxxlrMK)NOFslGNs 

I 

I MANAGEMENTSYSTEM 
FAILURE I 

Fig.10.43.  Decision  making  on type of mining 

M H CON~NUACEVALUATION 
S T 0 P " A L  

MINING OF CONDmOhG BY MINING 
MINING IF 

WARRANTrD BY 
INDICATIVE SIGNS CREW 

Fig. 10.44. Decision making for mining in outburst prone area 

553 



(a) Do physical  observations  show  any of the  following  signs  which  may  indicate  to  an 
outburst  prone  zone? 

0 

0 

0 

0 

0 

0 

e 

0 

0 

0 

0 

0 

e 

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  coal/roof. 
cindered  coal. 
greasy  backs. 
water issuing from  face. 

(b) 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  i.e. are we confident 
we  know  what is in our  next  cut? 

(c) Is there  a  need  to  drill for additional  data? If data is unreliable  or  not  representative, will 
additional  drilling  provide  the  necessary  confidence? 

(d) Are structures  outburst  prone as determined  by following a  standard  decision  making 
flow  chart? 

(e) 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 in 
mining in marginal areas? 
Are additional  drainage  holes  advantageous? 



(f) Is there  any  other  option  other  than  to  work  under  outburst  mining  procedures? 

Can  that  drivage be significantly  delayed  to  allow  further  mitigation? 
Is there  an  alternative  drivage  which  could  eliminate  the  'outburst'  drivage? 

(g) Is there  a  need  to collect  more  data? If so what  and  how it shall  be  collected. 

In the  management  plan, all decisions 'fail to  safety'  i.e.  no  mining  will  take  place  unless  it is 
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  mining  may  only  proceed 
under  outburst  mining  procedures. 

(5) Organisation,  Responsibility and Authority 

The management  systems  are  always  driven  from  the  top.  Any  management  system,  when 
introduced,  must  be  an  integral  part of the  policy  statement.  For  example, "It is a  company 
policy  that  mining  shall  proceed  only  when  the gas content  threshold  values  are  below  the 
critically  defined  values".  Authorisation to mine  shall  be  given by  the  senior  personnel  at  the 
mine  and  the  elements  that  lead  to  authorisation  must  be  precisely  defined.  For  example, 

(a)  Assessment of the geological  structure  which  forms  the  basis of the  geological  conditions 
influencing  an  outburst  must  be  obtained  by  the  geologist  from  a  variety  of  sources  and 
confiied in  writing  by  the  geologist. 

(b)  Re-mining  placement of drill holes,  their  location  plan,  their status based  upon  surveying 
of holes,  results of  monitoring of any  abnormal  behaviour just be  certified,  must  then be 
give  to  the  district or panel in charge,  placed  in  the  district as well as fded for records. 

The  management  system  thus  defines  both  the  responsibility  and  the  authority  and  these  two 
must  be  always  separated. The person  collecting  the  information is not the  person  who 
authorises  mining. 

(6) Flexibility 

A  management  plan  cannot  be  too  rigid.  Invariably,  conditions  do  change  and  sometimes  very 
rapidly. A  system  of  data  collection  and  decision  making  may  become  invalid  which  will 
require  changes  in  mining  plan. It is thus  quite  possible  that  the  management  system  may 
contain  procedure  for  different  types of  mining - for example,  normal  mining, or mining  under 
conditions  where  an  outburst  may be expected,  or  remote  mining,  or use of  camoflet  blasting 
instead  of  normal  machine  mining, etc. Under  such  conditions,  the  mining  methodology  and 
procedure  should  be  specified.  This  may  include  special  equipment, for example,  specially 
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prepared  canopy  of  continuous  miner or blasting after withdrawing all personnel  from the 
districdmine, etc. 

The management  plan  can  stipulate  that  authorisation  for  mining  other  than  normal  mining  can 
be given  by  a  person  senior to the one normally  responsible. 

(7) Partici@'on 

No matter  how  clearly  the  principles  and  methodologies are defined  and  practised to achieve 
desired results, abnormal  conditions will arise when the  safety  indices  have  not  been  achieved. 
Under such conditions, there will  be  a  need to renew  the  procedures  and upgrade  the 
methodologies. The management  system  must be supported  by  representation  for all levels  of 
employees,  miners,  management  and  technical  staff so that it is well  equipped to advise  and 
make  ongoing  changes,  implement  them  and  maintain  them. 

(8) Failure of the P h  

It is always  possible  that  conditions  may  occur  which  were  not  expected or an outburst may 
occur  when all procedures  and  analysis  had  indicated  that  normal  conditions exist and  that no 
outburst is expected. This is taken as failure of the plan. 

The management  plan  must  incorporate  detailed  procedures to be adopted  by  the  crew  working 
at the face and  by  the  senior  management in such  circumstances.  Simultaneously,  there  should 
be  enough equipment available 'on site and in ready  form together with  appropriate 
precautionary  procedures  even  during  normal  mining. For example,  when  no structure is 
expected in the area authorised for mining,  suddenly  a  structure  appears at the face, normal 
mining  should be stopped,  the  mine  geologist  and the official in charge of the  panel/section 
notified and further mining  can  only  be  authorised  by  the  senior  person responsible for 
authorisation of  mining. 

(9) Training 

Training of persons  working in areas  prone to outbursts is an essential  part of any  management 
system.  Persons  working at the  faces  need  to be trained  in  the  recognition  of  conditions liable 
to outbursts, use of  special equipment provided for safety if abnormal  and unexpected 
conditions  develop  (failure of the  plan) or any special equipment  that is used for different types 
of  mining. 

Training will need  to be updated if certain type of mining is not  practised as a  part  of  normal 
mining. For example,  mining  under  especially  defined  conditions  such as outburst  mining, 
where  only a limited  number  of  people are allowed at the  face,  the  location of the rest  of the 
crew at a  base  station  suitably  located, the use of special  equipment such as compressed air 
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masks,  the  use of special communication  systems  between  the  machine  driver  and the section  in 
charge etc. etc.  would require that persons who have  to  operate  under  such  conditions  are  given 
a  'refresher  course'  before  proceeding  to  work  under  such  conditions  except  when  they  have 
been  operating  fairly  frequently. 

Training  must  also  cover  first  response  of  the  crew in the  event of an outburst. 

(IO) Auditing  System 

The purpose of the auditing  system is to ensure  the  compliance as well as adequacy  of the 
management  system.  The  auditor  must assess all parts  of the  management  system,  procedures, 
equipment., availability at the site, methodology  used,  inspection  of records, as well as 
frequency of training. Auditors  must  investigate  causes of plan  failure,  non-conformity  to  plan 
and  develop  procedures  for  corrective  actions.  Auditors  must be qualified  persons  well  versed 
with the system.  Internal  auditors  must be independent  and  without  any  direct  responsibility  to 
any aspects of the  management  plan.  Auditors  may be external or internal.  External  auditors 
are those  that are independent of the mine  operation. 

Auditing  methods  would  include  on-site  inspection  and oral questioning of the  crew as well as 
participation  in  the  decision  making  processes. 

Results  of  audit  should  be  communicated  orally  and in writing  and  records  of a l l  audits  must be 
maintained. 

(11) Corrective  Action  Procedures 

A good  management  plan is a  living  document. It will  need  to be corrected for shortcomings, 
make  improvements,  develop  procedures for circumstances  not  foreseen  in the plan,  updated 
system  with  new  developments in technology. The plan  must  have  procedures  to  meet  these 
requirements. The methodology for initiation of  amendment should be specified and 
authorisation procedures  outlined. The plan  may  incorporate assessment by an expert 
committee  represented  by the members  from  within  the  colliery  and  outside  experts. 

( I  2 )  Informution  Control  Documentation 

All information relating to various aspects of the  management  plan, decision making, 
information  collection  and  operation of the  procedures  should be well  documented  and 
communicated  to all involved  in  the  management.  The  information  about the management  plan 
must  be  available at locations,  in  part or whole,  where the operations are conducted.  For 
example,  mining procedms, drilling procedures, etc. must  be  displayed  on site where  mining 
or drilling is carried out. 



Changes to the  management  plan  must be carried out efficiently  and all obsolete  information 
removed  promptly. 

10.8.2 Procedures during Outburst Mining 

When  there is any risk associated  with  mining  through  an  area  where  there exists a slight 
possibility of an outburst,  mining  is  needed  to  be  conducted  under  special  procedures. This is 
termed  outburst  mining.  Procedures  differ  from  mine  to  mine,  but  general  requirements of 
outburst  mining are as follows: 

A  base  station  in  the  fresh air at the  inbye  end  of  the last  cut-through  shall  be  established 
and  no  person  shall  proceed  beyond this point  without  the  supervisor's  instruction. 

Unless  remote  mining is adopted,  only  the  continuous  miner  driver  operating  the  machine 
will be at the face and shall remain in the cabin with full mask, and  in radio 
communication  with  the  base  station.  The  continuous  miner is equipped  with  a  specially 
designed  canopy. 

Cutting commences  with  the  instruction  of  the  district  supervisor  and  continues till the 
shuttle car is filled.  The  shuttle car driver  proceeds to the  face  only  after  cutting  has 
stopped.  Cutting  shall  be  done  from  roof to floor  and  the  continuous  miner  boom  shall 
be  raised  when  cutting  stops. 

The number  of  persons  setting  the  support  shall  be  limited  and  they  may  be  asked to 
operate  with  full  mask or with  sufficient  (equal)  number of persons  at  the  fresh air base 
equipped  with  self  contained  breathing  equipment  to  support  any  emergency. 

The  access to the  panel  shall  be  limited  and  there  shall be no  work  conducted  on  the  return 
side  of  the  panel. 

The panel is provided  with  special  equipment  such as CH4 and C02 monitors,  self 
rescuer  (Fenzy  oxygen  escape  units), first response  equipment,  such as escape units, 
rescue  units,  communication  equipment,  face  masks,  etc. 

Appropriate  number of radio  communication  equipment  to  communicate  between  the 
fresh air base,  continuous  miner  operator  and  shuttle  car  operator. 

The mines  operating  under  outburst  conditions  have  developed  detailed  procedures and 
comprehensive list of support  equipment. 
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Continuous Miner Driver Protection 

One  of  the  developments in outburst  mining  has  been  the  protection  of the continuous  miner 
driver.  This is now  virtually  a  requirement  when  mining  under  outburst  conditions in spite of 
the fact that  safe levels have been achieved.  In the presence  of  a  structure  many  outburst 
management  plans do require  that  mining  must  proceed  under outburst conditions. This 
requires provisions of special  equipment. The continuous  miner  driver  protection is the  most 
important  aspect of this provision. 

The continuous  miner  cabin is specially  designed  with  the  following  requirements  (Nicholls, 
1987). 

(i)  Ensure  physical  protection  from  outbursted  material. 

(ii) Ensure  a  constant  supply of  breathable air. 

(iii) Ensure  both  secondary  and  tertiary  supplies of breathable air should  the  basic  supply  be 
cut off during  a  major  violent  outburst. 

(iv)  Maintain  a  positive air pressure  in the capsule in the event of  a  major  gas  outburst 
preventing ingress of gases into  the  capsule. 

(v)  Enable  the  mining  operation  to be conducted  by  the  miner  driver  by  developing  a  system 
of remote  control  for  the shuttle car flights. 

(vi)  Ensure  continuous  radio  voice  communication  between  the  miner  driver,  deputy  and  other 
crew  members  at all times. 

(6) The  whole  system to expose  the minimum  number of men  to risk at any  time. 

A specially  designed  continuous  miner  cabin  has  a  rear  entry,  a  laminated  glass,  streamlined 
cabin  structure to deflect  ejected  material  with  no  flat  face  and  radio  control  communication 
within the  cabin.  The  machine also has additional lighting for  better  visibility  and  truly  one  man 
operation. A schematic of the  cabin is given in Fig. 10.45. 

10.8.3 Remote Operation of‘ Cutting Equipment 

The operation of the  ploughs on longwall  faces  from  the  gate  roadway  has  been  a  common 
practice in thin seams. More  recently,  the  shearer  operation has been fully mechanised  where it 
cuts  the  face in close  tolerance  between the roof  and  floor.  The  shearer  can be pre-programmed 
by completing  a  cut  manually  which is then  stored  in  the  memory of the computer  control 
system. In subsequent  cuts, the shearer  maintains its horizon  along  the face as planned. The 
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memory run can be updated  every  day  or  every  shift  as  the  case  may be. In other  systems,  roof 
and floor proximity  sensors  based upon  natural  radioactivity of the  roof  and floor rocks guide 
the shearer to cut within &-4O mm from the roof  and  floor. 

The supports  are  actuated by the  shearer  as  soon  as  the  leading  or  trailing drum goes  past them. 
The shearer,  support  withdrawal,  setting and conveyor  push  sequence is computer controlled 
by  a central computer placed in the  main  gate. Use of this  technology has the following 
advantages: 

' (i)  Allows  better  horizon  control 
(ii) Better roof  control 
(iii) Eliminates  workmen  from  the  face. 

The last aspect is very important when  working  seams  liable  to outbursts when such events 
occur  on  the  longwall  faces. 

Fig.  10.45.  Joy  12CM20 with an outburst  protection cabin, 
Tahmoor  Colliery,  Australia. 



More important,  however, is the  remote  operation  of  the  equipment in  the development 
headings.  The  problem  here  becomes  complex  when  multiple  headings are to be driven.  Here 
it is required  not  only  to  cut  coal  remotely,  but  also  transport it from  the  back of the  remotely 
operated  continuous  miner  to  the  boot  end  of  the  conveyor. This is much  easier  when  the 
conveyor is in  line with  the  continuous  miner  but  when  it  has  to  transfer  to  other  excavations 
requiring  negotiating  corners,  the  system  requires  guidance of the shuttle cars.  Presently, 
remote  operation of the  continuous  miner  has  been  successfully  demonstrated  (Wynne  and 
Case, 1995).  The  system is based  upon  location of all controls  in  a  portable  chamber  which is 
ventilated  by  a  filtered  fresh air stream  and allows use of non-intrinsically safe and  non-flame 
proof  equipment  in  the  hazardous  zone.  Two  video  cameras,  one  focussed  on  the  cutting  head 
of  the  miner (ABM-20) and  the  second  on  the shuttle car transfer  the  image to the  video  screen. 
The  lowering  and  the  raising of the  miner  canopy,  operation of the  shuttle car flights  and  the 
cutting  operation are done  through  a  radio  transmitter. An audio  system is also incorporated  via 
the  video  link.  The  transmission of all information is through  microwave  video  transmission. 
A general  layout of  the  system is shown  in  Figs.  10.46  and  10.47. 

1 0.8.4 Outburst  Data Collection 

A management  plan  must  have  a  reporting  system  on  the  Occurrence  of  outbursts  in  the  colliery. 
The reporting  system  should  be  designed so that all relevant  information that can help in 
reviewing  the  risk,  assessment  of  the  situation  that  management  procedures  were  followed,  and 
parameters  of  the  outbursts  can  be  recorded.  The  reporting  document  may  be in more  than  one 
part.  Part A may  contain  information  that  must be filled  in  on-site  underground and  Part B is 
filled in at some  later  date  by  the  person  responsible for reporting  (e.g.  section  in  charge, 
geologist, gas drainage  engineer,  geotechnical  engineer, etc. 

