
AN INVESTIGATION INTO THE STRESS-PERMEABILITY 

RELATIONSHIP OF COALS AND FLOW PATTERNS 

AROUND WORKING LONGWALL FACES 

BY 

S. Durucan, B. Sc., M. Sc. 

-Thesis submitted to the Universitysof Nottingham for the degree 

of 

Doctor of Philosophy 

October 1981 



(i) 

CONTENTS 

LIST OF FIGURE 

LIST OF TABLES 

LIST OF PLATES 

LIST OF SYMBOLS 

ABSTRACT 

INTRODUCTION 

CHAPTER ONE 

1.1 
1.2 
1.3 

1.3.1 
1.3.2 

CHAPTER TWO 

2.1 
2.2 
2.3 
2.3.1 

2.3-1.1 
2.3.1.2 
2.3.1.3 
2.4 

2.4.1 
2.4.2 
2.5 

CHAPTER THREE 

3.1 
3.2 
3.2.1 

3.2.2 
3.2.3 
3.3 
3.3.1 
3.3.2 
3.3.3 
3.3.3.1 
3.3.3.2 

Page No. 

(v) 

(xi) 

(xiv) 

(xv) 

(xvii) 

1 

REVIEW OF CURRENT KNOWLEDGE ON COAL 
PERMEABILITY 

Introduction 4 
Review of Work on Coal Permeability 5 
The Effect of Stress on Permeability of 
Coal 8 
Permeability Under Uniform Stress 10 
Permeability Under Non-Uniform Stress 14 

STRUCTURAL PROPERTIES OF COAL 

Introduction 21 
Models of Coal Structure 21 
Porosity and Porous Materials 24 
Laboratory Measurements of Porosity and 
Pore Size Distribution of Coal 26 
Density Method 26 
Gas Expansion Method 27 
Mercury Porosimetry 29 
The Relationship Between Coal and its 
Gas Content 33 
Sorption Theory 33 
Adsorption Isotherms 34 
Effect of Moisture on Methane Capacity 35 

THEORIES OF STEADY-STATE FLOW OF FLUIDS 
THROUGH POROUS MEDIA 

Introduction 41 
Flow in Capillaries 42 
Poisseuille Viscous Flow - Poisseuille's 
Law 42 
Molecular Streaming - Knudsen's Law 45 
Turbulent Flow 47 
Flow in Porous Media 48 
Darcy's Law 48 
The Concept of Permeability 49 
Slip Flow in Porous Media 51 
Semi-Empirical Adzumi Theory 51 
Semi-Empirical Klinkenberg Theory 53 



(ii) 

CHAPTER FOUR STRATA MECHANICS AND STRENGTH OF COAL SEAMS 
IN RELATION TO THE CHANGING STRESSES AROUND 
LONGWALL FACES 

4.1 Introduction 61 
4.2 Strata Mechanics 62 
4.2.1 Causes and Zones of Longwall Strata 

Pressure Abutments 62 
4.2.2 The Finite Element Method of Determining 

Stresses Around Longwall Faces 67 
4.2.2.1 Principal Stresses and Shear Stress 69 
4.2.2.2 Maximum and Minimum Principal Stress 

Distributions Around Longwall Faces 
Determined by the Finite Element Method 69 

4.3 The Strength and Fracturing of Coal 77 
4.3.1 Strength of Coal 78 
4.3.2 Fracturing of Coal 81 
4.3.2.1 Induced Shear Failure of Coal 81 
4.3.2.2 Induced Tensile Failure of Coal 88 
4.4 Conclusion 90 

CHAPTER FIVE TEST SPECIMEN PREPARATION AND APPARATUS 
FOR STRESS-PERMEABILITY MEASUREMENTS 

5.1 Introduction 92 
5.2 Preparation of Test Specimens, 92 
5.2.1 Choice of Coal Specimens 92 
5.2.2 Preparation of Coal Lumps for Coring 93 
5.2.3 The Coring Machine 94 
5.2.4 Test Specimen Size 95 
5.2.5 Evacuation and Storage of Test Specimens 95 
5.3 Experimental Apparatus for Stress- 

Permeability Measurements 99 
5.3.1 Introduction 99 
5.3.2 The Triaxial Cell 99 / 
5.3.3 The Testing Machine 104 
5.3.4 Flow Measuring Apparatus 104 

CHAPTER SIX EXPERIMENTAL, PROGRA'I'IE AND METHODS 
OF MEASUREI'ENT 

6.1 Introduction 106 
6.2 Initial Measurements of Rank, Strength 

and Porosity 107 
6.2.1 Initial Measurements of Coal Rank 107 
6.2.2 Initial Measurements of Mechanical 

Strength 108 
6.2.2.1 Apparatus and Procedure for Measurement 

of Coal Strength 111 
6.2.3 Initial Measurements of Effective Porosity 113 
6.3 Measurement of Permeability Under Stress 118 
6.3.1 Choice of Stress Levels 118 
6.3.2 The Direction of Maximum Principal Stress 123 
6.3.3 Experimental Programme 126 



(iii) 

6.3.4 Experimental Procedure for Stress- 
Permeability Measurements 127 

6.4 Treatment of Results 131 
6.4.1 The Validity of Klinkenberg's Theory 

for Permeability of Coal Under Stress 134 
6.4.2 Computation of Results 139 

CHAPTER SEVEN PRESENTATION AND DISCUSSION OF 
EXPERIMENTAL RESULTS 

7.1 Mechanical and Structural Properties of 
Coals Tested 143 

7.2 Effects of Stress and Stress-History on 
the Internal Structure and Permeability 
of Different Coals 143 

7.2.1 The Effect of Stress and Stress-History 
on Permeability of Non-Microfractured Coals 156 

7.2.2 The Effects of Stress and Stress History 
on Permeability of Microfractured Coals 170 

7.2.3 Conclusions 188 
7.3 The Effect of Induced Tensile Fracturing 

on Permeability and the Fracture 
Permeabilities of Coals Tested 190 

7.4 The Effect of Moisture on Permeability 
of Coals Under Stress 214 

7.5 Directional Anistropy of Coal Permeability 
Under Stress 224 

7.6 Observations on the Stress-Permeability 
Relationship of Coals with Different 
Physical and Mechanical Properties 227 

CHAPTER EIGHT DISCUSSION ON THE GENERALISED STRESS- 
PERMEABILITY BEHAVIOUR OF COALS TESTED 

8.1 Introduction 
8.2 Permeabilities of Different Coals Under 

Stress 
8.3 An Empirical Relationship Between the 

Applied Stress and Permeability of 
Different Coals 

CHAPTER NINE DISCUSSION ON THE FLOW PATTERNS OF 
METHANE AROUND WORKING LONGWALL FACES 

9.1 

9.2 

9.3 

230 

231 

234 

Permeability of Coal Seams in Relation 
to the Methods of Predicting Methane Flow 249 
A Study of High Permeability Zones in the 
Strata Above and Below Working Longwall 
Faces 254 
Stress and Permeability Profiles for 
Coal Seams Around Working Longwall Faces 266 

CONCLUSIONS 280 



(iv) 

ACKNOWLEDGEMENTS 

REFERENCES 

APPENDIX I 

APPENDIX II 

284 

285 

293 

295 



(v) 

LIST OF FIGURES 

Figure 1.2.1 

1.3.1 

1.3.2 

1.3.3 

1.3.4 

1,. 3,5 

1.3.6 

1.3.7 

2.2.1 

2.2.2 

2.3.1 

2.3.2 

2.3.3 

2.4.1 

2.4.2 

2.4.3 

2.5.1 

Comparison of Permeability Results Obtained by Jones 
and Huang and Shelton. 7 

Change in Permeability with Overburden Pressure 
(After Fatt and Davis (16)). 

Change in Permeability with Confining Pressure (After 
Patching (17)). 

Time Dependent Changes in Permeability of Coal (After 
Patching (17)). 

Stress-Permeability Curves for Darley Dale Specimens 
at Various Confining Pressures (After Mordecai (22)). 

Effect of Repeated Loading on Pittsburgh and Virginia 
Pocahontas Coal (After Somerton et al. (25)). 

Variation of Permeability with Applied Stress for a 
Specimen Tested to Failure (After Gawuga (26)). 

The Variations of Stress and Permeability in Strata 
Above and Below an Advancing Longwall Coal Face 
(After McPherson (27)). 

Progressive Compaction of Close-Packed Spheres with 
Increasing Rank (After Bangham et al. (28)). 

Schematic Diagram of the Packing of Coal Molecules 
at Various Stages During the Process of Coalification 
(After Brown and Hirsch (30)). 