An example of  an  outburst data report is given  below @MR, 1995). 
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Fig. 10.46. Present system for remote  operation of a continuous miner 
(Wynne  and Case, 1995). 
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Fig. 10.47. Proposed  system (top) and  separately ventilated purged control room (bottom) 
(Wynne and Case, 1995). 

562 



OUTBURST REPORT 
1. LOCATION 

Mine:. .................................................... 

Roadway location: ........................... 

Panel: .................................................... 

Co-ordinate: N - .................................... 
E - .................................... 

2. TMING 

Date: ................................................ 

Time: ................................ am. / pm. 

3. HEALTH AND SAFETY 

Injuries: ............................................................................................................................................... 

Day of Week: ......................................... 

shift: ..................................................... 

............................................................................................................................................................. 

Fatalities: ............................................................................................................................................. 

4. GEOLOGY 

Presence of Structure ........................................ Type of Structure: ................................................ 

Fault: Type: n o d  / reverse / thrust / slipstrike / ............................................................................... 

Throw: ..................... mm Dip ........................... Dip  Direction ................................. 

Dyke: Thickness ............................................ Hardness ............................................................. 

Stress Direction: .................................................................................................................................. 

Frequency & Direction of Jointing ....................................................................................................... 

Mylonite (Gouge Evident) ...................................... Thickness: ..................................... mm 

Changes  in Coal Properties: ................................................................................................................. 

Changes  in Roof ................................................................................................................................. 

Changes  in Floor: ................................................................................................................................ 

Water: ................................................................................................................................................. 

Seam Gas Methane: ..................... % Carbon Dioxide ............ % Content ..................... dtonne 

DdI Log: C O m m c M s -  .. r.... ................................................................................................................... 
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5. VENTILATION 

Air quantity: ....................... m h .  Location: ........................................................... 

Gas Readings: 

Before o/b: CH, .................. .% co2 ...................................... % 

After oh:  CH, ................... YO co, ...................................... % 

Variations  detected: ........................................................................................................... 

6. " N G  DETAILS 

Outburst  mining method in use: Yes040 

Method of mining:  Cont  Miner I Road Header I Shearer I .................................................................... 

Mine  Layout:  Heading I' Cut-through I Pillar I SpIit / 
............................................ 
................................ 

Distance Driven:  On Shift ................... m Last 21 hours ............... m Last 72 hours ................. m 

Fan Description:  Cut  out LHS ............ Cut  out RHS ........ Undercut .............. Face square ............. 

7. INCIDENT DETATLS 

Nature of Discharge: Lump Coal: ......................................................................................................... 

Fine Coal: ......................................................................................................... 

Roof Stone I Coal .............................................................................................. 

Location of Outburst: Face centre ................... Face LHS ................... Face RHS ............................ 

Left Rib .......................... Right Rib ............................. 

Quantity  discharged: ..................................... tonnes 

Distance solids thrown: ........................................................................................................................ 

Gas Liberated: C& ................ YO CO, ............... % w ............. m3 C& ...................... m3 

Coning  Evident: .................................. Haze: ...................... Brown I Red Colouring: ........................ 

Effective  on  Machinery: Tripsuts: .................................... Distance dislodged ................................. 

Comments: .......................................................................................................................................... 

............................................................................................................................................................ 



8. OBSERVED 

Audiile Signs: Rumble I Bumping I Knocking I .......................... Loud I Soft I ................................. 

Visiile Signs: Coal Spitting i Slabbing I Mass Ejection 1 Surging 
I. .................................................. 
..... 

Sensed Signs: Air warming I Air Cooling I Smell ................................................................................ 

9. WRITTEN REPORTS (Attached) 

Witnesses ........................................................................................................................................... 

Deputy ................................................................................................................................................. 

Undermanager ..................................................................................................................................... 

Inspector ............................................................................................................................................. 

Check Inspector .................................................................................................................................. 

others ................................................................................................................................................. 

10. PLANS 

Mine Location ( 1: l0,OOO) 

Panel Location (1: 2,000) 

Gas Drainage ( 150) 

Prepared by ....................................................... Date: .................................................. 

Signed .............................................................. Position: ............................................. 

Authorised / 
Countersigned: ................................................ Position: .............................................. 
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10.8.5 Risk Analysis 

Quantitative risk  analysis  techniques have been  used in chemical  and nuclear industries for 
about 50 years.  These techniques are now  being  used  in  outburst management and  risk 
analysis in many  companies.  These  techniques  are based upon  the  interaction of the  various 
elements that  impact  on  each  other  and assess the effect of failure of one or more than one 
element simultaneously  on, for example,  the  ultimate  risk of a  fatality. The analytical  system 
takes  into  account the following: 

Procedures for mining,  manning,  location of the  various  crew,  communication  systems 
between  the  crew,  etc. 

Outburst assessment procedures, such as drilling, drainage, sampling, geological 
assessment and  the probability of assessment of outburst conditions using various 
technologies. 

Failure of the system, non-compliance of the outburst management  plan  procedures, 
failure of the  technological  standards. 

Probability of the size of an outburst, location of  an outburst, effect of outbusts on 
people  (asphyxiation), etc. 

Based  upon  the  assessment,  the  system  can  define  parameters  that  have  the  greatest  impact on 
reducing  the  risk of fatality.  The  system  can  analyse  any  changes  to  the  outburst  management 
plan  and  their  impact  on  decreasing  (or  increasing)  the  risk  under  particular  conditions. 

Application of this technique in Kembla  Coal & Coke  operations  showed that while  historical 
risk to employees engaged in development  work operations at West  Cliff Colliery (which 
experienced  the  largest  number of outbursts in Australia) was  of the  order of 1,OOO chances of 
fatality per  million  years  and at Tahmoor  operations  the  historical figure was almost 1,500 
initially,  the  introduction of a series of improvements  in  the  management  plan  reduced  the risk 
to less than 50 chances of fatality  per  million  years at both the collieries.  Outburst  Hazard 
Analysis  Sub-Committee  appointed after the 1992 outburst in South Bulli Colliery (NSW) 
concluded that the  short  term  target  risk of 350 chances per  million fatality per year was 
acceptable, while  the  long term target was set at 100. Use of  risk analysis had  helped to 
achieve this and  even exceed this target. 
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10.9 TECHNOLOGY  OF  IN-SEAM  DRILLING  FOR  GAS  DRAINAGE 

Two  different  technologies  are  used in the  drilling of gas drainage  holes. 

(i)  Rotary  drilling with the  drilling  machine  placed in the  heading. 
(ii)  Rotary  drilling  with  the  drilling  motor  placed  in  the  hole  (in  hole  motors). 

High  pressure  water-jet  drilling is a new  technology  under  development. 

Rotary  drilling  machines  are  quite  efficient  and  have  a  capacity  to  drill  holes  up to 300 m.  The 
rate of drilling  varies with  the  length  to be drilled, but in general an average 200 m  hole  can be 
drilled in a  shift  including  setting  up of the  machine. 

Small  portable rigs (like the  Proram)  can drill up  to 150 m  in one shift. Larger rigs with 
separate  electro-hydraulic  power  packs  with  track  mounted  machines  can drill up to 450 m  in 
coal.  These  machines  can  also  drill  holes in rock  up  to 200 m. 

Drilling  at  depths  beyond  these  lengths  presents  several  problems  needing  solutions: 

(a)  Requirement of higher  power  packs  and  motor,  for  increased  thrust  and  pull. 
(b) Loss of torque  due to friction  along  the  drill  stem. 
(c) Larger diameter rods to  avoid  deviation  which  adds  weight  and are difficult to handle 

underground. 
(d) Better  and  independent  thrust  and  rpm  control  methods. 
(e)  Larger  water  volumes  for  flushing,  recirculation  and  disposal of cuttings. 

Increased  power  behind  the  system  would  take  away  "operator's  response"  and  feel of material 
being  drilled.  This in turn would  necessitate  sophisticated  logging  and  machine  monitoring 
system. 

Requirements of developments  in  longwall  technology is putting increasing demands on  the 
drainage  requirements.  It is being  explored  whether loo0 m  longwall  can be drilled  to  pre- 
drain  a  number of blocks (3-4) and  pre-drain  the  lower/upper  lying  seams  using  drainage  holes 
drilled from the  end of the  panel.  Tower  Colliery  (Southern  Coalfield) is successfully  drilling 
in-seam  holes of 800 - 900 m  from  panel  ends.  This  system  requires  not  only close control on 
direction  and  horizon  as  well  as  maintenance of the  holes  particularly  when  these  come  under 
the  influence of the  longwall.  (Long  holes  in  upper  and  lower  lying  seams for post  drainage 
have  been  planned  both in Australia  and USA). It is doubtful if  the  holes could ever be 
maintained  under  the  effect of a  retreating  longwall  particularly if the  vertical  distance from the 
seam  mined is small.)  The  deviation  in  these  holes  should  be less than 1/2 the  spacing, but 
their  maintenance  within  the  desired  horizon  is  extremely  important. 
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Directional drilling  from  the surface is a  new  technology  that is developing  very fast in 
petroleum  and gas engineering in areas  where  the  permeability  is  low. The cost of  horizontal 
drilling  from the surface  where  a  hole  is  drilled  vertically  and  is  deflected  to  enter  a  coal  seam 
and is then  maintained within the seam  for  a  long  distance  1000 - 2000 m is very  high. The 
cost of  drilling of a  low  curvature  horizontal  hole  from  the  surface is about  $200 - $300/m, 
compared  to  underground  drilling  which is about  $20/m,  but this cost is mostly  related  to  high 
capital equipment cost.  Comparative  studies  show  that  this  system  would  be  an effective 
competitor  to  underground  drilling  in  a  few  years  time when this  technology  develops  further 
and  development  costs  are paid  back.  Comparison  of the three systems  (conventional  drainage 
using underground  technology,  conventional  hydrofracing  and  directional  horizontal  drilling) 
for draining  a  block of lo00 x lo00 m  show  that  costs  must  drop by a  factor of 4 if directional 
horizontal  drilling is to be an effective  technology. 

High  pressure  water jet drilling  has  been  tested  for  hole  lengths  up  to 400 m. This technology 
claims to maintain  holes  along its planned  trajectory,  but  whether  a  longer  hole  will  stay  within 
the  coal  seam if the  seam  dips  away  from  the start needs  to  be  proven.  Considerable  work is 
needed  in this area.  This may  be  an effective  technology  for  shorter  holes (50 - 100 m)  where 
effect of change in dip is not so important  and  hole  trajectory  can be maintained. On the  other 
hand, this system is inert  and  gives no feed  to  the  driller  about the rock  type or structure 
through  which the machine is drilling. A number  of  questions  related to the safety of the 
system for underground  use  need to  be  answered. The cost of the  system at the  present is 
extremely  high  compared  to  conventional  systems. 

One of the  important  points  in  gas  drainage is to  keep  these  holes  clear  of  water.  Drainage of 
water from long  holes is extremely  important,  otherwise  their  drainage  efficiency is greatly 
reduced. No water  drainage  pumps are available  which  can be effective in long  holes.  Some 
simpler systems using gas pressure  have  been  tried, and these are effective.  Purging  with 
compressed air right  after  drilling is completed  can  remove drilling water  from the hole,  but 
cannot  remove  in-seam  water.  Further  work is needed in this area. Drilling  holes to the rise 
may be the  solution in some  cases. 

In the last ten  years  a  number of drill  machines  have  been  used  successfully for medium  to 
longhole  drilling.  Hungerford (1995) has  given  a state of the art review  on  drilling  technology 
in  Australia. The main  parameters of various  drill  rigs  in use in  Australia  and  some  overseas 
mines are given  in  Table 10.7. General  specifications  for  a  current  underground gas drainage 
drill  rig are: 
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Table 10.7. Specifications of drill machines for in-seam drilling 

Makc & 
b PC 

Drill Machine Dctdls I Capacity 

Kpln 

- 
1750 - 
1750 

Torqoe hp Role length 
'Ihrust 
Axlal Hydraulic 

system 

Fletcher  LFID-15 Up to 950 m 17.8kn 44.5kn 
0 

2400  psi 

2400 pi 
(max 

pressure) 
working 

24310kpa 
(-) 

Fletcher LHD-13 Up to 950 m 17.8kn 44.5kn 18'4" 

IKS Boyles 
E-10 

2000 
485 - 

1800 
36 0 - 

1800 
215 

- 
2000 

175Nm 
655Nm 

~ 

2890daN 4595mm jkt 49Omm 

B+ 260m 
A+ 340m 

A+  700111 
B+ 610m 
N+  470m 

A+ 1550m 
B+ 1220 m 
N+ 950m 
H+ 610111 

IKS Boyles 
E-15 1200Nm 

230Nm 7560daN 24130kpa 
(-) 

5360mm 

IKS Boyles 
E-20 2460Nm 

300Nm 11564daN 5220mm 

1750mm 20-75mkp 5000kp 4000mm Amall-Wickman 
ety Ltd 

Lon year 
L d  55 

BO 1450 
350 to 

~~ 

1200 

EO 
back 

1450 
1000 
800 
600 
500 

- 

- 
- 
1010- 

491- 
343 

167 

1600 
- 

4880mm 
f m a r d  at 
1600Nm 

3400Nm 

26 mpa 
revase at 

Sea11 
1830m 
Np 

CHD76 
1030m 

860m 

Longyear 
"75 

AQ  1375111 
BQ 1180111 
CQ  900m 
HQ 540m 

40 kn 250bar 7 7 0 0 m  350mm 

3-314- 

4-114" mx 

1937NM 
rods 
1SOOm BQ 

lOOOm  NQ 
rod6 

250m 

158.7kn 

Cram Australia 
(Twin Motor 
Rwam Ratnhk) 

90m 45 de8 up 
& down 

3OOnm 



75kW, lOOOV hydraulic  power  unit  to  power  the rig and  the  water  pump, 
methane  monitor  and  automatic  trip  of  electrical  supply, 
250 Ymin @ 8 MPa  high  pressure  pump, 
automatic  rod  handling, 
80 to 90 kN thrust  and  pull, 
1500 to 2000 Nm torque, NQ capacity  rotation  unit, 
track mounted, 
capability  to  drill  parallel  and  at  right  angle to the  body of the  machine, 
compact  enough  to  operate  in  a  roadway  and  allow  vehicles  to  pass. 

Although  rotary  drilling  has  been  predominant  in  Australian  mines,  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. NQ/CHD76 
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. 

10.9.1 Rotary Drilling 

Although  improvements  to  rotary  drilling  technology are still being  achieved, the mines  using 
rotary  drilling  developed  techniques in the  early  eighties  to  suit  their  specific  conditions  due  to 
the  high  pressures  placed  upon  the  gas  drainage  requirements. 

The  big  benefit  of  rotary drilling in  most  cases is the very  high  drilling  performances  with 200 - 
250 metres drilling possible  per shift. This is achievable  with  penetration  rates  of 2 - 3 metred 
min in coal  in  conditions  where  the  boreholes  follow  a  particular  section of the  seam or where 
the  bit  deflects off low  angle  intersections  with  the  harder  roof or floor strata. 

Multi-stage  tungsten  carbide  Widia  bits or PCD bits of 80 mm 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.  With  changing  drilling  conditions  creating  variable  and  increased  lateral  deviations 
and  the  emphasis on correct  drainage  coverage,  mines are now  requiring  straightness  of the 
boreholes as a  prerequisite  and  post-drilling  surveying  with  multi-shot  survey  instruments is 
quite  common.  Bit  design  and  diameter  relative  to  rod size and  the use of stabilisers is being 
considered. In early  drilling  operations  with  maintaining  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 the longwall blocks 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 250-350111. 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 successful  both  with  3-cone  bits  and PCD bits,  though FCD bits  give  better 
pelfOlTKlanW. 

Rotary drilling of long-holes is also 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. 

1 0.9.2 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  and  Hungerford, 1991). 
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Down-hole drilling from  one seam to  another seam lying  above  and  below it is possible.  Some 
tests have  been  made in the USA, in the Utah State and  have  shown  considerable  promise 
(Kravits, 1995). This system  may be quite  effective for the  drainage  of  the  Wongawilli  Seam 
when  mining  the  Bulli S e a m  on the  South  Coast of  NSW. 

Down-hole  motor  drilling uses a  bent  sub  (Fig.  10.48)  that is located  immediately  behind the bit 
in the borehole  drill  assembly  and  this  drives  the  bit  without  rotating  the  drill  rods.  (This is 
known as sliding  mode.) The positive  displacement  motor is powered  by  the  drilling  fluid 
(water  in  underground  mines)  displacing  a  helical  shaft  that  rotates  inside  a  rubber  housing  and 
tums 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  (i.e.  when  rotary  table  or  top  drive is engaged  to  rotate the 
drill string), and  the  initial  bit  side  loading  created by the small  bit  offset  rotates  with the drill 
string, thereby,  negates its deviating  effect. 

A modern  down-hole  steerable  BHA  (borehole  assembly)  (Fig. 10.49) 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,  dropping 
and turning can be served  by  orienting the  deflection in the  desired  direction. 

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. 

Four  mines  in  Australia are regularly  using  down-hole  motor  drilling  for  gas  drainage.  Central 
Colliery  (Queensland)  has used a  parallel  pattern  to 265 m  across  a  longwall  block  and  gate 
roads  and are now  drilling 700-900 m  boreholes  along  the  longwall  blocks.  Tower  Colliery is 
drilling  both  cross-block  and  longitudinal  boreholes  but  with  a  fan  pattern in the  cross-block 
drilling. In Tahmoor  Colliery,  down  hole  motor  drilling is used  where  rotary  cross-block 
drilling  has  difficulties  and  to  give  access to drainage areas with  a  fan  pattern  branched  from  a 
trunk hole.  Tahmoor  and  West  Cliff  Collieries are placing  increasing  reliance on down-hole 
motor  drilling for cross  panel  drainage. 
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Posltive displacement motor 

Fig.  10.48a.  Downhole  motor  with a Fig.  10.48b.  Downhole motor with a 
bent  sub  (Inglis,  1987). bent housing 

(AnadrilVSchlumberger  Catalogue,  1994). 
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Fig. 10.49. A typical  downhole  steerable BHA (Manual,  Schlumberger,  1993). 
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US Steel in Pinnacle #50 mine  operating  Poccahontas #3 1.1 m  thick  coal  seam is planning 
holes of length 1,146 - 1,280 m  using  DDM-MECCA  system  claimed  to  have an accuracy of 
k0.5 degrees in a 1,500 m  hole  length. 

Several  mines  are  using  in-seam  down-hole  motor  drilling for exploration.  Borehole  depths 
have  generally  been  restricted  to 500-900 m  by limited  drill  capacities  and  in-hole  problems. 
With  these  problems  overcome  with  improving  technology,  borehole  depths  beyond lo00 m 
are being achieved. The longest in-seam  borehole in Australia  was drilled to 1533 m 
(Fig. 10.50) at North Cliff  Colliery. 

Long-hole  drilling with  down-hole  motors is also being used for: 

exploratory  drilling  beside  ill-defined  old  flooded  workings  to enswe intersection  with 
development  roadways, 
intersecting  mine  workings  for  water  drainage or pumping, 
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 a the 73 mm high-torque  Slimdril, the 60.3 mm 
Drilex  and the 74.6 mm Accu-Dril.  The  Slimdril is 4.1 m  long,  usually  with  a  non-magnetic 
11'2 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. 

* 
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Fig. 10.50. Borehole NC94-1 Profile 
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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 is a 
1 degree bend  with an 89 mm bit. In softer  conditions  where  the  bit cuts a  bigger  hole  and 
reduces  the  climbing  ability,  a  1.25  degree bend is used. 

Borehole  depths  with  down-hole  motor  drilling  has  been  restricted by increased  surging as the 
depth  increases. For long-hole  exploration,  the  bit  diameter  has  been  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 
Figs.  10.51  and  10.52. 

With  increased  clearance,  surging  has  been  reduced and  borehole  depths  to 1500 m  have  been 
possible. 

Besides 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. This technique  was  highly  successful in Tahmoor  Mine  in  the  LW-12 
panel. 

10.9.3 Water Jet Drilling 

Water jet drilling,  though  well  established  in  softer  to  medium  strata  overseas,  has  not been 
used  in  Australian  mines  except  on  an  experimental  scale.  Phillip et al(l991) developed  a 
system  which  was  tried  on  the  surface fxst in  a  coal seam and  then  underground  in  German 
Creek  coal seam at Central  Colliery.  Studies  have  shown  that  the  system  gives  good  trajectory 
control  (Fig. 10.53). The non  contact  nature of the  cutting  process  should  not be affected by 
the  presence of  seam  fractures or dykes.  However,  deviation  of  holes  did occur with  the  hole 
climbing  to  intercept the roof at 40 m  (Fig.  10.53a).  Obviously, the system  does  require 
directional  control  using  bent subs. 

Comparison of  water jet cutting  with  rotary  cutting is given  in Table 10.8. The longest  hole 
drilled  with  the  water jet drill is 386m.  The  average  production  rate  during the drilling of this 
hole  without  any  unscheduled  delays  is W d a y  (8 hours). This figure  has  been  adjusted  in 
Table 10.8 to  take  into  consideration  the  lower  equipment  utilisation  practices  underground  and 
enable  a  comparison  with  the  conventional  underground  longhole  drilling  productivity  rates. 
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Fig. 10.51.  Vertical  Response of Motor  (Hungerford, 1995). 
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Fig. 10.52. Lateral Response of Motor  (Hungerford, 1995). 
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Fig. 10.53. (a - top, b - bottom) Borehole trajectory in waterjet drilling. 
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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 is 67 m/shifL 

These  figures  indicate  that  the  average  productivity of the  water jet drill compares  favourably 
with  longhole  drilling  methods  and  although it must  be  remembered  that, in general,  drilling 
conditions  will  be  less  favourable  underground.  Compared  to  conventional  rotary  drilling, 

. these  drilling  rates  are much  lower.  The  data  highlight the potential of the  water jet longhole 
drill. 

Table 10.8. Comparison of hole  productivity  (Kennerley & Just, 1995) 

Location 

SfXIIl 

Drilling 

Drill Rig 

DHM 

Bent Sub 

Survey 

Hole  Length 

Penetration 

Av  Prod  (ii) 

Av prod fiii) 

M o m  No 2 Minc 

5  South  Panel 

'D '  

Conventional 

Diamec 260 

2-7/8 

Slimdrill 

10 

Dupont MWD 

402m 

1.0-0.2dmin 

S9mJshift 

37mfshif-t 

Centml 
Colliery 
305 Longwall(i) 

German  Creek 

Conventional 

Kempe U4-450 

Navidrill 

Mach 2 

1.25 0 

Single  Shot 

28 lm 

1.0-0.5ndmin 

25dshift 

German  Creek 
Mine 

Pit  C 

German  Creek 

Water  Jet 

Kempe U4-450 

0.5 O 

Single  Shot 

386m 

1.omimin 

57dShift 

Ilmfshift 

Appin  Colliery 
Brennan  Panel 

BLllli 

Conventional 

Kempe K200 

2-7/8 

Slimdrill 

1.0 O 

Dupont MWD 

628m 

1.5-0.5dmin 

66dshift 

47dshift 

fi) Unpublished  data  (ii)  Includes  scheduled  delays (iii) Includes  unscheduled  delays 
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1 0.9.4 Hole Deviation 

Deviation of  boreholes  when  using  small  portable  machines  can  be  very  severe.  Data  analysed 
from  underground  operations  drilling  horizontal  boreholes using Proram  and  with  AW  rods  and 
"Pineapple"  bit  without  a  stabiliser  show  that  boreholes  tend  to  align  themselves  with  the  major 
cleat  and  major stress direction.  When  drilling is done  with  a  more  stable  machine  (Diamec 250 
with BJW rods),  stress  and  cleat  have no  major  influence. 

Many factors affect  the  hole  angle  (vertical  deviation)  and  direction  (azimuth or horizontal 
deviation) of  a  wellbore. 

Currently,  the  understanding is that  the  factors  influencing  the  path of the  wellbore  include 
borehole  geometry,  formation  conditions,  operating  conditions,  and  a  number  of  equipment 
variables.  For  example, is the  current  shape of the  borehole  straight,  curved, or spiral? Is the 
hole  in-gauge  and  round,  oversized, or elliptical?  What are the  borehole  assembly (BHA) 
components,  sizes,  and elastic properties? Is the  formation  massive  and  isotropic,  or  does it 
have  well-defined  dipping  bedding  planes, or is it laminated  with  alternating  hard  and soft 
layers as coal  normally is? How  does  the  particular  bit  interact  directionally  with  the  formation? 
What  are  the  operating  parameters - such as bit  weight,  rotary  speed,  torque,  and  penetration 
rate? Do the  stabilisers  cut  into  the  hole  wall  and  change  the  hole-wall  geometry?  In  holes 
drilled  with  heavier  muds,  what  other  effects  in  addition to buoyancy  does  the  drilling  fluid 
have  on  the BHA? How  do  the  dynamics  of  the BHA affect  hole  angle  and  direction? 

Considerable  effort  has  been  made to incorporate  these  factors into mathematical  models  to 
understand  their  effect  on  hole  angle  and  direction.  The  models  originally  were  quite  simple  but 
recently  have  become  very  sophisticated as more  factors  have  been  included.  Good  general 
bibliographies  of  these  factors  and  the  models are given  by Callas & Callas (1980), Brown, 
Green & Sinha  (1981)  and  Williamson  and  Lubinski (1986). 

Control  of  hole  angle  and  direction is applicable  to  both  directional  drilling  and  conventional 
rotary  drilling.  For  both  deviation-  and  directional-control,  drilling techniques can be applied  to 
drill the borehole  along  a  prescribed  trajectory.  This is achieved  by  influencing  the  bit  to  build, 
to  drop,  or  to  hold  the  hole  angle.  Mechanical  methods,  include, for example,  changing  the 
number  and  location of stabilisers  in  the BHA, changing  the  stiffness  of  the  drill-collar string 
elements,  using  a  bent  sub  or  bent  housing  with  a  downhole  motor  or  turbine,  and  adding or 
subtracting  bit  weight. In petroleum drilling the  hole  angle  or  direction is changed  hydraulically 
with  a jetting bit  or  naturally  by  new  formation  forces  acting  on  the  bit. An understanding of 
how  the BHA interacts with all the  geological  and  mechanical forces is the  basis for 
understanding  the  factors  controlling  hole  angle  and  direction. 
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Formation Strength and Anisotropy 

The  formation is a  primary  factor  affecting  hole  deviation.  Alternating  formation  hardnesses are 
a  suspected  important  cause  of  bit  deviation.  Formation  hardness  also affects the penetration 
rate,  and this determines  the  amount of time  the  bit  and  the  stabiliser  will be abrading  the  hole 
wall  at  any  one  spot. This may  wear  out  the  stabiliser or bit, or it may  wear or cut the  rock  and 
enlarge the borehole.  Formations  with  dipping  bedding  planes  affect the borehole path. 
Experience has shown  that  bits  generally  tend to drill  updip  when  the  bedding  planes  have  dips 
of less  than 45' (0.79 rad)  and  to  drill  downdip  when  bedding  dips  are  greater  than 60' (1 -05 
rad).  More  work is needed  to  generalise  these  tendencies  for  various  bit  types  and  stabilisers  in 
a  variety  of  formations  before  they  can be routinely  applied. 

Drill Bits 

The many different  bit types all have  individual  characteristics  that  affect  deviation.  Primarily, 
these are relative  to  penetration  rate and  to  directional  drilling  capabilities.  Directionally,  roller 
bits  tend  to  walk  to  the  right,  whereas  diamond  and  diamond  compact  bits  do  not.  Special  bits 
have also been  built to control  the  direction of bit  walk. A complete  quantification of the 
behaviour of drill bits in directional  drilling  requires an improved understanding of the 
bidformation  interaction. 

Borehole  Assembly (BHA) 

Each component of the  drillstring  has  a  unique stiffness that contributes to the overall 
performance of the BHA. The stiffness  or  rigidity of any  component is a function of its 
modulus  of  elasticity  and its moment of inertia. The weight of each  component of the-BHA 
affects  the  assembly's  behaviour.  This  weight is a  function of the size and  specified  weight of 
the  component and  must  include  the  buoyancy  effect  of the drilling  fluid. In general,  stabiliser 
placement  and  size  are  major  factors in deviation  control.  The  effects  of  location, size, shape, 
and  properties of the  BHA  components  on  hole  angle  and  direction  can  be  analysed  by  available 
BHA  models. 

Borehole  Shape and Curvature 

The shape and  curvature of the borehole  have  been  the  subject of  much analysis, and  the 
interaction  between  borehole  trajectory  and BHA elastic  deflection  can  now be modelled  in 
three-dimensional  space. The curvature of the borehole  can  cause  the  BHA  to  be  deflected  in  a 
complex  shape  nearly  independent of the BHA components.  The  size  of the borehole is also 
very  important,  but  calliper  logs are not  available  in  real time, so the  hole size  is useful  only 
during  postanalysis of the  performance. 



Operating Parameters 

Even in the  simplest cases, the  interaction of bit weight,  torque,  and  rotary  speed  on  hole 
deviation can be  understood  only  through  drillstring  models  mostly  developed  for  vertical 
drilling  but  can  be  adapted  to  horizontal  drilling. A  simple  case  for  a  vertical  drill  hole is to 
consider  single-stabiliser string statically.  In  this case maintaining  the  maximum  distance 
between  the  bit  and  the  point  of  first  hole  contact  results  in the maximum static  side or restoring 
force  at  the  bit. This "pendulum"  drilling  approach  tends  to  cause  the  hole to return  to  vertical. 
Because  the  rate  of  return is unknown,  however,  care  must  be  exercised  to  avoid  severe 
doglegs. Rotary speed  and  other  factors  affect  the  BHA's  dynamic  behaviour,  which  currently 
is being  studied  in  the  more  sophisticated BHA  models. 