12 

12 

12 

15 

15 

17 

19 

23 

23 
- 

Variation of Coal Porosity with Volatile Matter (After 
King and Wilkins (31)). 28 

Variation of Helium Density of Coals with Carbon 
Content (After Gan et al. (32)). 28 

Mercury Porosimetry Results (After Toda and Toyoda (34)). 31 

Pictorial Representation of Methane Molecules Inside 
a Coal Pore. 31 
An Example of Mono Molecular Layer Adsorption 
Isotherm (After Jolly (38)). 36 

An Example of Multi Molecular Adsorption Isotherm 
(After Jolly (38)). 

Methane Adsorption Isotherms for Coal at 30°C 
(After Joubert et al. (39)). 

37 

39 



(vi) 

2.5.2 Maximum Reduction in Methane Sorption Versus 
Coal Oxygen Content at Values of Moisture Content 
Above the Critical Values (After Joubert et al. (39)).. 39 

3.3.1 

3.2.2 Replot of Klinkenberg's Experimental Data (After 

I 
Permeability Constant of Core Sample 'L' to 
Hydrogen, Nitrogen and Carbon Dioxide. at Different 
Pressures (After Klinkenberg (53)). 55 

Sowier (55)). 59 
4.2.1 Strata Pressure Redistribution in the Plane of 

the Seam Around a Longwall Face (After Whittaker 
(57)). 63 

4.2.2 Stress Changes Observed Around a Working Longwall 
Face (After Peng (59)). 

4.2.3 Relation of Abutment Position to Seam Thickness 

65 

(After Metcalf (60)). 66 

4.2.4 Finite Element Grid Used for Isotropic and 
Anisotropic Solutions (After Hazine (62)). 

4.2.5 Princiapl Stresses on an Elementary Volume. 

4.2.6 Maximum and Minimum Principal Stresses Along the 

68 

66 

Roof of a 300 m Deep Longwall Face. 71 

4.2.7 Maximum and Minimum Principal Stresses Along the 

4.2.8 

4.3.1 

Roof of a 500 m Deep Longwall Face. 73 

Maximum and Minimum Principal Stresses Along the 
Roof of a 700 m Deep Longwall Face. 75 

Stress-Strain Curves for Dee Duffryn Coal 
(After Evans and Pomeroy (56)). 

4.3.2 Variation of Axial Compressive Yield and Fracture 
Stress with Confining Pressure (After Evans 
and Pomeroy (56)). 

79 

80 

4.3.3 Variation of Axial Compressive Yield and Fracture 
Stress with Coal Rank (After Evans and Pomeroy (56). 79 

4.3.4 (a) Element Subjected to Maximum and Minimum 
Stresses, 

(b) Forces Acting on an Element, (After Woodruff 
(63)). 83 

4.3.5 Mohr's Stress Circle (After Woodruff (63)). 83 

4.3.6 Tensile Stresses in a Disc Subjected to Compressive 
Loading 89 



(vii) 

5.2.1 Evacuation Pressure Drop Versus Time for High and 
Low Permeability Coals (After Yerebasmaz (66)). 97 

5.3.1 Schematic Diagram of the Experimental Apparatus. 101 

5.3.2 Diagram of the Triaxial Cell. 102 

6.2.1 Stress-Strain Diagram for Rock. 110 

" 6.2.2 Stress-Strain Diagram of Strain Hardening 
Characteristic of a Ductile Material. 110 

6.2.3 Schematic Diagram of the Experimental Set-Up for 
Effective Porosity Measurements. 112 

6.2.4 The Sample Container Used in Effective Porosity 
Measurements. 114 

6.2.5 Pneumatic Cylinder Used in Effective Porosity 
Measurements. 115 

6.3.1 Stress-Permeability Curves for CAYDAMAR Coal at 
Different Stress Levels. 121 

6.3.2 Stress-Permeability Curves for ACILIK Coal at 
Different Stress Levels. 122 

6.3.3 Directional Effect of Maximum Principal Stress on 
Permeability. 125 

6.3.4 Schematic Representation of the Triaxial Cell. 129 

6.4.1 Variation of Permeability with Reciprocal Mean 
Pressure for Darley Dale Sandstone (After 
Gawuga (26)). 132 

6.4.2 Variation of Permeability with Pressure for an 
Unstressed Coal Specimen (After Gawuga (26)). 

6.4.3 Variation of Permeability with Gas Pressure for 
Unstressed ACILIK Coal (After Yerebasmaz (66)). 

133 

135 
6.4.4 Variation of Permeability with Gas Pressure for 

Stressed Coal (After Gawuga (26)). 137 

6.4.5 Variation of Permeability with Gas Pressure for 
Different Coals at Certain Stress Levels. 138 

6.4.6 Parameters Used for Calculating the Permeability 
of Coal Specimens Under Triaxial Stress. 140 

7.1.1 Stress-Strain Curves for ACILIK Coal. 

7.1.2 Stress-Strain Curves for CAYDAMAR Coal. 

7.1.3 Stress-Strain Curves for BARNSLEY Coal. 

148 

148 

149 



(viii) 

7.1.4 

7.1.5 

7.1.6 

7.1.7 

7.2.1 

7.2.2 

7.2.3 

7.2.4 

7.2.5 

7.2.6 

7.2.7 

7.2.8 

7.2.9 

7.2.10 

7.2.11 

7.2.12 

7.2.13 

7.2.14 

7.3.1 

7.3.2 

Stress-Strain Curves for COCKSHEAD Coal. 

Stress-Strain Curves for BANBURY Coal- 

Stress-Strain Curves for DUNSIL Coal. 

Stress-Strain Curves for DEEP HARD Coal. 

Effect of Stress-History on Permeability of 
ACILIK Coal. 

Effect of Stress-History on Permeability of 
ACILIK Coal. 

Effect of Stress-History on Permeability of 
CAYDAMAR Coal. 

Effect of Stress-History on Permeability of 
DEEP HARD Coal. 

Effect of Stress-History on Permeability of 
DEEP HARD Coal. 

Effect of Stress-History on Permeability of 
DUNSIL Coal. 

Effect of Stress-History on Permeability of 
BARNSLEY Coal. 

Effect of Stress-History on Permeability of 
Microfractured CAYDAMAR Coal. 

Effect of Stress-History on Permeability of 
Microfractured COCKSHEAD Coal. 

Effect of Stress-History on Permeability of 
Microfractured COCKSHEAD Coal. 

Effect of Stress-History on Permeability of 
Microfractured BARNSLEY Coal. 

Effect of Stress-History on Fermeability of 
Microfractured DUNSIL Coal. 

Effect of Stress-History on Permeability of 
Microfractured BANBURY Coal. 

Effect of Stress-History on Permeability of 
Microfractured BANBURY Coal. 

The Stress-Strain and Stress-Permeability 
Relationships for the ACILIK 2 Specimen During 
a Loading/Crushing Experiment. 

The Stress-Strain and Stress-Permeability 
Relationships for the DUNSIL 5 Specimen During 
a Loading/Crushing Experiment. 

149 

150 
150 

151 

155 

158 

160 

162 

164 

166 

169 

123 

175 

177 

180 

183 

. 185 

186 

192 

193 



(ix) 

7.3.3 Effect of Fracturing on Permeability and Fracture 
Permeabilities for ACILIK Coal. 198 

7.3.4 Effect of Fracturing on Permeability and Fracture 
Permeabilities for CAYDAMAR Coal. 201 

7.3.5 Effect of Fracturing on Permeability and Fracture 
Permeabilities for BARNSLEY Coal. 203 

7.3.6 Effect of Fracturing on Permeability and Fracture 
Permeabilities for DUNSIL Coal. ' 205 

7.3.7 Effect of Fracturing on Permeability and Fracture 
Permeabilities for DUNSIL Coal. 207 

7.3.8 Effect of Fracturing on Permeability and Fracture 
Permeabilities for DEEP HARD Coal. 209 

7.3.9 Effect of Fracturing on Permeability and Fracture 
Permeabilities for COCKSEEAD Coal. 211 

7.3.10 Effect of Fracturing on Permeability and Fracture 
Permeabilities for BANBURY Coal. 213 

7.4.1 Effect of Moisture on Permeability of ACILIK Coal 
Under Stress. 217 

7.4.2 Effect of Moisture on Permeability of BARNSLEY 
Coal Under Stress. 220 

7.4.3 Effect of Moisture on Permeability of CAYDAMAR 
Coal Under Stress. 223 

7.5.1 Stress-Permeability Results for BARNSLEY 10 
Specimen. 226 

7.6.1 Comparison of Author's Results with Coal Porosities 
Obtained by King and Wilkins (31)). 229 

8.2.1 Variations of Coal Permeability Under Stress 
with Rank. 233 

8.3.1 First Loading Curves for ACILIK Specimens 236 

8.3.2 First Loading Curves for CAYDAMAR Specimens 237 

8.3.3 First Loading Curves for BARNSLEY Specimens 238 

8.3.4 First Loading Curves for COCKSHEAD Specimens 239 

8.3.5 First Loading Curves for BANBURY Specimens 240 

8.3.6 First Loading Curves for DUNSIL Specimens 241 

8.3.7 First Loading Curves for DEEP HARD Specimens 242 



(x) 

8.3.8 The Relationship Between the Compressibility 
Factor and the Rank of Coals Tested. 246 

8.3.9 Comparison of Experimental' and Theoretical 
Stress-Permeability Curves. 

9.1.1 Adjacent Seam Gas Emission (%) as a-Pünction 
of Distance from the Worked Seam, According to 
Various Authorities (77)). 