In a  simple  two-dimensional (2D) case,  the  weight-on-bit  and  the  side-bit  forces are shown  in 
Fig.  10.54.  The  reaction  forces at any  contact  point  between  the  wellbore  and BHA can also be 
computed. If the formation is isotropic and if the  bit  drills  in  all  directions  uniformly,  then  the 
bit  would  drill in the  direction it is forced. In practice,  the  formation is not  isotropic,  nor  does 
the  bit drill in all directions  uniformly  and thus other  factors begin to be influence.  One  of  these 
is the  direction  the  bit is aimed,  which is not  necessarily  the  same as the  direction  it is being 
forced.  The  bit  tilt  angle in Fig.  10.54 is the angle  between  the  centreline  of  the  BHA  deflection 
curve and  the  centreline of the  wellbore.  Most  bits  are, of course,  designed to drill in  the 
direction  they are aimed. As discussed  previously,  because  the  bit  type affects  the  bit/formation 
interaction,  a  general  quantitative  relationship  between  bit  tilt  angle,  side  force,  and  the  exact 
direction  the  bit will drill is not yet known. 

An important  feature of the  simple  static  analyses of  BHA is that it allows  easy  comparison of 
various  assemblies.  Fig. 10.55 shows  several of these  assemblies for building,  holding, or 
dropping  hole  angle.  Each  assembly  behaves  in  a  predictable  manner for typical  operating 
conditions  and  hole  angles,  and  for  conditions  when  the  hole is in gauge  and is not  curved. 
Pendulum-type  assemblies  with  a  single  stabiliser are shown  at  the  bottom  of  Fig. 10.55. In 
these  cases,  the fist point  of  hole-wall  contact is at the  stabiliser.  Increasing this pendulum 
length  from  13.7 to 18.3  m  (45  to 60 ft) for these  conditions, for example,  increases  the  side 
force at the  bit  back  toward  vertical  (Walker, 1986). Packed-hole  assemblies or holding 
assemblies are shown in the  centre of  Fig.  10.55. The 9.1 m (30 ft) stabiliser spacing 
originally  was used frequently  because of  the  convenience  of inserting stabilisers  at  each  collar 
joint. The insertion of  a short  collar,  however,  provides  a  better  holding  assembly. This has 
become the most  commonly  used  holding  assembly. Each building  assembly  shown at the  top 
of  Fig.  10.55  can be visualised as a  near-bit  stabiliser  acting as a  fulcrum  with a long  lever arm 
to the  next  point of  hole  contact that  pushes  the  bit up  and  away  from the hole axis. 
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Fig. 10.54. A 2D BHA schematic 
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Fig. 10.55. Expected  field  performance for typical  operating  conditions. 
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A good  correlation  appears  to  exist  between  the  side  forces  predicted  by  BHA  models  and  their 
expected  behaviour. In the  cases  shown,  the side force is positive  (or  upward) for building 
assemblies,  decreases to zero for holding  assemblies,  and is negative for dropping  assemblies 
for  typical operating conditions. 

Though  considerable  progress  has  been  made in the  analysis of various  BHA's,  many  factors 
are  still undefined. One method  used  to study BHA performance is postanalysis. In 
postanalysis, the drillstring-mechanics  problem is solved for the  given  assembly  borehole  shape 
and  operating  conditions.  Then  the  predicted  performance of the given  assembly can be 
compared  with  what  actually has happened. The comparison shows what the  bithock 
interaction  must  have  been  to  result  in  the  directional  behaviour  that  occurred. This technique 
of postanalysis, combined with new, sophisticated  models,  provides  an improved 
understanding  of  total  system  behaviour. 

It is unfortunate  that  the coal mining  industry has not  used  these  models in any  analyses in 
underground  drilling  and  most  progress has been  based  purely  on  practice. 

10.10 BOREHOLE SURVEYING  TECHNIQUES 

Most  earlier  boreholes  were  not  surveyed  primarily  due  to  the  fact  that  the  lengths of the holes 
were  small  and  the  knowledge of the  effect of deviation  on  efficiency  were  either  not  known or 
considered  not  important. At the  same  time  equipment  approved  for  underground  use was not 
readily  available. 

Some  of  the  initial  rotary  drilling  for gas drainage  were  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  horizontal  directional  control  and  monitor  direction  for rotary exploration 
drilling. The usual  intervals for surveying are 6m, 12 m, 18 m or 24 m.  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 are not  surveyed if the  drilling  conditions are reliable 
and  consistent  borehole  positioning  has  been  detected  by  subsequent  mining.  If  boreholes are 
not  found  to  be  where  they  were  expected to be for gas drainage  coverage,  tedious  post-drilling 
surveying of  boreholes is 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 
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conditions. The two  suitable  multi-shot  instruments  presently  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  this  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. 

Petroleum  industry  uses  highly  sophisticated  instruments  which  can  monitor  hole  deviation 
virtually  continuously.  Most of these  instruments are designed  for  large  diameter  boreholes  and 
cannot  be used with  conventional  underground  drainage  rigs  such as Ferranti  Eastman  survey 
tools;  besides  these are not  approved  for use in  underground  coal  mines  in Australia. 

1 0.10.1 Surveying Instruments 

Various  surveying  instruments  used  in  the  Australian  coal  mining  industry are described  below: 

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 in a  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 700 m. 
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"Peewee" &ti-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. This instrument 
has  problems  due  to  a  number of factors  including  magnetisation of the  stainless  steel  body  and 
this indicates  that  the  instrument  should  be  regularly  calibrated. 

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. 

Geoscience  instnunent 

The Geoscience  Model 24 instrument  (from USA) was  the  first  down-hole  monitor  used  in 
Australian  underground  drilling  (Hungerford et al, 1988) and  was  successful  to  a  depth of 
1004 m 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 
900 m  in  the  USA,  the  method  of  acoustic  signal  transmission  was  unsuitable for Australian 
conditions. The signal was  drowned out by the  in-hole gas noises as depths increased. 
Various  alterations in the  form  of  acoustic  signal  transmission  improved  the  depth  capacity  to 
approximately 600 m. 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. 

AIMTDDM/DDMupgrade 

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 
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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 is 700 m 
with  the  DDM  and  one  borehole  to 1OOO m  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. 

More recently  released by  AMT  is  the  MECCA  system  (Fig. 10.56). It is available to 
complement  and  enhance  the DDM  Upgrade  and  future  developments  of  DDM. This has  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 is 
thus eliminated. The survey  instrument  will  remove the limiting factor on the depth of 
boreholes  drilled  and is successfully  being  used  at North Cliff  Mine. 

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 r e f h g  the  cable  has  further  delayed its introduction  to  the  industry. 

Fig. 10.56. AMT-MECCA (Modular Electrically Connected  Cable  Assembly) 
system  for use with DDM. 
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Other  instruments  specifically  designed for small  diameters  which  have  not  found use in 
Australian  mines as yet  include  Teleco MWD, 2BE directional  tool  developed  by  Bergbau 
Forschung,  Germany,  Fotobar  developed  by Altas Copco,  Sweden,  etc. 

10.10.2 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,  it is 
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  these  inaccuracies,  before  each  new  project  and at stages  during  the  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 (Fig. 10.57). This  indicates  that  magnetic  deviation is related to the  magnetic 
azimuth  and  the  maximum  variation  occurs  at 90" and 270' and  can  reach 0.6'. The  error can be 
reduced  by  increasing  the  distance  between  the  tool  and  the  downhole  motor. 

Wire-line  single-shot  surveying,  which  has  been  the  main  means  of  surveying, results in 
drilling delays  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. 

Results of studies  have  indicated  that  an  accuracy of +1% from  the  target  location can be 
achieved if proper care is taken. 
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Fig. 10.57. Magnetic  Influences  (Hungerford, 1995) 
Case A: Survey  tool  directly  behind d-h  motor inside 2 non-magnetic  rods. 
Case B: Survey  tool 3 m  behind  d-h  motor  inside 3 non-magnetic  rods. 

10.11 STABILITY OF DRAINAGE BOREHOLES 

Stability is an  important  aspect  of all drainage  holes  drilled. 

Though  enormous  advances  have  been  made  in  the  area of rock  mechanics,  the  mechanism of 
failure of boreholes in rock is difficult  to  predict in advance  because  of  the  very  wide variations 
in the  properties of rocks,  anisotropy, stress  field,  effect of fluids and fluid pressure, 
deformational  behaviour  (brittle,  elasto  plastic,  plastic),  temperature  effects,  and  interaction of 
all these  parameters  particularly  when  the  excavation shape changes  due to deformation or 
failure  and stress relief  effects  associated with it. 

In  deep  drilling,  the  initial  behaviour of  a circular  borehole  can  be  analysed to some  extent  and 
understood  if all the  parameters  required for input into sophisticated  computer  models are 
available.  However,  during  the  course  of  time,  these are subjected to varying  pressure, 
temperature  and  flow  conditions.  Their  behaviour  depends  upon  their  history.  If failure 
occurs,  these  boreholes  may be supported  right  during  drilling or after  drilling. 

Fairhurst (1989) suggested  that  the  stability of a  small  structure,  for  example  a  small-diameter 
borehole,  essentially  depends  on  the  strength  of  the  rock  matrix  while  the  stability  of  larger 
caverns  depends  on  the  rock  mass  structure,  fractures,  faults,  bedding  joints. As is frequently 
the case, the  reciprocal is also  true: 



(i)  where  the  matrix  subjected  to  various  stresses is not  strong  enough  to  ensure  the  stability 
of  big openings; and 

(ii) where the rock mass  structure  and  discontinuities  can affect the  stability  of  small  diameter 
holes. 

The  mechanisms  that  are  the  cause  of  problems are many  and  have  not  been fully identified  and 
many  remain  unsolved. 

Stability of boreholes  can  be  considered  under  one  or  more  of  the  following  conditions: 

(i)  Homogeneous  material, isotropic, anisotropic,  tight, dry porous material or with 
especially  high  fluid  pressures  in  proximity  to  borehole  walls. 

(ii) Heterogeneous  material  in  one  direction as shown  by  stratification. 
(iii) The case of fluid  in-flows  coming  from  faults,  joints  and  fractures. 
(iv)  Swelling  material  and  material  subjected  to  dissolution. 
(v)  Thermal  mechanisms. 
(vi)  Dynamic  failure  in  very  deep  mines. 

The  breakdown  above  may  seem  arbitrary  since  the  various  mechanisms  can  combine  with  the 
various  structure  types.  But, it can  be  helpful  to  analyse  problems  with  separate  variables  and 
identify  the  essential  variable  or  parameter. 

Fig. 10.58 gives  an  example  of  borehole failures in  coal seams. 

10.12 FIELD  OBSERVATIONS  ON  BOREHOLE STABILITY 

Observations  made  during  visits to mines  and  discussions  with  personnel  associated  with 
drilling  operations. 

Borehole  instability  caused by geologic  structures  including  clay  dykes,  shear  zones, 
localised faults and  larger scale faults, has  hindered borehole installation and 
compromised  the  desired  borehole  effectiveness  in  Sydney  Basin's  Southern  Coalfield. 
Instability  has  also  been  observed  when  drilling  through  high  gas  content (-16 rn%) in 
high  COz areas. 

Accurate  identification of  a  shear  zone  (with  or  without  encountering  borehole instability) 
is critical  because it can  be  a  precursor  to  a  potential  outburst.  Maintaining  borehole 
stability  while  penetrating  a  shear  zone,  can  be  crucial  in  reducing gas pressure,  methane 
and  carbon  dioxide  contents,  and  ultimately,  outburst  severity. 
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Fig.  10.58.  Failure of a 
200 mm  borehole 
during  drilling, 
Leichhardt  Colliery. 

J. Hanes  Consulting, 
Wollongong. 

courtesy, 

Maintaining  borehole  stability  of critical  long  boreholes  when  intercepting  and  attempting 
to  penetrate  localised faults has  been  difficult.  Drilling less common,  regional  faults, 
possessing  high stress conditions  has  been  impossible. 

Aggressive  type  drill  bits,  either  tungsten  carbide or polycrystalline  diamond  compact  bits 
are used. 

Hole  collapse  can  occur  during drilling, immediately after drilling  when rods  are 
withdrawn,  with  elapse of time  and  after the  hole  has  been  subjected  to changes in the 
stress regime  e.g. as a  result of extraction of pillar  panels or longwalls. 



Collapse  of  holes  during  drilling  and/or after withdrawal  of  drill  stem  may  result  in  one of 
the  following: 

Inability to drill  hole  to  reach  the  desired  target  and as a  result  inability  to  drain  the 
areas beyond  the  point  of  collapse. 

Filling of the  hole  with  the  failed  material  resulting  in  decrease  in  the  effectiveness 
of  the  hole, or complete filling of  the  hole  with  broken  material transported from  the 
failed  region  along  the  full  length  drilled  resulting  in its complete  closure  making  it 
completely  ineffective.  Holes  which  collapse  with  time after these have  been 
completed  give  a false sense of security of effective  drainage. 

Build up of gas  pressure  behind  the  closed  portion  of  the  hole  may  lead  to  sudden 
ejection  from  time  to  time creating hazardous  conditions. 

Loss of drilling  equipment  (drill  string, drill motor) in the  hole  which  not  only 
results in  potential  economic  loss  but  may  create  problems in subsequent  mining  if 
the equipment is within  the  block to be mined  with  machines. 

Collapsed  holes  which  may  have  deviated  and fall  into the  area  of  excavation 
present  serious  problems  if  high  gas  pressure is maintained  beyond  the  blocked 
hole.  Intersection  of  the  hole  during  development  may  result  in  explosive  ejection 
of the material,  side  bursting  when  the  distance of the  hole  and  the  rib  line is small 
and  gassing  out of the  excavation  with  the  possibility  of an explosion. 

Change  in stress regime as it  occurs  during  the  mining of the  longwall  block  results  in 
large scale ground  movement  around  the block Ineffective  pre-drainage  of  the  coal seam 
under  extraction  using  in-seam  holes  may  result  in  the  collapse of the  holes  which  when 
approached  during  mining  present  problems as mentioned  above. Floor and  roof  holes 
are influenced  by  block  movement.  Holes  which  may  have  sheared  may  re-open  again. 
The gas composition  from  these  holes  may also change  considerably.  As  such  these 
holes  require close monitoring,  closing  and  re-opening, to ensure maximum  gas 
recovery. 

Many  mines  on  the  South  Coast  (Australia)  particularly  when drilling downhill,  routinely 
case their  long  boreholes,  using thin walled, slotted  steel,  PVC or approval FRAS casing 
to maintain  borehole  stability after determining  boreholes  that  were  not  cased  experienced 
a  reduction in gas production.  West  Cliff  Mine,  Tahmoor  and  Tower  Collieries  have 
installed copper  tubing or pipe to bridge  unstable  borehole  zones  and  then  resumed 
drilling.  The  difficult  of this procedure has increased  with  borehole  depth. 
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Requirements of developments in longwall  technology is putting  increasing  demands  on 
the  drainage  requirements. It is being  explored  whether 1,OOO m  longwall can be drilled 
to  pre-drain  a  number  of  blocks (3 - 4) and  pre-drain  the lowerhpper laying seams using 
drainage  holes  drilled  from  the  ends of the  panel. This system requires not  only close 
control  on  direction  and  horizon as well as maintenance  of  the  holes  particularly  when 
these  come  under  the  influence of the  longwall.  (It is doubtful if the  holes  could  ever be 
maintained  under  the  effect of  a retreating  longwall  particularly if the  vertical  distance 
from  the seam mined is small). The deviation in these  holes  should be less than 112 the 
spacing,  but  their  maintenance  within  the  desired  horizon is extremely  important. A 
number of trials  have  been  made  and so far  these  have  been  fairly  successful. 

10.13 MECHANISM OF BOREHOLE  FAILURE - A  SIMPLE CASE OF 
STRESS INITIATION 

When  a  borehole is drilled in rock  the stresses occurring at the  point are redistributed  around  the 
borehole. The distributed stresses around  a circular hole in an elastic body were  first 
determined by  Kirsch  called as Kirsch  equations.  Fig.  10.59  shows the stress components. 
These  equations  show  that  the  radial stress ot and shear stress ~d at the walls of the borehole 
(r = a)  are  zero. The tangential  stress at the  walls is given by 

For 8 = 0 and 180°, 
0, = p,(3k  -1) 

For 8 = 90" and  270" 

= PA3-k) 

(10.6) 

(10.7) 

(10.8) 

Tangential stress, therefore,  depends  upon  k  value.  For  k  greater  than b, stresses at 0" and 90' 
to  the  direction  of  maximum stress are compressive,  but if k <:, stress  at 0" and 180' to the 

major  principal  stress  can be tensile.  Fig. 10.60 shows  the  variation  of  boundary stresses in 
the  crown,  sole  and  sides of a  borehole as a  function of k  values. 

The maximum shear stress occurs at 45" to  the axis of  principal  stress  and its value is given by 

T,, = !?-((l-k)(l+F-F)} 2 2a2 (10.9) 



"c 

Horizontal applied s t r e s s  p,, = kp, 

STRESS COMPONENTS AT POINT (r, 9) 

Radial a, = - pz((l + k)(l - a2 / r2) + (1 - k)(l - 4a2 / r2 + 3a4 / r4)C0s 29) 

Tangential 6, = -pz((l 1 + k)(l+ a2 / r2) - (1 - k)(l+ 3a4 / r4)Cos 29) 

Shear T~ = -pz(-(1 - k)(l+ 2a2 / r2 - 3a4 / r4)Sin 29) 

1 
2 

2 
1 
2 

PFUNCIPAL STRESSES IN PLANE OF PAPER AT POINT (r, 9) 

1 

Inclination  of the principal stress (in this case vertical)  to  the radial direction at a point 
Tan  201 = 2zre / (Oe -a,) 

Fig. 10.59. Equations for  the stresses in the  material 
surrounding a circular  hole in a stressed elastic body. 
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Fig.  10.60.  Variation in boundary stresses in the  roof  and  floor  and  sidewalls 
of a  circular opening with  variation in the  ratio k of applied stresses. 

Close to the boundary of the borehole (r = a) the maximum shear stress  is given by 
q+, = p,(l - k) When k = 1,  the  shear stress is zero.  For k + 0, the  maximum shear stress 

approaches  the  principal stress, but  it is never  greater  than  the  vertical  principal stress. 

The above analysis shows that  depending  upon  the  strength of the material, failure of the 
borehole  (without  any  radial  pressure)  can take place  under  either  of  the  following  conditions: 

1. Compressive  failure  at  the  boundary  at 90' to the axis of the  maximum  principal stress. 
2. Tensile  failure  along  the axis of the  maximum  principal  stress. 
3 - Shear  failure  at 45' to  the axis of  maximum  principal stress. 

Tensional  failure  can  occur  only  when k is because  for values beyond this, the stresses 

around  the  perimeter are always  compressive  and  could  vary  from  almost 0 to a  maximum  of 
301. The shear  stress  can  never  exceed pz. 

Stress  measurements in Australian  mines  have  been  conducted in the  roof  of coal seams and 
very  little  data is available on stresses  within  the  coal.  A  few stress values  using  hydrofracing 
technique  show  that  stresses  in  the  coal  have k value less than 1. Major  principal stress in coal 
is thus vertical. This would  suggest  that tensile stresses could  develop at the crown of  the 
borehole  and  cause  failure in a  borehole. Also most  probable  cause of failure may also be  the 
compressive stress acting  around  the  perimeter  of  the  borehole,  the  value  of  which  will  fluctuate 
between 2 and 3 for k E 1 and  between  and 1 and 3 if k varies  between 0.67 to 1. At  the  same 
time shear stress at some  depth  from  the  perimeter of the  borehole  could  cause  a failure. As 
such all the 3 types of failure  are  possible,  but  tensile  or  shear  failure  is  most  likely. 
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If  the  shape of the  borehole  varies  from  a  circular  hole  i.e.  elliptical,  the  tangential stress values 
could  increase  slightly  particularly  at  a  point  which  forms  the  longer axis of the  ellipse. 

Extensive  field  observations in vertical  boreholes  suggest  that  breakout of holes  occurs with the 
axis of failure  aligned to  the  minimum  horizontal  in-situ  stress  direction.  This  indicates  that 
tensile  failure is the most  common  cause of failure in vertical  boreholes  drilled  at  right  angle to 
the  bedding  planes.  The  observation of boreholes  using  televiewing or calliper  logging is now 
frequently used  to  establish the direction of  maximum principal stress and as an aid in  the 
design  of  underground  excavation. 

10.13.1 Effect of Crack Propagation 

The  initiation of failure at a  particular  point  completely  alters  the  stress  distribution  around  that 
point.  Besides  the  above  analysis  does  not take into  account  the  effect  of  intermediate  principal 
stress and internal pressure in a  borehole. 

In an  isotropic  material  with  a  circular  hole,  various stresses such as, 09 is tangential  stress, Or 
is radial  stress, 01 is axial  or  longitudinal  stress  exerted on a borehole as shown in Fig. 10.61, 
and  assuming that the  borehole follows one  principal in-situ stress and that a shear failure 
occurs  with  the maximum stress in a z/4-+/2 direction  according to the  bisector of the acute 
angle  formed by the  combined  failure  lines  (line  intersection  following the intermediate stress), 
failure can  have  the  following forms when  the  material is weak  and  the failure occurs in 
accordance with  the  Mohr-Coulomb's  criterion.  Sheared  coal  or  a  hole  drilled  through  a  shear 
zone  represents this condition. 

The failure form  shown  in  Fig.  10.61a  with Or e 01 < 06 referred to  as Mode A and  more 
particularly as A1 (Fig.  10.63a).  Another  form  referred  to as A2 with  intermediate stress, 01, 

is expressed in Figs.  10.62  and 10.64. 

Mode A1 corresponds  to what is observed in laboratories  and  sometimes in unlined  galleries 
and  tunnels  at  atmospheric  pressure,  with  one  system of spiral failure lines predominant  over 
the  other  (Fig.  10.63) in the  cross  section of a  gallery  or  a  borehole. 

Mode A2 (Fig.  10.64a),  more  difficult to observe as it corresponds  to  high  internal  pressures, 
may  apply  to  galleries  under  pressure  and  to  overpressure  boreholes. While internal pressure 
has  a  stabilising  effect  for  Mode Al, it can  have  a  damaging  effect  for  conditions  close to Mode 
A2, which  may  occur  in  the  course of pressure tests. 



When  the  tangential stress, 00 is the  intermediate stress, it gives  two  possible  modes,  B 1 and 
B2  (Fig.  10.64a),  expressed as follows 

In this case, too,  only  Mode Bl  is directly  observable  and  Mode  B2  involved  high internal 
pressures. The shape of failures is  toroidal.  Observations  made  on some vertical shafts under 
other  conditions  (heterogeneous  rock  mass in which  deformation  is  not  plane)  may  correspond 
to Mode B 1. 

Similarly, there exist two  modes of failure,  C1  and  C2  (Fig.  10.64a), corresponding to the 
following  stress  patterns  with Or as intermediate  stress 

The associated failures should  correspond  to  helical  surfaces  appearing as spiral lines on  the 
borehole  walls,  with 01 and 00 on the  bisector of the  acute  angle  formed by the  failure  lines for 
C l  and C2, respectively.  Presumably,  this is the  reason  why some of the  major  spiral-shaped 
failure  lines - here induced by drilling operations - appear intermingled ('combined') on 
sidewall logs. 

Guenot  (1987)  proposed an elegant  representation of the  various  modes of shear  failures  versus 
the  in-situ state of stress for a  vertical  hole.  The  horizontal  component  Q of the  in-situ stress is 
assumed  isotropic,  plotted as abscissa  and  scaled  to  P(Q/P),  vertical  component. The internal 
pressure plotted as ordinate is also  scaled  to P, P being  assumed to be due to overburden 
weight.  Fig.  10.62a  is  drawn for a  rock  friction  angle @ and  cohesion  C  (here (I = 28' and 
C = 0) (Mohr-Coulomb  criterion). This kind of diagram  can  be  drawn for the case of rocks 
with  cohesion (C f 0) and interstitial pressures.  Fig.  10.62b  shows incipient failure pattern 
representation  away  from  the  boundary  walls. 

During vertical  drilling,  the  effective stress, the  mud  density  cannot be larger than the sum  of 
the overburden stress and the rock tensile stress without  inducing  a horizontal hydraulic 
fracture.  The  fracture  patterns  mentioned  in  above  diagrams  are  then  limited by a  horizontal 
line. Tensile stresses can also be  produced on side walls (00 < Rt) beyond some internal 
pressure  levels.  These are the  conditions of the  hydraulic  fracturing  method  used  in oil industry 
to stimulate  low-production  fields  and in stress measurements. 
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Fig. 10.61.  (a)  Definition of stresses at  the walls of a wellbore 
and (b) intersection failure lines  parallel to intermediate stress. 
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Fig. 10.62.  (a) Stability evaluation  (vertical  well)  and shear failure modes ($ = 28O, C = 0) and 
(b) stability diagram (vertical  hole); shear failure modes  and related shapes 

(Q - 2 8 O ,  C = 0, Coulomb's  criterion)  (Guenot, 1987). 
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Fig. 10.63. Mode A1 failure of a thick wall cylinder under  isotropic stress (limestone) 
(Guenot, 1987). 
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Fig. 10.64b. Stresses and incipient failure (Maw, 1993). 
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10.13.2 Laboratory and Field  Observations on Borehole  Failure Modes 

As shown in the  previous  section,  failures  are  induced by tension or shearing. This is 
frequently  confirmed  by  laboratory  tests.  In-situ  observations  made in deep gold  mines  in 
South  Africa  and  India  and  coal  mines  in  Donetsk  (Ukraine)  show  that sidewall failures  in 
excavations,  galleries  or  small  openings  can  be in the  form  of  spalling  parallel  to  the  excavation 
wall (Fig.  10.65), as in  uniaxial  compression  failure,  with  plane  or  curved failure surfaces 
perpendicular  to  the  minor stress. This failure  mode  would  give  succeeding  curved  areas 
parallel  to  sidewalls (i.e.  normal  to  minor  isostatic).  The  South  African  observations  relate  to 
extremely  brittle  materials  having an elastic  behaviour.  Surprisingly,  softer  materials  (artificial 
soft sandstone)  also  show similar behaviour  (P6ri6  and  Goodman,  1989). 

Laboratory  studies  conducted  on  rock  samples  subjected  to  different  stress  conditions  have also 
shown  that two different  modes of failure  can  be  considered as the  mechanism  of  failure  of  the 
borehole. The first is the extensible  cracking  of  the  borehole  wall  resulting  in  sequential 
spalling. The shape of the  failed  part of the  hole  from  such  a  failure is deep  and  pointed.  Such 
failure shapes have  been  observed  in  laboratory tests in  sandstone  and  limestone  specimens 
(Mastin, 1984;  Haimson  and  Herrick,  1985  and  1986)  (Figs. 10.66 and  10.67). 

The second  mechanism of failure is due to  shear  cracking  where  the  shear stress in the  zones 
around  the  borehole  walls  exceeds  the  shear  strength of the  material  result in failure. Mohr- 
Coulomb  criterion has been  applied  to  predict  borehole  collapse. A distinct  characteristic of 
shear  failure is their  flat  and  shallower  bottoms  (Zoback et al,  1992,  Vemik  and  Zoback,  1992). 
Borehole  break  out  geometry  using  televiewer  logging of deep  boreholes in crystalline  rocks 
has  been  interpreted  using  these  models. 

In weak  sedimentary rocks and in artificial  rock type materials,  a  slightly  different  shear  failure 
mode  has  been  observed.  Shear  failure  here occurs along two conjugate  fractures  which  result 
in deep pointed  breakout  shapes  (Song  and  Haimson, 1992,1993; Zheng et al, 1989). 

Observations  on  borehole  stability of horizontal  holes  drilled in coal seams show  that  failure 
occurs at the  crown of the  hole  possibly  due  to  tensile  stresses  (Fig.  10.58)  in  the  weaker  bed 
of the coal stratification. The instability  caused  travels  upwards  changing the shape of the 
borehole until the  modified stress field results in stabilisation  of  the  borehole.  Horizontal 
boreholes  in  coal  rarely  show  failures  on  the  side  walls  except when  thick  weak  (bright)  coal is 
encountered  limited to 3rd the borehole  diameter  close  to  mid-height  where  failure  may  be  due 

to shear stress just behind the borehole skin. 
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Fig.  10.65.  Sidewall failure parallel to excavation in a  bored raise 
in highly stressed massive  brittle rock 

(Hoek and Brown, 1980). 

Fig.  10.66.  Horizontal  tunnel (3 m diameter)  at 420 m level in the  Underground 
Research  Laboratory (URL), showing two diametrically  opposed breakouts approximately 

aligned with  the  vertical stress (the o v e d  least  principal stress at URL) direction. 
Note the  deep  and pointed shape of the breakouts,  and  their  dramatic simi lar i ty  

to the  laboratory scale breakouts shown in Fig.  10.67a. 
(Photograph  cour&esy of D. Martin) (Lee and Haimson, 1993). 
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Fig.  10.67a. Cross section of the  borehole  wall  showing  two  diametrically  opposed 
breakouts in Specimen  URL19.  The  breakouts are aligned  with  the  direction  of  the 

least  horizontal far field stress sh. Note  the  deep  and  pointed  breakout  shape 
(compare with Fig.  10.66.) (Lee and  Haimson, 1993). 