9.1.2 Permeability as a Function of Distance from 
Faceline (After Keen (79)). 

9.1.3 A Model Used in Computer Simulation of Gas Flow 
Around Working Longwall Faces (After O'Shaughnessy 
(80)). 

9.2.1 General Stress-Permeability Profile at the Roof 
Level of a Working Longwall Face. 

9.2.2 Example of Incremental Flow Measurements to a 
50 mm Borehole in a Coal Seam Ahead of a Coalface 
(After McC. Stewart (87)). 

9.2.3 Variation of Gas Flow Rate from Boreholes with 
Coalface Advance (After Wolstenholme (14)). 

9.2.4 Variation of Gas Flow from Boreholes with. 
Coalface Advance (After Oldroyd (86)). 

247 

251 

253 

255 

257 

259 

262 

263 

9.2.5 Section Through Plane of Maximum Emission A 
Rear Limit B of Gas Pocket (After Noack (85)). 265 

9.2.6 A Model Used in Predicting Methane Flow into Mine 
Workings (After Jeger (81) CERCHAR). 265 

9.3.1 Revised Theoretical Maximum and Minimum Principal 
Stress Distribution Profiles Around a 500 m Deep 
Working Longwall Face. 267 

9.3.2 General Stress-Permeability Profiles for Coal Seams 
Around a Working Longwall Face at any Depth. 274 

9.3.3 Stress-Permeability Profiles for Coal Seams. that 
have been Affected by Previous Mining. 277 

9.3.4 Different Permeability Zones and Suggested Flow 
Paths of Methane Around a Working Longwall Face. 279. 



(xi) 

LIST OF TABLES 

Table 1.2.1 Experimental and Field Data on Coal Permeability 9 

2.3.1 Gross'Pore Distribution in Coals (After Gan 
et al. (32)). 32 

4.2.1 Theoretical Values for Maximum and Minimum 
Principal Stresses Along the Roof of a 300 m 
Deep Longwall Face. 

4.2.2 Theoretical Values for Maximum and Minimum 
Principal Stresses Along the Roof of a 500 m 
Deep Longwall Face. 

4.2.3 Theoretical Values for Maximum and Minimum 
Principal Stresses Along the Roof of a 700 m 
Deep Longwall Face. 

4.3.1 Comparison of Theoretical and Experimental 
Fracture Stresses for Different Rank Coals. 

70 

72 

74 

87 

7.1.1 Description of Coals Used During Stress- 
Permeability Experiments. 144 

7.1.2 Mechanical Properties of Coals Used. 145 

7.1.3 Effective Porosities of Specimens Tested for 
Stress-Permeability Relationship. 146 

7.1.2 Stress-Permeability Results for ACILIK 5 Specimen 
(Effect of Stress-History). 154 

7.2.2 Stress-Permeability Results for ACILIK 3 Specimen 
(Effect of Stress-History). 

7.2.3 Stress-Permeability Results for CAYDAMAR 6 Specimen 

157 

(Effect of Stress-History). 159 

7.2.4 Stress-Permeability Results for DEEP HARD 3 
Specimen (Effect of Stress-History). 161 

7.2.5 Stress-Permeability Results for DEEP HARD 5 
Specimen (Effect of Stress-History). 163 

7.2.6 Stress-Permeability Results for DUNSIL 1 Specimen 
(Effect of Stress-History). 

7.2.7 Stress-Permeability Results for BARNSLEY 1 
Specimen (Effect of Stress-History). 

7.2.8 Stress-Permeability Results for CAYDAMAR 4 
Specimen (Effect of Stress-History). 

165 

168 

172 



(Xii) 

7.2.9 Stress-Permeability Results for COCKSHEAD 4 
Specimen (Effect of Stress-History) 

7.2.10 Stress-Permeability Results for'COCKSHEAD 2 
Specimen (Effect of Stress-History). 

7.2.11 Stress-Permeability Results for'BARNSLEY 5 
Specimen (Effect of Stress-History). 

7.2.12 Stress Permeability Results for DUNSIL 5 
Specimen (Effect of Stress-History). 

7.2.13 Stress Permeability Results for BANBURY 3 
Specimen (Effect of Stress-History). 

7.2.14 Stress Permeability Results for BANBURY 4 
Specimen (Effect of Stress-History). 

7.3.1 The Stress-Strain and Stress-Permeability 
Relationships for the ACILIK 2 Specimen During a 
Loading/Crushing Experiment 

7.3.2 The Stress-Strain and Stress-Permeability 
Relationships for the DUNSIL 5 Specimen 
During a Loading/Crushing Experiment. 

7.3.3 Stress-Permeability Results for ACILIK 6 
Specimen (Effect of Fracturing and Fracture 
Permeabilities ). 

7.3.4 Stress-Permeability Results for CAYDAMAR 2 
Specimen (Effect of Fracturing and Fracture 
Permeabilities). 

7.3.5 Stress-Permeability Results for BARNSLEY 4 
Specimen (Effect of Fracturing and Fracture 
Permeabilities). 

7.3.6 Stress-Permeability Results for DUNSIL 3 
Specimen (Effect of Fracturing and Fracture 
Permeabilities). 

7.3.7 Stress-Permeability Results for DUNSIL 7 
Specimen (Effect of Fracturing and Fracture 
Permeabilities). 

7.3.8 Stress-Permeability Results for DEEP HARD 1 
Specimen (Effect of Fracturing and Fracture 
Permeabilities). 

7.3.9 Stress-Permeability Results for COCKSBEAD 5 
Specimen (Effect of Fracturing and Fracture 
Permeabilities). 

174 

176 

179 

182 

184 

186 

191 

193 

198 

200 

202 

204 

206 

208 

210 



(xiii) 

7.3.10 Stress-Permeability Results for BANBURY 1 

. Specimen (Effect of Fracturing and Fracture 
Permeabilities). 

7.4.1 Stress-Permeability Results for ACILIK 8 
Specimen (Effect of Moisture). 

7.4.2 Stress-Permeability Results. för BARNSLEY 2 
Specimen (Effect of Moisture). 

7.4.3 Stress-Permeability Results for CAYDAMAR 8 

7.5.1 

Specimen (Effect of Moisture). 

Stress-Permeability Results for BARNSLEY 10 
Specimen (Directional Anistropy of Coal 
Permeability). 

8.2.1 Comparison of Minimum and Maximum Permeabilities 
at Certain Stress Levels, Rate of Reduction in 

212 

216 

219 

222 

225 

Permeability Under Stress and Compressibility Values 
for Coals Tested. 232 

8.3.1 Compressibility Factor C for the Coals Tested. 244 

9.3.1 Revised Theoretical Maximum and Minimum Principal 
Stress Values for a Coal Seam 125 m Above a 
500 m Deep Working Longwall Face. 

9.3.2 Revised Theoretical Maximum and Minimum Principal 
Stress Values for a Coal Seam 100 m Above a 
500 m Deep Working Longwall Face. 

9.3.3 Revised Theoretical Maximum and Minimum Principal 
Stress Values for a Coal Seam 50*m Above a 
500 m Deep Working Longwall Face. 

9.3.4 Theoretical Values for Maximum and Minimum Principal 
Stresses Along the Roof of a 500 m Deep Longwall 
Face. 

9.3.5 Revised Theoretical Maximum and Minimum Principal 
Stress Values for a Coal Seam 30 m Below a 500 m 
Deep Working Longwall Face. 

9.3.6 Revised Theoretical Maximum and Minimum Principal 
Stress Values for a Coal Seam 50 m Below a 500 m 
Deep Working Longwall Face. 

9.3.7 Revised Theoretical Maximum and Minimum Principal 
Stress Values for a Coal Seam 75 m Below a 500 m 
Deep Working Longwall Face. 

9.3.8 Experimental Permeability Values Under Stress 
Conditions Simulating the Different Stress Zones 
Around 300,500,700 m Deep Coal Seams. 

"268 

268 

270 

269 

270 

271 

271 

276 



(xiv) 

LIST OF PLATES 

Plate 5.1 A Coal Lump Cored After Being Cast in Concrete. 98 

5.2 The Assembled Picture of the Experimental 
Apparatus for Stress-Permeability Measurements. 100 

5.3 The Coal Specimen and the Component Parts of the 
Triaxial Cell. 98 

7.1 A Test Specimen from Each Coal Used. 

7.2 Test Specimens After Being Fractured During 
Stress-Permeability Experiments. 

147 

196 

9.1 A Model Showing the Fracture Patterns Around 
273 Longwall Faces. 



LIST OF SYMBOLS 

Angstrom 

4e Porosity, effective porosity 

V Volume 

Vb Bulk volume 

Vs Volume of solids in a porous body 

Vv Total void space in a porous body 

v)e 
Effective pore volume 

P Density 

M Mass, molecular weight of a gas 

P, Ps Gas pressure, saturation adsorption pressure 

m 
Maximum volume of gas adsorbable V 

b' Adsorption coefficient 
" 

V,, Vd Volumes of methane adsorbed in wet and dry coal 

Co C19 C2 Constants 

X0 Coal oxygen content 

Q. Volume flow rate of a fluid 

r Radius of a capillary tube 

N Viscosity of a fluid 

AP Pressure difference across a porous medium 

L Length 

Q, 1, Q2 Volume flow rate at the upstream and downstream 
ends of a porous medium 

P19 P2 Gas pressure at upstream and downstream ends of a 
porous medium 

P Mean gas pressure across a porous medium 

R Gas constant 



T Absolute temperature 

y Adzumi constant 

K' Constant dependent upon the properties of the 
particular fluid and of the particular porous medium 

A Cross-sectional area 

K Specific permeability 

Kd Permeability calculated using Darcy's law 

R Average pore radius 

Kv, X Viscous permeability and molecular permeability 

KL Liquid permeability 

x 

b 

at a, 'a 
T 

C 

Mean free path of gas 

Klinkenberg constant 

Coefficient of gas conveyance 

Constant for a particular gas 

Stress, maximum and minimum principal stresses 

Shear stress 

Cohesion 

Internal friction angle 

e Strain 

E Young's modulus of elasticity 

v Poisson's ratio 

Kfrao Fracture permeability of a coal specimen 

CX Compressibility of coal 

C Compressibility factor 

a, b Constants 

a Stress dependent variable for coal permeability 

KO Permeability at Radial Stress Q3 3 
K Permeability constant dependent upon the fracture °B system of each coal specimen. 



ABSTRACT 

This research aimed to establish a physical relationship 

between applied stress and permeabilities of different coals. 

Seven different coals, ranging from medium volatile to high volatile 

bituminous, were tested for stress-permeability relationship under 

simulated subsurface stress conditions. 

Prior to the experimental investigations, the stress 

conditions around a working longwall face were considered in order 

to achieve an accurate simulation of the stresses experienced 

underground. 

Laboratory stress-permeability experiments were carried 

out by passing nitrogen gas through a triaxially stressed 

cylindrical coal specimen. A slightly modified conventional 

triaxial testing apparatus was used for this purpose. 

The stress conditions employed simulated the stresses 

created in the front abutment zone, the crushing zone, the stress 

relief zone and the recompaction zone of a working longwall face. 

A number of specimens of the seven different coals were tested 

under such stress conditions and stress-permeability curves were 

obtained for each specimen. The effect of moisture and the 

direction of gas flow in relation to the direction of bedding 

planes and major fracture lines were also considered in laboratory 

investigations. 



(Xviii) 

A relationship between the stress-permeability 

behaviour and the rank of coals used was established. Combining 

the general pattern of stress-permeability behaviour obtained 

in this research together with the stress conditions created 

around a working longwall face a model was produced which presents 

the stress-permeability profiles of coal seams in the vicinity 

of the workings. From these profiles it was possible to suggest 

the flow patterns of gas around working longwall faces. 
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INTRODUCTION 

From the earliest days of underground mining the 

emission of methane has been a matter of concern. With modern 

mining methods allowing higher outputs, faster rates of face 

advance and mining operations extending to greater depths, the 

problems of methane emission are becoming increasingly more 

serious. 

Methane is fairly inert. However it burns in air. 

It is this chemical reaction which makes the existence of methane 

in coal mines a problem for the mining engineer. A methane flame 

will propogate spontaneously if the methane concentration is 

between 5 and 15 percent and at a level about the middle of this 

range, the airmethane mixture reaches its maximum explosibility. 

Thus, planning of the mine environmental conditions must ensure 

that high concentrations of methane do not occur in the workings. 

Methane was formed together with the coal material 

during the long term process of coalification. During the early 

stages of the process much of the methane produced was lost. 

However, methane remains adsorbed in the extant coal seams in a 

state of stable equilibrium pressure which can be considerably 

in excess of atmospheric pressure. It is not until the strata 

is fractured by mining that this equilibrium is disturbed and the 

gas migrates into the workings. 



Investigations have shown that gas emission in the 

region of a working longwall face emanates from three main 

sources: 

(i) the actual seam being worked, 

(ii) the waste area behind the face, 

(iii) the source beds of carbonaceous material above 

and below the mine workings. 

The methane being emitted from the seam being worked is termed 

the 'coal front gas'; the gas migrating from the source beds 

is termed the 'strata gas'. 

The release of gas from the seam being worked and the 

source beds above and below, and its subsequent migration towards 

the mine airways, is dependent upon the permeability (i. e. the 

ability of the porous media to allow fluids to flow through it) 

of the coal seams and of the surrounding strata. 

Research has shown that permeability of strata around 

a working longwall face is effected by the stress disturbances 

created by the extraction of the coal seam. 

Thus, any_ approach to the problem of methane emission 

must be based upon an understanding of the stress disturbances 

and their effects on permeability of coal seams and the strata 

around working longwall faces. 



This research aims to further understanding in this 

area by providing empirical evidence of stress-permeability 

behaviour of coals. From this data 'stress-permeability' profiles 

for coal seams around working longwall faces were produced. 
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CHAPTER ONE 

REVIEW OF CURRENT KNOWLEDGE ON COAL PERMEABILITY 

1.1 Introduction 

Although there has been a great deal of research 

carried out on the subject of gas and liquid permeabilities of 

porous media, very little of this research dealt specifically 

with, permeability of coal. In the main part researchers 

concentrated on fluid transport characteristics of petroleum 

reservoir rocks; several text books have been written on this 

latter area (1), (2), (3). * 

Graham (4), (5) was the first research worker to study 

various properties of coal in relation to methane. He published 

his first findings on coal permeability in 1916 and 1919. These 

were followed by a more comprehensive study of the adsorption of 

methane and some other gases in coal (6). 
__-Graham's work appears 

to have-stimulated interest in research in the subject of coal 

permeability and methane adsorption. In 1932 Audibert published 

his paper, 'A Hypothesis of Methane Emission' (7). Later, Briggs 

Numbers in brackets refer to references at the end of the thesis. 



and Sinha (8) studied the changes in permeability with desorption 

of methane and published their findings in 1933. 

These initial works focussed attention on the importance 

of the subject and a number of studies have been carried out since. 

In recent years research has emphasised the significance of the 

effect of stress on permeability of coal. Laboratory investigations 

have been carried out on this subject and it was found that 

permeability of coal decreased drastically with increasing stress. 

Work in the field of permeability of rrock, and more 

specifically, coal, will be reviewed in this chapter. 

1.2 Review of Work on Coal Permeability 

The first laboratory investigation into the permeability 

of coal was conducted by Graham (4). Thin slabs of coal, about 

3 mm in thickness and 25 cm2 in area, were sawn off from a large 

lump of coal. Flow rates of air, carbon dioxide, methane and 

hydrogen were measured through these thin slabs of coal. After 

completing his experiments, Graham stated that: 

".. contrary to what is usually supposed, solid 
coal is extremely airtight, and lets very little 
air or gas through, even with a driving pressure 
of a whole atmosphere. " 

Later in 1919, Graham published his second set of 

results on permeability of coal to methane (5). He observed 



that the rate of gas flow through the specimen depended on the 

difference in partial pressure of the methane on the two sides 

of the slab. Therefore, he suggested that the rate of loss of 

methane from a lump of coal exposed to the air would not depend 

on the total external pressure, but upon the partial'-pressure 

of the methane in the atmosphere and the pressure of the gas 

in the coal. An average permeability value of Kd = 10-21 m2 

was reported by Graham. 

A long period of time elapsed in which no other 

researchers pursued the subject of coal permeability to gas. 

However, in the last two decades the importance of the subject 

was recognised and research was resumed. In 1959, Sevenster (9) 

conducted permeability measurements on 1 mm thick, 26 mm diameter 

coal discs using methane, oxygen, water vapour and several other 

gases. Gas flow through the specimen was considered to be by 

Knudsen diffusion and permeabi7. ities in the order of Kd = 10-24 m2 

were reported. Sevenster suggested that molecular permeability 

was inversely proportional to the square root of the gas molecular 

weight. 