Fig.  10.67b. Cross section of the  borehole wall showing  two  diametrically  opposed 
breakouts in Specimen  URIA2,  which  was  subjected  to  the  same  far-field stresses 

as Specimen  URL19  while  maintaining  borehole  fluid  pressure of 14 MPa. 
Note the similarity between  the  breakouts of the two specimens 

(compare  with  Fig.  10.67a).(Lee  and  Haimson, 1993). 
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Vardoulakis (1984)  and  Vardoulakis  et  al  (1988)  have developed the bifurcation analysis 
approach  and  the  concept of critical  stress  which  when  exceeded leads to borehole failure. 
Extensive  cracking  (exfoliation)  or  shear  failure  can  prevail  depending  upon the ratio  between 
the  tensile  and  the  compressive  strength  of  rock. 

The mechanism of  both extensile  and  shear failure modes has also been explained using 
pressure  dependent  linear  elasticity  (Maury,  1993;  Santarelli et al, 1986). Here, tangential 
stress has its maximum  value  not at the  borehole  wall,  but  slightly  behind it (Santarelli et al, 
1986).  Micro  cracks  can  thus  develop  near  the  maximum  tangential stress location and  extend 
into  the  body of rock  either  through  the  matrix of  the  binding  material, as intergranular  fracture, 
(in elastic rocks  where  the  grain  toughness is higher  than  the  matrix) or intragranular fracture 
transecting  both  the  grains  and  the  matrix  (as  in  crystalline  rocks such as granite). These 
fractures have  tortuous  texture  and  initiate  behind  the  borehole  wall  and  run  subparallel to the 
principal  stress.  Fig.  10.68  shows  examples of tensile  fractures  and  breakouts in granite. 

10.14 BOREHOLE  STABILITY  TECHNIQUES  USED IN COAL MINES 
AND OTHER  INDUSTRIES 

Several techniques  have  been  developed for the  maintenance of holes in unstable ground. 
Unstable  ground  can  be  classified as "passive"  and  "active". 

When  holes  are  drilled  in  passive  unstable  ground,  hole  collapse  occurs  due to change in  stress 
distribution.  Drilling  alters  the  stress field  from triaxial to a  biaxial  state. This stress change 
coupled  with  fluid  pressure  effects at  the  boundary  of the hole is the  main reason for hole 
failure. Certain fluids such as carbon  dioxide  under  high  pressure affect inherent strength of 
coal,  lowering it in some  cases by 40%. Hole  collapse  under  such  cases is more  frequent. 

Damage to the  hole  can also occur as a  result of continuous  wear,  but this only changes  the 
shape of the  hole  and is of  no consequence  from gas drainage  point of view.  Deformed  holes, 
as long as they  are stable are  quite  effective for gas drainage. Ineffectiveness of the hole is 
caused  only  when  the  collapsed  material  is  not  cleared. 

Enlargement of the  hole  diameter  and  change  of  shape  may result in further collapse. This will 
invariably  result  in  some  stabilisation with  time. It is essential  that  these holes are cleared of 
collapsed  material. 

Experience  in  underground  drilling  indicates  that  a  second  hole  close  to  the  collapsing  hole  can 
be  drilled  if  sufficient  time  is  allowed  for  gas  pressure  to  drop  and  destressing to be  effective. 



4- 
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Fig. 10.68a. A typical  polarized  photomicrograph  of  Lac  du  Bonnet  granite 
(Specimen URL11) showing the occurrence of extensile  microcracks 

behind  the  borehole  wall.  Applied stresses were s h  = S ,  = 35 MPa  and SH = 152 MPa. 
Note  that  the  density of the cracks is higher  near  the  borehole  wall  (top of figure). 

Fig. 10.68b. A typical  polarized  micrograph  of Lac du  Bonnet  granite 
(Specimen m 1 9 )  showing a breakout resulting from the detachment  of  flakes mated by 

extensile  microcracks.  Microcracks are formed  sub-parallel to .the  borehole  wall 
suggesting  extensile characteristics of failure.  Applied stresses were 

s h =  s, = 30 MPa  and SH = 190 m a .  

Fig. 10.68~. A typical  polarized  photomicrograph of Lac  du  Bonnet  granite 
(enlarged  photograph  of  the  left  side of the  breakout in Fig. 10.68b), showing 

in greater detail the  multitude  of  extensile  cracks  created  during  the failure process 
leading to breakouts  in Lac du  Bonnet  granite. 
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Holes in passive ground  may  be  successfully  drilled  and/or stabilised using one of the 
following  techniques. 

Slow  drilling  with  good  clearance  of  cuttings to ensure that  rod  jamming  does  not  occur.- 

Use  of  high  water  flushing  rate  to  clear  cuttings. 

Selection  of  rod  diameter  and  bit  diameter to allow  sufficient  clearance  for  the  cuttings. 

Plan  holes  such  that  they  drilled  parallel to the  maximum  principal  horizontal stress. 
These holes  will  also  have  lower  deflection  from  their  designed  path  and  higher  stability. 

Selection of hole  diameter  consistent  with  cleat  density of coal and stress.  Smaller 
diameter  holes are more  stable  than  larger  diameter  holes.  However,  smaller  diameter 
holes  may  be  less  effective  in  draining gas and  may  not provide enough  clearance  for 
cuttings. 

Gas drainage  hole  diameters  usually  vary  between 42 - 100 mm. 65 - 80 mm diameter 
holes are most  common.  Only in special cases holes  up to 300 mm  diameter  may  be 
drilled. 

Use of recirculating  muds  to  stabilise  holes.  Many  different  types  of  muds are available 
and are used  in  drilling for petroleum  and  natural  gas. Muds stabilise the holes  by 
creating a stable  coating  on  the  surface of the  hole.  Presently, the equipment  used for 
filtration  of  cuttings is too  large  for  underground  purposes in coal  mines  where  the  space 
is highly  constrained. 

It is essential  to  ensure  that  the use of muds  does  not  cause  formation  damage. This will 
result  in  ineffective  drainage.  Use of muds  which  break  down  with  time  may  result in 
collapse of the  hole  after  drilling  has  been  completed. As such there is a  need to insert 
liners  at  the  location of instability or stabilise it with  muds  which seal only  a  part  of the 
hole  that  has  been  unstable.  Because of high  costs it is doubtful  if  muds will ever be  used 
in  underground coal  mining. 

Injection  of a cement  based  or  resin  based  grout  to  stabilise the area and  redrill  through 
the  unstable  area. This requires  good  understanding of grout-coal-drill  bit  interaction. 
Too strong  a  cement  will  result  in  the  deflection of  the  hole. Too weak  a  cement  may  not 
stabilise  it. It is also essential  that  stable areas are  not  penetrated  by the grout. The hole 
may  require  redrilling  after  grouting. 

605 



(h)  Insertion of slotted  casing  following  the drill bit is successful  when  hole  diameter is large. 
The drill  machines,  specially  designed  to  incorporate  insertion of the  slotted  casing are 
now  available.  Technology is available  to  insert  the  casing  and  then  withdraw it by  a 

, cutting  tool  inside  the  hole so that  slotted  casing  stays  only  in  unstable areas of the hole. 

(i) Rotary drilling  in  active  zones  presents  problems  due to the  danger of jamming of the 
rods.  Any  attempts  to  drill  in  such areas must be made  with  caution.  Slow  drilling  with 
large  diameter  bits  and  good  flushing are primary  requirements. 

(j) Holes  in  active  ground, around longwalls  and  pillar  panels,  are  more  difficult  to  maintain. 
The thickness of the  casing  required  to  withstand  ground  movement  and  costs  associated 
with  it  may be prohibitive.  The two possible  solutions  for this problem are: 

(i)  Establish  zones  where  movement is now  stabilised  or is small  enough  that it can  be 
tolerated  and  then  drill  holes  with  a  diameter  large  enough  to  allow  partial  closure 
yet  maintain  enough  orifice  area  for  efficient  drainage. 

(ii) Strengthen  holes  with  a  strong  casing  to  withstand  movement  only in areas where 
this is critical. 

Attempts  have  been  made  to  keep  these  holes  open  using  old  drill  rods. It is essential  to 
keep  in  mind  that  internal  diameter of these  rods is very  small  and these may be causing 
excessive  resistance to the  flow rate. Over  the  life of the  hole  this  may  result  in  lower  gas 
capture  compared to holes  without  the lining. 

(k) The best  method is to  use  technology  where  liners  can be inserted simultaneously  when 
drilling. This technology should be experimented  in  Australian  mines. This technology 
also assures better  hole  alignment  and has the  potential  to  keep  holes  on  target  and  reduce 
hole  monitoring  costs. 
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SUMMARY OF INITIAL  REGULATIONS  FOR FULL FACE  SHOTFIRING 
ON 27 OCTOBER, 1961 AT  METROPOLITAN  COLLIERY, 
NEW  SOUTH  WALES,  USING  INDUCER  SHOTFIRING 

Permission is granted  for  the  charging  and fring of more  than  one  shot at the one time using 
permitted  explosives  and  short-delay  detonators,  for the purpose  of  working  the  solids,  subject 
to  the  following  conditions. 

1. The standard of ventilation in a  place  shall  be at least  5,000 c.f.m. passing d k c t  to  the 
return. 

2. Not more than 18 shots  shall  be  charged  and  fired  simultaneously  in  each  round of  shots. 

3.  All metal work  shall be maintained  effectively  connected  to  the  main  earthing  system of 
the  mine. 

4. The exploder and  tester  shall  be  of  a type approved  by  the  Chief  Inspector. 

5 .  Only  low  tension  detonators  with  copper  leads  shall  be  used,  connected in simple  series. 
Inverse  initiation  shall be used in the  bottom  holes. 

6.  Detonators  shall  be  resistance  graded  and  only  detonators  varying  by  a  maximum of 
0.1 ohm shall  be used in  the  same series. 

7. Short delay  action  detonators  may be used. The maximum  delay  between  successive 
shots in a round  shall  not  exceed 75 msec  and  the  maximum  delay  between  the fust and 
final  shots  shall  not  exceed  150  msec. 

8.  The shotfiring  cable  shall  consist  of  a two conductor  insulated  cable or two single core 
insulated  copper  conductors  tivisted  together or taped  together at intervals  not  exceeding 
3 ft, with  a  total  resistance  not  less than 1.25 ohms or greater  than 1.5 ohms. 

9. All joints in the  circuit shall be effectively  insulated  with  plastic  tubing or insulation tape. 
The round shall remain  short-circuited until the  shots  are  about  to be tested and fired. 

10. The shotfirer shall  be  provided  with an approved  ohmmeter  and  a  table  showing the 
calculated  resistances of circuits  (including  the shotf i ig  cable)  containing  from one to 
the maximum  number  of shots allowable in one  round. 

1 I. Before  shotfiring  operations are commenced, all electric  power  shall be cut 'off  from  the 
place  where  the  shots  are to be  fired  and the trailing  cable  plugs of mobile or portable 
machines within 30 ft of the shotholes shall be removed  from the gate end  box 
receptacles. A fence  or  fences  shall be erected by the  shotfirer  not  less than 30 ft from  the 
face  where  the  shots are to be charged,  and be removed  after  firing  and  inspection. 

12. Immediately  before  the  shots are fired 

a. all men in the  district  with  the  exception  of the shotfirer shall be withdrawn to the  main 
intake  airway of the  district  outbye  of  the last permanent  ventilation  stopping,  and in 
any  case  not less than 100 yd on  the  intake  side of the  place  where  the shots are to be 
fired,  and in any  district,  no  men  shall  be  situated  on  the  return side of the place  or 
district  where  shots are being  fired,  and 
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b. the shotfirer  shall  examine  with  a  locked  oil  safety lamp all contiguous  accessible 
places  within  a  radius  of 20 yd  and shall  not fire unless  they are free from inflammable 
gas  and in all other respects safe  for  firing  to take place. 

13. In firing  the  shots  the  following  procedure  shall be observed. 

a. After  connecting  the  round in simple  series,  the  circuit  shall  be  tested  for  resistance 
from  at  least  100 yd  on  the  intake  side of the  place to be fired. 

b. If the  ohmmeter  reading is within k1.25 ohm of the  resistance  indicated  on  the  table, 
the place  may be fired. 

c. If the  reading is outside this tolerance, the ohmmeter  shall  be  disconnected  and  no 
attempt  made  to fire the  circuit until the  defect  has  been  located  and rectif-ied. 

d. As soon as is safely  possible  after  each  round of shots  has  been fired, the  shotfirer 
shall  examine  the  place as to  general  safety  and  to  ensure as far as possible  that  no 
misfired  shot  remains  undetected. 

e. The number  of  places to be  charged  shall  be  not  greater  than  can  reasonably be fired  at 
the  next succeeding work  break. 

14. If any exploder is found  to be defective, or fails  to fire at one  operation all the  shots in a 
round,  the shotfirer shall record  the fact and  shall  report the circumstances to the 
Manager. 

15. The shotfirer  shall  record  details of explosives  usage,  rounds,  places,  locations of any 
mis-shots  and  their  treatment,  causes of mis-shots,  and  all  defects  located. 

16. The  exploder  shall  be  tested  before  each shift and  used  only if in good  condition. 

17. The  exploder  test  shall  be  carried out, recorded  and  signed  by a competent  person. 

18. In each  place  where  simultaneous  charging  and firing of shots is practised,  the coal must 
be sheared  to  a  greater  depth  than  the  depth  of  the  shotholes. 

19. The shotfiir shall be given a copy  of these conditions  and be given special instructions in 
all details of this type of shotfiring. 

20. Where  simultaneous  shotfiring is practised,  the  roof,  floor,  and sides of the  roadways 
shall  not  come  within  the  definition of a  dry  and  dusty  place. All adjacent  and  adjoining 
roadways  shall  be  thoroughly  stone  dusted. 

Summary of amending regulations after 27 October, 1961. 

Amendments 30 November, I961 

2. Not  more  than 25 shots  shall  be  charged  and  fired  simultaneously in each  round  of  shots. 

18. In each  place  where  simultaneous  charging  and  firing  of  shots is practised,  the  coal  must 
be  sheared  to  a  greater  depth  than the depth of the  shotholes,  provided  that  shear  cutting 
operations  shall  be  suspended  for  such  period as the Manager  considers  necessary  in  any 
place  where, in the  opinion of the Manager,  such  operations  might  prejudice  the  safety of 
the  operators. 



Amendments 19 December, I961 

7.  That  part  of  Condition 7 of the  shotfiring  approval  which  states  "and  the  maximum  delay 
between  the  first  and  final  shots  in  a  round shall not  exceed 150 msec" shall not  apply in 
4 heading 2 South  District or in other  places  where  an  outburst  occurs,  provided  that 

a. before  shots  are  fired  a  careful  inspection is made  of  the  pilot  hole, 

b. a  sample  of  the  gas  issuing  from  the  pilothole is taken  and  analysed  weekly,  and 

c. this  amendment  to  Condition 7 shall cease to be effective  should it be found that there 
is any  change  in  the  gas in the seam or place  such as would  allow the formation of an 
inflammable  atmosphere  during  shotfiring  operations. 

This amendment  to be periodically  reviewed. 