Huang and Shelton (10) were the first to suggest a 

relationship between the permeability of coal to gas and coal 

rank. Coal specimens from ten different coal seams were tested 

for air permeability and results ranging between Yd = 10-1,2 m2 
v 

and Yd = 10 1tiwere 
reported. Permeability of coal was found to 

increase with decrease in volatile matter up to a critical point 
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and then decreases as the volatile matter decreased further. 

In 1969, Jones (11) carried out laboratory measurements on helium 

permeabilities of 21 different British Coals. His results 

suggested a relationship between coal permeability and rank 

which was opposite to that reported by Huang and Shelton in 1962. 

Results of these two workers are compared in Figure (1.2.1). 

Karn et al, (12) and Thimons and Kissel (13) investigated 

the diffusion of methane through coal employing similar laboratory 

techniques to those of Sevenster. Thimons and Kissel have shown 

that water vapour reduces the permeability of coal by a factor 

of 3 to 25. Karn et al. measured permeability of coal both 

along and across the bedding planes and observed that permeability 

along the bedding planes was 2-3 times higher. 

In situ permeability values for coal have been obtained 

from borehole pressure measurements. Results of in situ measurements 

published by Wolstenholme (14) and Kissel (15) have shown that 

coal has much higher permeability values in situ. Table (1.2.1) 

compares the experimental and field data reported on coal 

permeability. 

1.3 The Effect of Stress on Permeability of Coal 

The effect of overburden pressure on permeability of 

rocks was first considered by petroleum engineers. Large 

discrepancies were observed between conventional laboratory 



TABLE (1.2.1) Experimental and Field Data on Coal Permeability 

SODRCE Kd 

(m2) 

METHOD 

Graham, (5) 10-21 Laboratory 

Sevenster (9) 10-24 Laboratory 

Huang and Shelton (10) 10-12 - 10-17 Laboratory. 

Jones (11) 10-17 - 10-2 1 Laboratory 

Karn et al. (12) 10-24 Laboratory 

Thimons and Kissel (13) 10-18 - 10-20 Laboratory 

Wolstenholme (14) 10-15 In situ 

Kissel (15) 10-13 - 10-16 In situ 



measurements on cores at atmospheric pressure and those 

obtained from the field data. 

The earliest inquiry into the effects of stress on 

permeability of rocks was made by Fatt and Davis (16) in 1952. 

This was followed by many other research studies, mainly in the 

field of Petroleum Reservoir Engineering. In 1965, two separate 

papers were published describing the effects of stress on 

permeability of coal, the authors were Patching (17) and Gunther (18). 

These early studies, which were conducted under hydrostatic stress 

conditions, were later extended into the investigation of stress- 

permeability behaviour of coal and coal measures under simulated 

subsurface stress conditions (non-uniform stress). 

1.3.1 Permeability under Uniform Stress 

Fatt and Davis (16) studied the effect of overburden 

pressure on the permeabilities of eight different sandstones. 

Clean, dry core plugs, 25.40 mm in diameter and 76.20 mm long, 

were mounted in a copper foil jacket or moulded in Lucite jackets. 

The jacketed core was then placed in a high pressure hydraulic 

bomb, in which hydraulic pressure as high as 103.40 MN/m2 could 

be applied to the specimen. Flow lines from the core were brought 

out of the bomb through special fittings in the bomb head and 

connected to a laboratory type gas permeameter. Nitrogen gas 

was used as the flowing media. Measurements have shown that the 

specific permeability of sandstone decreased with increase in 

hydraulic pressure. Most of the decrease was found to take 



place over the range of zero to 20.70 MN/m2 overburden pressure. 

At this pressure level, the permeability of the eight sandstone 

cores tested ranged from 59% to 89% of the permeability at zero 

pressure. Figure (1.3.1 shows some of the results obtained 

by Fatt and Davis. 

Employing the same laboratory techniques, Fatt (19) 

and McLatchie et al. (20) observed similar effects of hydrostatic 

stress on permeability of reservoir sandstones. Investigations 

by the latter workers'have shown that the percentage reduction 

in permeability generally increased as the initial permeability 

decreased. 

As an integral part of a programme of investigations 

into the problem of sudden outbursts of coal and gas, Patching (17) 

studied the effects of confining pressure on coal. The coal 

specimens were cast in cylindrical flexible epoxy resin mounts, 

fitted with cap pieces, which were connected to high pressure 

tubing, and enclosed in neoprene sleeves. The enclosed specimens 

were then placed in a steel shell where hydraulic oil pressure 

could be raised as high as 20.70 MN/m2. Dry nitrogen or carbon 

dioxide was used as the flowing media in most of the experiments. 

Confining pressure was found to have a marked effect on the 

permeability of all samples. As shown in Figure (1.3.2), the 

permeability of most coal specimens was reduced by more than three 

orders of magnitude (10-14 m2 to 10-18 m2) as the confining 

pressure was increased to 20.70 MN/m2. Patching has also examined 

the hysterisis and time-dependent changes in permeability as the 
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specimen was loaded and unloaded. A specimen was loaded from 

0.69 MN/m2 to 6.90 MN/m2 confining pressure and then after some 

time was unloaded to 0.69 MN/m2 again. As shown in Figure (1.3.3), 

permeability continued to decrease for some time after the 

pressure was applied; when the pressure was removed permeability 

recovered partially and continued to increase with time. From 

his findings Patching concluded that the permeability of coal 

was to some extent dependent on its stress history. 

As a part of a wider investigation into the relationship 

between coal and the gas contained in it, Gunther (18) measured 

the permeability of coal specimens under hydrostatic pressures 

of up to 80.00 MN/m2. Permeability of the specimens was observed 

to decrease from about 10-15 m2 to 10-19 m2 at 60.00 MN/m2. 

These results confirmed the findings of Patching. 

In 1974, Dabbous et al. (21) conducted a series of 

loading/unloading experiments on coal specimens from two different 

seams. The effect of stress history on permeability of coal was 

marked by a continuous decrease in permeability of each specimen 

after consecutive loading/unloading cycles. It was also noticed 

that the magnitude of the effect of increasing overburden pressure 

was not the same for coals of different origin. 



1.3.2 Permeability under Non-Uniform Stress 

An alternative experimental appraoch to the investigation 

of the effects of stress on permeability of rocks has been based 

upon the use of triaxial stress conditions. It was felt that 

such stress conditions would more accurately simulate the stresses 

experienced underground. 

Mordecai (22), (23) was the first to consider the effects 

of triaxial stressing on permeability of carboniferous rocks 

within the perspective of mining. A number of British coal 

measures were tested for stress-permeability relationship where 

nitrogen was used as the flowing media. At sufficiently high 

deviator stresses (CD = a1 - a3), a steady increase in the 

permeability of specimens was observed. This was explained by 

the opening up of flow channels as the fracturing was initiated. 

Figure (1.3.4) shows a set of experimental results by Mordecai. 

Pomeroy and Robinson (24) conducted a series of water 

permeability measurements on cubes of coal under uniaxial or 

biaxial confinement. Permeability of coal was found to be 

increasing at very high uniaxial stresses. On the other hand, 

permeability always decreased under biaxial confinement. 

Somerton et al. (25) investigated the effects of triaxial 

stressing on gas permeabilities of three bituminous coals. 

Permeabilities of coal specimens were found to be strongly stress 
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dependent. At equivalent stress levels, low permeability coals 

have shown higher rates of decrease in permeability as compared 

to high permeability coals. Permeability of coal was also found 

to be stress-history dependent. Figure (1.3.5) shows some of 

the results reported by the above authors. 

The latest research into the effects of stress on 

permeability of coal was carried out by Gawuga (26) in 1979. 

The effects of applied stress and gas pressure on permeability 

of Blackshale coal were studied. Fracturing of the coal 

specimens was initiated at very high deviator stresses and similar 

results to those of Mordecai were obtained. Figure (1.3.6) shows 

one of Gawuga's stress-permeability curves for a coal specimen 

tested to failure. 

Although it was recognised that permeability of coal 

was a controlling factor in the flow of methane around working 

longwall faces comparatively little research has been conducted 

on the subject, as can be seen from the preceeding review of 

literature. A number of questions remain unanswered concerning 

the permeability of coal seams at particular regions around 

working longwall faces. 

It was considered that further studies were required 

and it was recognised that in order to make a useful contribution 

coal permeability measurements should be carried out under stress 

conditions which aimed at simulating the actual conditions 

created underground by mining operations. In order to achieve 
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this an understanding of the stress disturbances in the strata 

around working longwall faces is required. 

McPherson (27) produced a hypothetical profile of 

coal permeability in the strata above and below an advancing 

longwall coal face, as shown in Figure (1.3.7). This profile 

was based upon Mordecai's work on stress-permeability relationship 

of coal measures and upon the qualitative evidence from the 

theories of rock mechanics (stresses around longwall faces). 

He suggested that the permeability of a coal seam would decrease 

in the stressed zone ahead of the face despite the fact that 

microfracturing would occur in this zone. The effect of 

microfracturing would be to cause partial sealing of the 

interconnections between the pores within the coal. This would 

occasion a further decrease in permeability which is already 

very low. 

Behind the face, where the rock is relaxed, there will 

be an increase in permeability by orders of magnitude due to the 

opening of the microfractures and relaxation of normal cleavage 

and planes of weakness between beds. This induced permeability 

provides the paths along which gas can flow. As the cover load is 

established the permeability decreases to a value which is greater 

than that of the virgin rock. The increase is due to the existence 

of new fractures in the rock. 

This hypothetical profile required verification by 

experimental research. It was considered that an investigation 
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of stress-permeability behaviour of coals under actual stress 

conditions experienced underground would prove whether McPherson's 

hypotheses were valid. However, it was recognised that the 

inherent differences in permeability of coal in the virgin state, 

which is dependent upon both the structural characteristics and 

stress-history of each individual coal seam, would be significant 

in the stress-permeability behaviour of coal. Thus, the rank of 

coal needs to be considered as a factor effecting the permeability 

of coal under stress. No acknowledgement of rank as a factor 

determining the stress-permeability behaviour of coal appears 

in literature. 

The objectives of this research were to achieve: 

(i) a simulation of the stress conditions around 

working longwall faces in the laboratory, 

(ii) an understanding of the stress-permeability 

behaviour of different coals under such conditions. 

Thus, a physical relationship between the applied stress and 

permeability of different coals could be established which would 

be applicable to mining operations. 



CHAPTER TWO 

STRUCTURAL PROPERTIES OP COAL 



CHAPTER TWO 

STRUCTURAL PROPERTIES OF COAL 

2.1 Introduction 

It is believed that the structural properties of coal 

such as: porosity, pore size distribution, internal surface area, 

gas and moisture adsorption characteristics, would effect permeability 

of coal to gas. In this chapter models of coal structure will be 

reviewed. Laboratory measurements of porosity will be discussed 

and the findings on porosity, pore size distribution and internal 

surface areas of coals will be presented. Adsorption theory and 

the effect of moisture on gas capacities of coals will be considered. 

2.2 Models of Coal Structure 

Based upon the measurements of the heats of wetting 

of coals by methanol, Bangham et al. (28) proposed a structural 

model for coal. It was assumed that coal was made up of spherical 

shaped building units of equal size. These units were called 

'micelles' and it was suggested that their size was determined by 

molecular aggregation process occuring in an aqueous medium 

(peat stage). The decrease in porosity with increase in rank of 

coal was explained as being the result of compaction during the 

coalification process. Figure (2.2.1) illustrates the progressive 
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compaction of the spheres with increasing rank as suggested by 

Bangham et al. 

This model was highly simplified and was found to be 

inapplicable when high porosities of semi-anthracites and anthracites 

were considered. 

Using the X-ray diffraction method of examinig coal 

structure, Blayden et al. (29) suggested that coal consisted of a 

structure of flat aromatic lamellae having no particular orientation 

relative to each other (turbostratic packing). The average dimensions 

and degree of ordering of these lamellae was found to increase 

with increase in rank of coal. 

Improving on Blayden's studies Brown and Hirsch (30) 

investigated the complete picture of coal structure using X-ray 

diffraction curves with a wide scattering range. Their investigations 

have shown that for coals of approximately 85 percent carbon 

content, about 60 percent of the lamellae occur singly, 28 percent 

in groups of two and the remainder in groups consisting of a 

larger number of units. With increasing carbon content the order 

improved; the proportion of single layers is reduced and the fraction 

in larger groups increased. Asa result of these investigations 

three types of coal structure were distinguished: 

(i) An open structure, for low rank coals (less than 85 percent 

carbon). The lamellae were connected by cross links and 

the orientation was random. Pore diameters extended 



PIGURE (2.2.1) Progressive Compaction of Close-Packed Spheres with 
Increasing Rank (After Bangham et al. (28)). 

FIGURE (2.2.2) Schematic Diagram of the Packing of 
Coal Molecules at Various Stages 
During the Process of Coalification 
(After Brown and Hirsch (30)). 



from a few angstroms to values greater than 5000 £. 

The coal was highly porous. 

(ii) A liquid-like structure for bituminous coals ( 85 - 91 

percent carbon). Some lamellae orientation was observed 

and crystallites were formed from two or more lamellae. 

Pore diameters were found to be approximately 10 

and the coal had very low porosity. 

(iii) An anthracitic structure for high rank coals (more than 

94 percent carbon). Local parallel packing of the lamellae 

is improved and large graphitic layers are formed. This 

gave rise to the disappearance of the cross-links and 

the porosity increased due to the parallel packing 

of the neighbouring lamellae. Average pore diameter was 

found to be 16 R. 

Figure (2.2.2) shows a schematic diagram of the packing of coal 

molecules at various stages during the process of coalification, 

as suggested by Brown and Hirsch. 

2.3 Porosity and Porous Materials 

A solid body containing holes or voids, which are either 

connected or non-connected, and are dispersed in either a regular 

or random manner relatively frequently throughout the solid, is 

defined as a 'porous material'. These holes or voids may vary 

in size; extremely small voids are termed 'molecular interstices', 

very large ones are termed 'caverns', intermediate sized void 

spaces are termed 'pores'. 



Porosity (, 0) is generally defined as the ratio of 

volume of the total void space (V) to the bulk volume (Vb) of a 

porous medium: 

Vb 
0 

vv 

then "0= 
Vb Vs 

=1_ 
vs 

Vb Vb 

Where Vs is the volume of solids within Vb. Usually the porosity, 

a dimensionless quantity, is expressed-in percentages. 

The above definition, referring to the total void space 

is termed the 'total porosity' and is of practical interest in 

terms of gas holding capacity for coal. However, from the standpoint 

of flow through porous media, only interconnected pores are of 

interest. Hence the concept of effective porosity Oe, defined as 

the ratio of the interconnected (or effective) pore volume (V )e9 

to the bulk volume (Vb) is introduced: 

Oe ý 

(vv) 
e 

Vb 

Effective porosity is a static property; it is an indication of 

permeability, but not a measure of it. 



2.3.1 Laboratory'Measurements of Porosity and Pore Size 

Distribution of Coal 

The pore structure of coal is usually studied by 

density measurements, gas expansion method and mercury porosimetry. 

The common principle that applies to all these techniques is that 

the coal structure is penetrated by liquids or gases having very 

small molecular dimensions, near negligible adsorptive properties 

and minimal interaction forces between them and coal. 

2.3.1.1 Density Method 

If the density ps of the material making up the porous 

medium is known, then-the bulk density pb of the latter is related 

to the porosity as follows: 

0= 1 
Pb 

Ps 

since 

M= vsPs - vbPb 

where M is the mass of the sample and Vs and Vb are volume of 

the grain material and the bulk volume of the porous medium, 

respectively. The bulk density is determined by weighing 

the sample and measuring the bulk volume by a volumetric 

displacement technique. The density of the material of which 

the porous medium is composed is usually determined by measuring 

the change in weight of the porous medium after being soaked by 

a displacement fluid. 



Several gases and liquids such as helium, mercury and 

water have been used as the displacement fluid. Depending on the 

molecular dimensions and the magnitude of the interaction forces 

between them and the coal surface, molecules may penetrate totally 

or partly into the coal material. The porosity of coal determined 

by this method is therefore a function of the penetrating fluid. 

Owing to its small molecular size, and negligible adsorptive 

properties, helium is considered to give the most accurate results. 

Employing this technique, King and Wilkins (31) 

determined the porosity of large numbers of British coals. They 

found that the porosity decreases with increasing rank up to 

89 percent carbon or 20 percent volatile matter (d. a. f. ) and then 

increases again in the anthracite range. This relationship is 

shown in Figure (2.3.1). Measuring the helium densities of 
I 

several American coals, a similar relationship was obtained by 

Gan et al. (32), Figure (2.3.2). 

2.3.1.2 

The basic principle of the gas expansion method is 

direct measurement of the volume of gas contained in the pore 

space. A specimen of known bulk volume is placed in a container 

of known volume under certain gas pressure. The container is 

then connected to an evacuated container of known volume and the 

change in gas pressure is observed. The pore volume is computed 

by using the Boyle-Mariotte gas law. This method gives relatively 

accurate effective porosities and leaves the specimen in an 
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undisturbed state so that other tests can be performed immediately 

afterwards. 