Amendment 7 March,  1962 

Approval  was  given  for  a  maximum  charge  of 48 oz with  simultaneous  shotfiring. 

Amendment 9 October, I962 

Amendment 19 December,  1961,  shall  extend to all places  likely  to be affected by outbursts. 

Amendment  of  proviso (b) (19  December,  1961)  allows seam gas analyses to be extended to 
fortnightly  intervals. 
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REGULATIONS FOR INDUCER SHOTFIRING 
IN STATE MINES, COLLINSVILLE, QUEENSLAND 

Routine inducer shotfiring  practice  was  approved  by the Department  of Mines subject to 
conditions  summarized as the following: 

1. 

2. 

3.  

4. 

5 .  

6. 

7.  

8.  

9. 

10. 

11. 

12. 

13. 

14. 

No individual  charge  was  to  exceed 28 oz (800 grams). 

The shotfirer  had to hold at least  a  Deputy's  Certificate  and  to  be  conversant  with the 
conditions. 

The firing position had to be in  the  intake air not less than 305 m  from the place to  be 
fired. 

The maximum  number of shots  was 20 using a Mark VII exploder. 

The  exploder  was to be tested  daily  and a record  of tests was  kept. 

Low  tension  millisecond or instantaneous  detonators  with  copper leads only  were  used, 
connected in simple series. No delay was to  be  over 75 milliseconds between 
consecutive shots, and  the  maximum  overall  delay was 150 milhecon&. Wiring was 
kept  to  a minimum and all joints were  insulated 

The primer  was at the back  and  front  respectively  of  the  charge,  facing  the  charge. 

The shotfiring  cable  was  a twin conductor  and specified for  low resistance. 

The  shotfirer  tested  the  continuity  and  resistance of the circuit. 

The shotfirer  recorded  details'of  shotfiring  including  the  total  number  of  shots, the types 
of detonators  used,  the  number  and size of rounds  and  details of  any  mis-shots. 

Provision was made in the locked firing box at the firing point and the locked  safety 
isolation  box  inbye,  for  short  circuiting of all circuits at all times other  than at firing and 
for  protection of cable  ends  and  exploder from unauthorized  interference. 

Weekly  maintenance tests of  the  exploder  and  shotfiring  installations  were  made. 

Normal  stonedusting  was  practised. 

The face was wetted  before  charging. 

Additional  safety  measures  included  monitoring  of  return gases and an inspection of the face 
15 minutes  after firing to  ensure  the  conditions are safe for work. Instantaneous detonators 
were  recommended within 15 m  of  any known or suspected seam disruption. 



APPENDIX I1 

RESPONSES TO SURVEYS  CONDUCTED 
PRIOR TO AND  DURING  WORKSHOP 

647 



I 

INTERNATIONAL SYMPOSfUM CUM WORKSHOP ON 
MANAGEMENT AND CONTROL OF HIGH GAS EMISSIONS 

AND OUTBURSTS IN UNDERGROUND COAL MiNES 

RESPONSES TO SURVEYS 

CONDUCTED PRIOR TO 

AND DURING WORKSHOP 

Prepared for ACARP Outburst Taskforce 
John Hanes, 22nd May, 1995. 

648 

- - "" "" " - - . 
--""_I__"- - - ~ - """N_C_I__""""""~ 



CONTENTS 

1. 

2. 

3. 

4. 
.I 
.2 
.3 

5. 

1. 

2. 

1. 

2. 

3. 

4. 

5. 

1. 

2. 

3. 

4. 

5. 

6. 

INTRODUCTION 

OUTBURSTRESEARCHNEEDSSURVEY 

OUTBURST AWARENESS SURVEY 

WORKSHOPSURVEYONRESEARCHNEEDS 
Fundamental Research Requirements 
New TooWTechnology  Requirements 
Application of Technology  Requirements 

CONCLUSIONS 

TABLES 

Australian  Outburst  Mines - Summary  and  Research  Needs 

Outburst Workshop Survey - Research  Priorities 

GRAPHS 

Outburst  Mines - Problem  Priorities 

Outburst  Mines - Research  Priorities 

Outburst  Awareness - Total 156 Respondents 

Outburst  awareness - Managers,  Undermanagers  and  Technical 

Outburst  Awareness - Miners  and  Tradesmen 

APPENDICES 

Workshop  responses - Buiii  seam  Engineers,  Geologists  and  Technical 

Workshop  responses - Queensland  Engineers,  Geologists  and  Technical 

Workshop  responses - Australian  Researchers 

Workshop  responses - Bulli  seam  Miners 

Workshop  responses - Overseas  Respondents 

Workshop  responses - All Respondents 

649 



INTERNATIONAL SYMPOSIUM CUM WORKSHOP ON 
MANAGEMENT  AND CONTROL  OF HIGH GAS EMISSIONS 

AND OUTBURSTS IN  UNDERGROUND COAL MINES 

RESPONSES TO SURVEYS 

1. INTRODUCTION 

Two  surveys  were  conducted  prior  to  the  symposium  cum  workshop  and  one  was 
conducted  at  the  workshop,  The  first  survey  conducted  prior  to  the  workshop  was  designed 
to  obtain  information  on  outburst  proneness  and  outburst  potential in Australian 
underground  coal  mines  plus  an  indication of outburst  related  problems  and  outburst 
research  required.  The  second  pre-workshop  survey,  the  Outburst  Awareness  survey,  was 
to be distributed  to a cross  section of the  workforce  at  each  mine  at  the  manager's 
discretion, to assess the  feelings of the  workforce  on  outburst  issues.  The  detailed  results 
of the  Outburst  Awareness  surveys  were  reported  to  each  participating  mine  and  the 
general  results  are  summarised  below.  The  survey  conducted  at  the  workshop  was 
designed  to  obtain an indication  of  perceived  priorities  for  research  and  development. 

Eleven NSW mines  and  five  Queensland  mines  responded  to  the  first  pre-workshop 
survey.  Five  of  the  potential  nine  mines  currently  experiencing  outbursts  plus  three  mining 
inspectors  responded  to  the  workforce  outburst  awareness  survey  with  varying  levels  of 
participation.  The  results  for each mine  have  been  reported  confidentially  to the  mine 
managers. Only 82 of the  plus 250 attendees of the  SymposiumNVorkshop  completed  the 
workshop survey. The  results of this  survey  are  qualitatively  analysed in  section 4. 

2. OUTBURST RESEARCH NEEDS SURVEY 

Table 1 summarises  the  responses  received. Some mines  requested  confidentiality  and 
these  are  identified  as  "Incognito".  At  least  three  new  mines  expect  outburst  conditions  will 
be  encountered  over  the  next 20 years.  A  total of 5 outbursts  were  reported as having 
occurred  up  to 30 minutes  after coal cutting  had ceased. At  least 324km of rotary  drilling 
per  year  is  conducted  by the  reporting  mines  and t26krn of  down  hole  motor  directional 
drilling.  Only 4 outbursts  at  one  mine  were  reported  in 1994. 

Graph 1 summarises  the  perceived  problem  priorities  associated with outburst-prone 
mines. The main  problems are seen  to be (in  order of priority): 

a>  Detection  of  structures, 
b) Drilling  inaccuracy, 
c) Driilhole  surveys, 
a Face gas  content  determinations  and 
e>  Understanding  the  outburst  mechanism. 

Graph 2 summarises  the  research  priorities  assigned  by  the 16 respondents.  The  highest 
research  priorities  were  assigned as follows: 

a) Definition  of  an  outburst, 
b) Accurate  drilling, 
c) Structure  detection, 
d)  Rotary  drilling  survey  tool  and 
e)  Understanding  the  outburst  mechanism. 
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3. OUTBURST AWARENESS SURVEY 

The  Outburst  Awareness  Survey  was  distributed  to  a  cross  section  of  the  workforce  at 
each  participating  mine  at  the  manager's  discretion,  to  assess  the  feelings of the  workforce 
on  outburst  issues. A total of 156 responses  were  received  from 5 mines.  The  participation 
was  not as good as expected. 

The classifications of respondents  were: 
Senior  managers 3 
Undermanagers 6 
Deputies 11 
Technical 9 
Electrical 18 
Mechanical 17 
Miners - 86 
Total - 156 

Table 2 reproduces  the  questionnaire.  Graphs 3, 4 and 5 summarise  respectively,  the 
responses  for the total,  for  managers,  undermanagers  and  technical  classifications 
combined  and for tradesmen  and  miners  combined.  The  descriptions of the average 
responses  for  Questions 1 to 9 are  shown in each  bar,  whereas  the  descriptions  for 
Questions 10 to 19 inclusive  are  shown  at  the  tops  of  the  graphs. 

4. WORKSHOP  SURVEY ON RESEARCH  NEEDS 

Of the  total padkipants at the Workshop,  only 82 completed  the survey. Perhaps  this 
reflects  the  large  number of overseas  visitors  with  poor  comprehension of English  plus  a 
large  number of suppliers  and  junior  technical  workers.  The  respondents  classifications 
were : 

PROFESSION / MINING GEOLOGIST OTHER  MINERS TOTAL 
LOCATION  ENGINEER TECHNICAL 
Bulli  Seam  10  11  3 7 31 
Queensiand 8 4 6 0 18 
Other 9 1 10 0 20 
Australia 
Overseas 9 3 1 '0 13 
Total 36 19 20 7 82 

Averaged  responses  are  tabulated  in  Appendices 1 to 6 for  the  following  subsections of 
respondents  representing  special  groups  (the  data  are  stored  at KCC): 

1. Engineers, geologists  and  technical  staff  employed  in  Bulli  seam  operations  (13), 
2. Engineers,  geologists  and  technical  staff  employed  in  Queensland  operations (3) 

3. Australian  Researchers (1 9), 
4. Bulli  seam  miners (7) 
5. All  overseas  respondents  (1 3) 
6. All respondents (82). 

(Most  Queensland  respondents  are  researchers) 

Table 3 summarises  the  highest  priority  research  requirements  defined  by  these  groups. 
The differing  perceptions  of  priority by the  different  groups  are  obvious.  Average 
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TABLE 2 
OUTBURST AWARENESS SURVEY 

This  survey is being  conducted  as part of  the ACARP Workshop  on  outbursts  to be held  in 
Wotlongong  in  March  1995.  The  aim  of  the  survey is to  assess  the  levels  of  outburst 
awareness of individuals  in  underground coal mining  and their opinions of outburst 
management.  Your  individual  response will remain  confidential. 

Please  highlight,  underline  or  circle  your  choice  of  answers  in  the  foliowing  questions: 

1. Your Classification: 
Senior  Management / Undermanager / Deputy / Technical / Electrical / Mechanical / Miner. 
2. Have  you received  outburst  training?  (ie  awareness  of  mechanism,  signs,  safety 
procedures  etc):  Yes No 
3. Do you  consider  outburst  training  to  be 

A waste of time / Boring / Interesting / Worthwhile / Essential 
4. What is the  importance  to  you of outburst  training? 

i have  more  important  things to do / Better  than  working / Important / Very  Important 
5. How  frequently do you receive  outburst  refresher  training?  (write  the  number  of  months): 
6. How  good do you feel your  understanding of outbursts  is? 

Very  Good / good / fair / poor / nonexistent. 
7.  How  confident are you  that  outburst risk is well  managed  at  your  mine? 

Very / Moderately I Poorly / Not 
8. What is the  level  of risk of outbursts  at your mine? 

High / Moderate I Low / None 
9. Outburst  related  investigations at my  mine are : 

Lacking / Fair / Good / Excellent / Overdone 

Please  score  the  following  outburst  management  procedures  at  your  mine  indicating  your 
satisfaction  with  their  efficiency  according  to  the  foliowing scale. 
0 = Lacking, 1 = Inefficient, 2 = Poor, 3 = Fair, 4 = Good, 5 = Excellent 

I O .  Outburst  awareness  training 
11.  Outburst  procedures  training 
12. Outburst  structure  detection 
13. ln-seam  drilling 
14. Outburst  risk  assessment 
15. Two  way  communication  between  management  and  your level 
16.  Mine  planning  for  outburst  minimisation 
17.  Technical  investigations 
18. Technical  analysis 
19. Your  work  efficiency  under  current  conditions 
20. Others - please  specify 

21,  What  aspects  related  to  outburst  management  do  you  feel  require  special  attention  and 
/or  research? 

Thank  you for your  co-operation.  Please  return  this  questionnaire  according to the 
instructions  on  the  attached  letter.  The  data  from  all  mines will be analysed  and  reported 
at  the ACARP outburst  workshop. Your management wiil report  the  results  back  to  you. 



responses  greater  than 3.8 (out  of 5) are  highlighted in  the  table.  The  column  reference 
numbers  used in the  table  are  as  shown  above. 

.I Fundamental  Research  Requirements 

In  the  area of fundamental  research  the  following  priorities  were identified'(the numbers in 
brackets  identify  the  main  groups  of  respondents  according  to  the  above  groupings). 

The  relative  roles of gas,  stress,  strength  etc in an  outburst (1,5), - 

The  role  of  permeability  changes  in  outbursts (3,4,6,1), 
The  roles  of  mixed  gases  in  outburst  potential (3,4,6,1), 
The  validation  of  outburst  thresholds (1,5,6,3), 
The  differentiation  between  prone  and  non-prone  structures (1,4,6), 
The  remote  detection (nondrilling) of structures (4,l). 

.2 New TooWTechnology Requirements 

in the  area of new  tools  or  technology,  the  following  priorities  were  identified  (the  numbers 
in brackets  identify  the  main  groups of respondents  according  to  the  above  groupings). 

The  detection of outburst-prone  structures  in  horizontal  holes (4,1,6,5), 
The  differentiation  between  prone  and  non-prone  structures (2,4,1), 
The  remote  detection  (non-drilling) of structures (4,1,2,6), 
The  protection of operators (4,2), 
Remotely  controlled  equipment (4,3,6), 
Face  scanner  for  outburst  protection (4,2), 
Microseismics  for  outburst  protection  (4,2),and 
Assessment of outburst  potential  during  development  drivage (4,2,3,6). 

.3 Appiication of Technology  Requirements 

In the  area  of  application  of  existing  technology,  the  following  priorities  were  identified  (the 
numbers in  brackets  identify the main  groups  of  respondents  according  to  the  above 
groupings). 

The  detection of outburst-prone  structures  in  horizontal  holes (4,1,6), 
Training in outburst  awareness  and  procedures (4,1,5,6), 
Protection  of  operators (4,2,5,6), 
Remotely  controlled  equipment (4,2,6), 
Measurement  of  gas  make  during  drainage (4,5,1,6), 
Gas  pressure  tests  during  drilling (2,4), 
Reduced  risk  mining  methods (4,2,1,6), 
Face  scanner  for  outburst  protection ( 4 2 1 )  and 
Microseismics for outburst  protection (421).  