Effective porosities of some of the test specimens 

used in this research were determined employing an instrument 

which was developed using. the above principle. Measurement of 

effective porosity using the gas expansion method will. be discussed 

in more detail later in Chapter Six. 
ý 

2.3.1.3 Mercury Porosimetry 

Due to surface tension and its non-wetting properties, 

riercury does not penetrate into small pores in coal at atmospheric 

pressure. Thus, the bulk volume of a coal specimen can be measured 

by displacement. of mercury from a container of known volume. 

As the applied pressure is increased, mercury will penetrate 

progressively into smaller openings in the coal structure. The 

pressure, P, required for forcing the mercury into a pore of 

radius r, is given by the equation: 

r=- 
2c 

cos e 
P 

where 

a is the surface tension of mercury, 

0 is the contact angle. 

Using the above, technique, Metering and van Krevelen (33) 

and Toda and Toyoda (34) measured the porosity of coal in the 



pressure range 1- 1000 atm. Both researchers agreed that the 

apparent increase of pore volume at very high pressures resulted 

solely from the compressibility of coal substance. As shown in 

Figure (2.3.3), the intercept at the ordinate was taken to 

represent the true pore volume in the'range of radius 75000 - 75 

Metering and van Krevelen produced a pore size distribution 

curve from mercury penetration data and concluded that coal 

contains two distinct pore systems; macropores of diameter greater 

than 75 1 which are accessible to mercury, and micropores of diameter 

smaller than 75 ä which are only accessible to helium. 

Gan et al. (32) studied the porosity of various American 

coals using mercury porosimetry, helium and mercury displacement 

and gas adsorption methods. Total pore volumes in the diameter 

range 12 - 29600 Ä were measured and three pore systems were 

suggested: 

(i) macropores (300 - 29600 ä), 
(ii) transitional pores (12 - 300 Ä), 

(iii) micropores (4 - 12 ii). 

It was found that in the lower rank coals (carbon content 

less than 75 percent), porosity was primarily due to the presence 

of macropores; in coals having a carbon content in the range 
, 

76 - 84 percent, about 80 percent of the total pore volume-was 

due to micro and transitional pores; in the coals of higher rank 

microporosity was predominant. Their results are reproduced 

in Table (2.3.1). 
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FIGURE (2.4.1) Pictorial Representation of Methane 
Molecules Inside a Coal Pore. 
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Micropores are said to account for about 95 percent 

of the total internal coal surface (13). Internal surface areas 

ranging from 20 to 200 m2/gm were reported for British coals 

by Griffith and Hirst (35). Since virtually all of the methane 

in coal is physically adsorbed under pressure on this internal 

surface, most of the methane will be stored in the micropores. 

2.4 The Relationship between Coal and its Gas Content 

2.4.1 Sorption Theory 

When a gas or vapour is brought into contact with an 

evacuated solid, a part of it is taken up and retained by the 

material. This process is known as sorption and the opposite 

process, i. e. the giving up of gas or vapour by a solid, is 

termed desorption. - The molecules either enter the inside of the 

solid structure in which case the process is called absorption, 

or, they remain on the surface, the process being termed adsorption. 

The solid is referred to as adsorbent and the gas or vapour as 

the adsorbate. If strong chemical bonds exist between the adsorbent 

and the adsorbate molecules the term chemical adsorption is applied. 

On the other hand, if the molecules are held only by weak physical 

forces (e. g. electrostatic forces, or van der Waal's forces), 

the process is termed physical adsorption. Physical adsorption 

is reversible; the desorption process generally exhibits similar 

behaviour to that of adsorption but in an opposite direction. 

As mentioned before, methane is retained in the internal structure 

of the coal primarily by the mechanism of physical adsorption. 

Figure (2.4.1) shows a pictorial representation of methane molecules 

inside a coal pore. 

I 

ý 
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2.4.2 Adsorption Isotherms 

Isotherms are drawn in order to show the constant 

temperature relationship of pressure to volume. A number of 

relationships have been proposed to express the adsorptive 

properties of materials. The two most important mathematical 

relationships which describe the adsorption isotherms are that 

of Langmuir (36) and that of Brunauer, Emmet and Teller (known 

collectively as BET) (37). 

Langmuir considered the collisions between gaseous 

and solid molecules to be inelastic, and suggested that adsorption 

occurred during the time elapsed when the gas remained in contact 

with the solid before returning to the gas phase. Assuming that 

any molecule from the gas phase striking an already adsorbed 

molecule would rebound elastically, he was able to derive an equation 

describing the mono-molecular layer adsorption of gases as: 

V b'P 
V= m 

1+b'P 

where 

V is the volume of gas adsorbed, 

P is the gas pressure, 

Vm is the maximum volume of gas adsorbable 

b' is the adsorption coefficient. 

In order to account for the multi-layer adsorption 

of gases, Brunauer, Emmet and Teller extended Langmuir's equation 

to the form: 



v= 

where 

V cP m 

(Ps - P) 
[1+(c_1) (p )] 

s 

Ps is the saturation adsorption pressure, 

c is a constant. 

Jolly (38) determined methane adsorption isotherms 

for a number of British coals at gas pressures up to 1400 atm. 

Figures (2.4.2) and (2.4.3) show examples of mono-molecular and 

multi-molecular layer adsorption isotherms obtained by Jolly. 

2.5 Effect of Moisture on Methane Capacity 

As with many other properties of coals, moisture content 

has a considerable effect on its gas capacity. Moisture content 

is mainly related to the oxygen content of coals. Strong 

interaction between the polar water molecules and the surfaces 

of oxygen complexes hold water in pore spaces in an adsorbed 

state. As the coalification proceeded towards higher ranks, oxygen 

was lost in the form of carbon dioxide or, water resulting in 

decreased water adsorption capacity. 

Joubert et al. (39), (40), studied the adsorption of 

methane on moist coal and have shown that the methane capacity 

of coals decrease with increasing'moisture up to a certain 'critical' 

value of moisture content that was characteristic of each coal. 

Moisture in excess'of this critical value was found to have no 
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further effect, Figure (2.5.1). 

For the values of moisture content m at or below the 

critical value me (wt %) Ettinger (41), (42), developed an 

empirical formula to express the reduction in methane capacity as: 

w1 

mý Vd (1 + C0 
(m < mc ) ........ 2.5.1 

where VJ and Vd are the volumes of methane adsorbed in moist and 

dry coal, respectively; and C0 has the value 0.31. 

The above equation was verified by Joubert et al. (40) 

having used Co = 0.314 at 1 atm pressure. The constant Co was 

found to depend on the gas pressure applied. They related the 

maximum reduction in methane sorption at or above the critical 

moisture value to the oxygen content and suggested the following 

equation: 

VW 
)max = C1Xo + C2 (mm) 

........ 2.5.2 
Vd 

where ö is the coal oxygen content in weight percent (m. f. b. ) and 

C1 and C2 are constants. At 10 atm gas pressure values of C1 a nd C2 

were found to be 0.0558 and 0, "0837 respectively. As shown in 

Figure (2.5.2), maximum reduction in methane capacity of coal 

increases with increasing coal oxygen content. Combining equations 

i 
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2.5.1 and 2.5.2, one can estimate the critical value of moisture 

content, mc, from the equation: 

m= 
C1 X0 + C2 

......... 2.5.3 
` Co(1 - C1Xo - C2) 

It is believed that moisture content, limiting the 

adsorption of methane, would also limit the flow of methane 

through coal. It is not blown if there is a critical moisture 

value for each coal, where the effect of moisture on coal 

permeability reaches its ultimate value. This question was 

considered during the course of this research; the effect of 

moisture on permeability of coal under stress was examined. 
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CHAPTER THREE 

THEORIES OF STEADY-STATE FLOW OF 

FLUIDS THROUGH POROUS MEDIA 

3.1 Introduction 

Understanding the nature of gas flow in single 

capillaries has contributed a great deal towards the solution 

of problems concerning the more complex permeation process through 

porous media. A porous medium is often considered as a bundle 

of straight parallel capillaries and the equations for capillary 

flow are used as the starting point for many of the equations 

for flow in porous media. 

In this chapter, the theories of fluid flow in single 

capillaries are reviewed prior to discussion of the theories of 

fluid flow in porous media. Darcy's fundamental law governing 

the flow of fluids through porous media is introduced and 

semi-empirical Adzumi and Klinkenberg methods, which consider 

the molecular effects of gas'flow through porous media, are 

examined. 



3.2 Flow in Capillaries 

The types of flow that have been found to occur'in 

capillary, systems are: 

(i) Poisseuille viscous flow. 

(ii) Molecular streaming. 

(iii) Turbulent flow. 

(iv) Molecular effusion. 

(v) Orifice flow. 

Molecular effusion occurs in infinitely short capillaries 

at low gas pressures where the mean free path of the flowing 

molecules is large compared to the diameter of the capillary. 