5. CONCLUSIONS 

With  emphasis on  the responses  by  operators to the  pre-workshop  Research Needs 
survey  and  on  their  responses  at  the  workshop, the following  general  research  priorities 
are  indicated: 

The  definition  of  what is an  outburst  with  some  emphasis  on  the  relative  roles of gas, 
stress, strength,  permeability  etc in outburst  mechanism. 
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The  detection  of  outburst  prone  structures  during  drilling of in-seam  holes  and  remotely, 

Accurate  drilling  with  special  attention to rotary  holes,  and 

The  validation of outburst  thresholds. 

Based  on  the  responses to the  Outburst  Awareness  survey  and  on the responses  by  the 
Bulli  seam  miners at the  workshop,  there  appears to be a  need  for  improved  education  of 
the  general  workforce on outbursts  and  on  what  work is being  done to understand  and 
control  the  outbursts. 

. Prepared  by  John Hanes, 22/5/95 
for ACARP Outburst  Task  Force. 



APPENDIX 1 

WORKSHOP SURVEY 

RESPONSES BY 

8ULi-f SEAM OPERATIONS ENGINEERS,  GEOLOGISTS  AND OTHER TECHNICAL 



RESPONSE  BY  BULL1 SEAM - MINING ENGINEERS,  GEOLOGISTS TECHNICAL IN MINING OPERATIONS 

Work Location: Bulli Seam Profession: Engineers Employer: Mining 
Gologists Operations 
Technical personnel - 

Fundamental 
Tools/ Application of 

Technology 

Develop  New 

Technology OUTBURST MECHANISM 
I. Energy  systems  for  outbursts 

4. Assessment of outburst potential  in  various  stages 
2.1  2.2 3.4 3.  Modelling of outbursts 
2.1 2.3 4.2 2. Relative roles of gas, stress,  strength,  strain  etc 
1.8 1.7 3.6 

Research 

of mining cycle 3.1 I 2.5 3.6 

ASSESSMENT OF OUTBURST POTENTIAL 
5 .  During  exploration 

3.4 3.2 3.5 7. During  mining  development 
2.8  2.5  2.6  6. During initial excavation 
2.2  2.6 3.1 

R LEOFGAS 

GEOLOGICAL STRUCTURE 
2 1. Differentiation  between  prone and non-prone structures 

24. Mappindpresentation  techniques to  improve  reliability 
2.1 1.9 1.9 23. Statistical modelling of geologrcal structures 
3.3 4.0 3.8 22. Remote  detection (non-dnlling) structures 
3.8 3.5 3.8 

of  proneness  prediction 2.1 2.8 3.4 

COAL PARAMETERS 
25. Relationships  between Rank, Moisture, VM, etc 

26. Relationships  between  macerals  (coal  make-up) 
to outburst  proneness 

2.0 1.6 2.8 to outburst proneness 

2.3 1.9 3.0 
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SAFE MINING TECHNOLOGIES 
34. Remotely  controlled  equipment 

37. Training of operators in outburst  awareness 
2.8 2.8 1.7 36. Protection of operators 
2.5 2.3 2.1 35. Ventilation  pracuces  to  reduce risk 
3.0 3.3 2.0 

and procedures 1.3 2.5 4.2 
38. fisk analysis of current  mining  methods and practices 1.9 2.5 

3.5 3.4 2.9 39. Reduced risk mining  methods 
3.5 

REMOTE SENSING AND FACE MONITORLNG 
40. Microseismics for outburst  prediction 

3.6 3.5 .3.5 4 1. Face scanner for prediction of outbursts 
3.5 3.6 2.7 
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RESPONSE BY QLD - " N G  ENGINEERS,  GEOLOGISTS  OTHER  TECHNICAL IN MINING OPERATIONS 

Work Location: Qld Profession: Engineers Employer: Mining 
Gologists Operations 
Technical personnel 

Fundamental Tools/ Application of 
Technology 

Develop  New 

OUTBURST MECHANISM Research 
T e c h o l o ~  

1. Energy  systems for outbursts 

4. Assessment of outburst  potential  in  various  stages 
1.7 1.7 2.7 3. Modelling of outbursts 
0.7  0.7 3.3 2. Relative  roles of gas. stress,  strength, strain etc 
1.3 0.7 2.0 

of mining  cycle 3.3 2.0 1.3 

ASSESSMENT OF OUTBURST POTENTIAL 
5 .  During exploration 

3.7 4.0 3.3 7. During mining  development 
2.7 3.3 3.7 6. During initial  excavation 
3.3  2.7 3.3 

L 

ROLE OF GAS 

GEOLOGICAL STRUCTURE 
2 1. Differentiation  between  prone and non-prone  structures 

24. Mapping/presentation techniques to improve  reliability 
2.3 2.3 2.0 23. Statistical modelling of geoiogd structures 
3.7 4.0 3.0 22. Remote  detection  (non-dnliing)  structures 
3.0 4.3 2.7 

of proneness  predrction 2.3 2.7 3.0 

COAL PARAMETERS 
25. Relationships  between Rank, Moisture, VM, etc 

26. Relationships  between  macerals (coal make-up) 
to  outburst  proneness 

1.3 1.7 3.0 to outburst  proneness 

1.3 1.3 2.7 
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RESPONSE BY QLD - MINING ENGINEERS, GEOLOGISTS  OTHER TECHNICAL M MINMG OPERATIONS 

Develop  New Fundamental 

Technology 

Application  of Tools/ 
DRILLING, LOGGING AND DRAINAGE 

127.  Detection of outburst  prone  structures  in  in-seam 

Research Technology 

33. Reduction of drilling and drainage  costs 1 3.0 4.0 3.3 1 
SAF'E MINING  TECHNOLOGIES 
34. Remotely  controlled  equipment 

37. Training of operators  in  outburst  awareness 
4.3 4.3 3.7 36. Protection of operators 
3.7 3.3 2.3 35. Ventilation  practices to reduce risk 
4.3 3.3 2.3 

and procedures 2.3  3.0 3.3 
38. Risk analysis of current mining methods  and  practices 2.3 3.3 

4.0 3.7 2.3 39. Reduced risk mining methods 
3.0 

REMOTE SENSING AND FACE MONITORING 
40. Microseismics for outburst  prediction 

4.0 4.0 3.3  4 1. Face  scanner  for  prediction  of  outbursts 
4.0 4.0 3.7 
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WORKSHOP SURVEY 

RESPONSES BY 

AUSTRALIANRESEARCHERS 



RESPONSE BY RESEARCH - AUSTRALIA 

Work Location: Australia Profession: All Employer: Research 

MSESSMENT OF  OUTBURST POTENTIAL 
5 .  During  exploration 

2.7 2.6  2.2 6. During initial excavation 
2.2 2.5 2.4 

7. During  mining  development 3.4 3.6 3.2 I 
ROLE OF G M  

GEOLOGICAL STRUCTURE 
2 1. Differentiation  between  prone and non-prone structures 

24. Mapping/presentation  techniques  to  improve  reliability 
1.9 1.8 2.1 23. Statistical  modelling of  geological structures 
3.4 3.4 3.4 22. Remote  detection  (non-drilling) structures 
2.7 2.7 3.5 

of proneness  prediction 1.9 2.1 2.2 

COAL PARAMETERS 
25. Relationships betwen Rank, Moisture, VM, etc 

to outburst  proneness 3.1 1.6 
26. Relationships between macerais (coal makeup) 

1.8 

* to outburst  proneness 3.4  2.0 1.9 
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RESPONSE BY RESEARCH - AUSTRALIA 

SAFE MINING TECHNOLOGIES 
34. Remotely  controlled  equipment 
35. Ventilation  practices to reduce risk 
36. Protection of operators 
37. Training of operators in outburst  awareness 

38. Risk analysis of current  mining  methods  and  practices 
39. Reduced risk mining methods 

REMOTE SENSING AND FACE MONITORING 
40. Microseismics  for outburst  prediction 
4 1.  Face scanner  for  prediction of outbursts 

2.6 
2.9 2 .6  2.3 
3.4 3.9 

1.9 3.4 3.2 

and  procedures 1 .3  3.6 2.9 
2.1 

2.7 2 .4  2.6 
2.7 2.3 

3.3 3.0 3.4 
3.2 2.3 3.4 
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RESPONSE BY MINERS 

Could  you  please  take  some  time  to  complete this survey  to  assess  what  research is-required to be funded 
by ACARP  to  help  solve the outburst  problem. 

Questions A to C, please  circle tbe appropriate response. 
A. Your work location : a) Bulli s e a m  

b)  Other NSW 
c) Queensiand 
d)  Other  Australia 

B. Your profession: a) Mining  engineer 
b) Geologst 

C. Your  employer: a) Mining  operations 
b)  Research 
c)  Consulting 

e) Europe' 
f )  Asia 

h) Other,  please  specify: 
g) USA 

c) Other  technical 
d) Miner 

d) SUPPlY 
e) Government 
f )  Other, please speafy 

With the following  questions,  indicate  the importance of research for each  field with a  number  from 0 to 5 
in  each of the three columns,  with 0 indicating no ~ r i o r i t y  and 5 indicatinp top Driority 

Develop New Fundamental 

Technology 

Application  of Tools/ 
OUTBURST MECHANISM Research Technology 

1. Energy  systems for outbursts 

4. Assessment of outburst  potential  in  various  stages 
3.6 3.3 3.4 3. Modelling of outbursts 
3.7 3.6 3.6 2. Relative  roles of gas, stress,  strength, strain etc 
4.4 4.0 3.7 

of mining cycle 4 3  4.6 5.0 

ASSESSMENT OF OUTBURST POTENTIAL 
5 .  Dunng exploration 

4.7  4.6 4.7 7. During  mining  development 
3.8 4.3 4.2 6 .  During initial excavation 
4.4 4.1  4.1 

- - 

ROLE OF GAS 
8. Gas  content  measurement  methods 
- 

(AS3980 - Amoved Quick  method) 3.7 4.3 3.5 

9. Gas index  methods (rapid testing) 3.9 

4.1 3.6 3.3 12. Scientific basidvalidation of outburst  indicator  thresholds 
4.0 3.4 3.1 1 1. Gas pressure  determination during dnlling 
4.0 3.3 2.9 10. Gas pressure testing p t  drilling 
4.4 4.1 

- ~ ~~ 

13. Roles of mixed gases in outburst  potential 3.7 

15. Real  time monitoring of airway gas to indmte 
3.9 3.3 4.4 14. Role of permeability  changes  in  outburst  potential 
4.4  4.0 

outburst  potential 3.4 3.4 3.7 
16. Measurement of gas make  from  holes during drilling 

(outburst  prechction) 4.3 

4.0 3.6 3.9 (gas management) 

4.1 3.9 

~ ~~ 

17. Measurement of gas make from holes during drainage 
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RESPONSE BY ALL - O/S 

Work Location: Overseas Profession: All Employer: A l l  

i 

Fundamental Develop New 

Research Technology Technology 
Application of 

OUTBURST MECHANISM 
1. Energy systems for outbursts 

4. Assessment of outburst  potential  in \.arious stages 
2.1 2.5 3.4 3. Modeiling of outbursts 
2.8 2.6 4.3 2. Relative roles of gas.  stress,  strength.  strain  etc 
1.5 1.8 3.2 

of mining  cycle 3.6 2.3 2.3 

ASSESSMENT OF OUTBURST POTENTIAL 
15. During emloration 1 2.9 I 3.2 I 3.4 I 
6 .  During initial excavauon I 2.8 I 2.7 

3.0 7. During mining development 3.0  3.2 
2.8 

ROLE OF GAS 
8, Gas content  measurement  methods 
- 

(AS3980 - Approved  quick  method) 

2.5 2.0 4.0 12. Scient&  basis/validation of outburst  indicator  thresholds 
3 .1  3.9 1.8 1 1.  Gas pressure  determination  during drilling 
2.7 3.1 1.9 10. Gas pressure  testing  post  drilling 
3.5 3.4 2.5 9. Gas index  methods  (rapid  testing) 
2.9 2.8 I .9 

GEOLOGICAL STRUCTURE 
2 1. Differentiation  between  prone and non-prone  structures 

24. Mappinglpresentation  techniques to improve  reliability 
2.4 1,s 2.2 23. Statistical modelling of geological  structures 
3.0 3.6 2.8 22. Remote  detection  (non-drilling)  structures 
3.6 2.8 3.5 

of proneness  prediction 1.6 2.1 2.5 

COAL PARAMETERS 
25. Relationships  between Rank. Moisture. VM. etc 

26. Relationships  between  macerals (coal make-up) 
to outburst  proneness 

1.8 1.9 3.2 to  outburst  proneness 

1.7 2.3 2.8 

- A 
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RESPONSE BY ALL - O/S 

SAFE MINING TECHNOLOGIES 
34. Remotely  controlled  equipment 

37.  Training of operators in outburst  awareness 
4.3 3 .0 2.4 36. Protection of operators 
4.1 2.5 2.3 35. Ventilation  practices to reduce risk 

3.4 3.3 2.3 

and  procedures 2.0 2.9 4.0 
38. Risk analvsis of current  mining  methods and practices 2.5  2.6 3.2 

,39. Reduced risk mining  methods 3.1 3.2  4.0 

REMOTE SENSING AND FACE MONITORING 
40. Microseismics for outburst prdction 

2.6 3.2 3.1 4 1. Face  scanner for prediction of outbursts 
2.6 1 3.0 2.4 
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OUTBURST WORKSHOP SURVEY  RESULTS 

Fundamental 
Toolsl 

Application of Develop  New 

Research Technology Technology ROLE OF GAS coninued 
18. Gas reservoir  modelling 
19. Methods  to  reduce the risk associated  with 

2.9 2.4 3.0 

gas content sample spacing 2.7 2.1 2.7 
20. Gas sourcedprovenance 2.0 1.8 . 2.6 

GEOLOGICAL STRUCTURE 
21. Differentiation between  prone and non-prone  structures 
22.  Remote  detection  (non-drilling)  structures 

3.3 3.1 3.6 

24.  Mapping/presentation techques to  improve  reliability 
2.2 2.1 2.3 23.  Statistical  modelling of geological  structures 
3.4 3.7 3.5 

of proneness  prediction 2.5 2.5 3.0 

COAL PARAMETERS 
25.  Relationships  between Rank, Moisture, VM, etc 

26.  Relationships  between  macerals  (coal  make-up) 
to outburst  proneness 

2.3 2.1 3.2 to  outburst  proneness 

2.3 2.1 3.1 

DRILLING LOGGING AND DRAINAGE 

~~~ ~ ~~ ~ 

SAFE MKNING TECHNOLOGIES 
34.  Remotely  controlled  equipment 

2.7  35.  Ventilation  practices to reduce risk 
3.6  3.7 2. x 

37. Training of  operators in outburst  awareness 
3.8 3.3  2.7 36.  Protection  of  operators 
3.4 2.9 

and procedures 2.4 3.1 4.0 
38. Risk analysis of current  mining  methods and practices 2.6 2.7  

3.6 3.1 3.2 39.  Reduced  risk  mining  methods 
3.2 

REMOTE SENSING AND FACE MONITORING 
40. Microseismics  for  outburst predction I 3.0 

3.1 3.5 41.  Face  scanner  for  prediction  of  outbursts 3.3 
3.1 3.2 
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