At high pressures, molecular effusion is transformed into orifice 

flow provided that the capillary is smooth and short enough to 

act as a nozzle (43), (44). Although these types of flow are 

considered to occur through fibrous material, such as textiles 

and paper, they are of very little importance in dealing with 

'normal' porous systems and, therefore, will not be discussed in 

detail here. 

3.2.1 Poisseuille Viscous Flow - Poisseuillefs Law 

The viscosity of a fluid is a measure of internal 

friction associated with laminar flow. Laminar flow is 

characterised by a fixed set of streamlines where a fluid element, 

which. at one point is traversing the same path as another, must 



follow the path of this element throughout its course. 

An 'ideal' viscous fluid flowing over a solid surface 

adheres toýthat surface. At the surface of the solid the fluid 

velocity is zero. If a capillary is held fixed, a force opposing 

the fluid motion is imposed on the fluid by the capillary surface 

and a velocity gradient between the centre of the capillary and 

the capillary surface is created. 

The first investigation into fluid flow through capillary 

tubes was conducted by Poisseuille in 1846 (45). The volume 

flow rate of fluids through a capillary tube is given by the 

equation (45), (3 ); 

Q= - 

or 

Q 

where 

rrr4 dP 

8µ dx 

rrr4 &P 
8p L 

oooooo-o 3.2.1 

Q volume flow rate, 

r radius of the capillary tube, 

µ viscosity of the flowing fluid, 

AP pressure difference across the tube, 

L length of the capillary tube. 



Equation 3.2.1 is valid for non-compressible fluids, 

where the volume flow rate is constant along the length of the 

capillary tube. In the case of compressible fluids, the volume 

flow rate varies from one cross-section of the tube to another 

along its length. The changes are proportional to the pressure 

of the gas and the mass flow rate along the tube remains constant. 

If Q2 is the volume flow rate at the downstream end of 

the capillary tube, where the pressure and density of the gas are 

P2 and P21 and Q is the flow rate given by the equation 3.2.1 

at any cross-section where the gas pressure and density are 

P and p respectively, one can write: 

Q2 P2 = QP= - 
rrr4 dP 

P 
8µ dx 

........ 3.2.2 

Applying the general gas law and assuming isothermal flow, the 

density of gas at different cross sections can be written as a 

function of pressure (p = CP). Hence, equation 3.2.2 can be 

rewritten in the form: 

Q2P2 d" =- rrr4 P dP 
8µ 

bearing in mind that p is independent of P and integrating, 

f 
LQ2P2 

dx 'rr4 
fP 

dP 
0 8µ P1 
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The flow rate at the downstream end of the capillary tube can 

be expressed as: 

or 

Q-9 - 

Q2 =- 
nr4 P2 - P1 

8µ 2P2L 

rrr4 P1 + P2 

8µ 2 P2L 

Inserting P, the mean pressure across the capillary for P1 + P2 

2 

and ÖP, pressure gradient for P1 - P2 Poisseuille's equation 

for compressible fluids takes the form: 

Q2 - 
nr4 nP P 
8µ L P2 

3.2.2 Molecular Streaming - Knudsen's Law 

........ 3.2.3 

Experimental work has shown that Poisseuille's Law 

failed to be valid for flow in very narrow tubes, where the mean 

free path of the flowing molecules becomes comparable to the 

diameter of the tube. The failure consists in the fact that, 

instead of the velocity of flow being zero at the capillary walls 

(as assumption made in deducing Poisseuille's Law (45)), it has 

a value greater than zero, thus, the gas appears to 'slip' past 

the wall. The amount of gas coming out from a tube therefore 



appears to be greater than the diameter of the tube would warrant. 

The 'slip' phenomenon in capillary tubes was first 

observed experimentally by Kundt and Warburg in 1875 (3 ). 

Warburg suggested a 'slip correction' to Poisseuille's formula 

by adding a constant term to the latter. This meant that under 

a zero pressure differential there is a finite 'slip flow' 

through a capillary and for other pressure differentials 

calculated flow is corrected by this finite value. 

From experimental investigations Knudsen (46) put forward 

yet another equation for the total volume of gas now Q. (measured 

at pressure P2) through a capillary tube of radius r and length L. 

His equation takes the form: 

+'2nRT r3 AP 
... ^ Q2 _ 4V 

3ML P2 

where 

R is the gas constant, 

T is the absolute temperature of gas, 

M is the molecular weight of the gas. 

........ 3.2.4 

It was established experimentally that Knudsen's 

equation described the flow correctly if the mean free path of 

the flowing molecules was very large compared with the radius r 

of the capillary tube. Poisseuille's equation had to be used if 

the mean free path was very small. 



For intermediate cases, the two conditions were 

combined by Adzumi (47) and the following equation was suggested: 

Q`L _ 
Trr4 aP 

+y4 
4j-ORT 3ý AP 

8µ L P2 3ML P2 

Here, y is a dimensionless proportionality factor which is suggested 

to have a value of about 0.90 for single gases and 0.66 for 

gaseous mixtures. It is assumed that 'Y will be constant for 

any flow phenomenon; it is called 'Adzumi constant'. 

3.2.3 Turbulent Flow 

For sufficiently high flow rates, laminar type of flow 

breaks down so that Poisseuille's Law is no longer valid. For any 

one system, it is suggested that a 'transition point' exists below 

which steady flow is stable. Above the transition point the 

steady flow is more likely to become unsteady forming eddies 

upon the slightest disturbance and the flow is termed 'turbulent'. 

It has been shown. by Reynolds that circular straight 

. tubes are dynamically similar, as far as the Poisseuille equation 

is concerned, if the Reynolds Number (Re) is the same: 

_ 
2pry 

µ 

where v is the average flow velocity in the tube. 



Turbulance will occur in any straight circular tube 

if a certain Reynolds Number is reached. The transition from 

laminar to turbulent flow has been found to occur in the 

neighbourhood of Re = 2200 for straight capillaries (3). 

3.3 Flow in Porous Media 

3.3.1 Darcy's Law 

The fundamental theory of laminar flow through homogenous 

porous media is based on the experiment originally performed 

by Henry Darcy in 1856 (48). Darcy conducted a series of experiments on 

the flow of water through filter sands. By varying the different 

quantities involved, he arrived at the following relationship: 

Q= -KIA 

where 

L ........ 3.3.1 

Q is the total volume of fluid flowing through 

the filter sand in unit time, 

A is the cross-sectional area of the filter sand, 

h2 - h, is the difference in head of the fluid across 

the filter sand with length L, 

K'. is a constant depending on the properties of the 

fluid and of the porous medium. 

h2 
-h1 

This relationship is known as Darcy's Law, a more detailed 

discussion of Darcy's work is given by Hubbert (49). 



For the one dimensional case of non-compressible fluid 

flow through a porous medium, equation 3.3.1 takes the form (50): 

dP 

dx 

or 

@= K'A AP 
........ 3.3.2 

L 

where dP is the pressure gradient. 
dx 

Proceeding as before (Section 3.2.1) Darcy's Law can 

be further extended to cover the steady state isothermal flow 

of compressible fluids through porous media, i. e. 

1 

= x'A oP P 
........ 3.3.3 Q2 

L 
P2 

3.3.2 The Concept of Permeability 

Darcy's Law, in its original form, was found to be 

rather restricted in its application. Constant K', which was 

often termed 'permeability-constant', is obviously indicative of 

the permeability of a certain medium to a particular fluid and it 

is desirable to separate the effect of the porous medium from 

that of the fluid. 

In an attempt to increase the applicability of Darcy's 

Law, Nutting (51) suggested the following relationship: 

K' = 



where 

is the viscosity of the fluid, 

K is the 'specific permeability' of the porous medium. 

As stated by Scheidegger (3), this relationship was not generally 

accepted until it was popularised by Wyckoff et al. Unless 

otherwise stated all future reference to permeability in this 

thesis will be taken to mean 'specific permeability' and the 

symbol 'Kd' will be used to denote permeability calculated by 

using Darcy's equation. 

Substituting Kd for K', Darcy's equation for steady-state 

11 

non-compressible fluid flow through porous media takes the form: 

KdA AP 
Q=- 

µL 

and for compressible fluids it can be written as: 

@2 - 

KdA OP 

µL P2 

P 

........ 3.3.4 

........ 3.3.5 

where Q2 is the volume flow rate measured at the downstream end 

at pressure P2. 
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Slip Plow in Porous Media 

It was first observed by Pancher et al. (52) and 

later by several other researchers that air permeabilities were 

higher than liquid permeabilities in the same porous medium as 

calculated from Darcy's Law. It was suggested that the breakdown 

of Darcy's Law for gases occurs if the pore diameters become 

comparable with, or less than, the molecular mean free path 

of the flowing gas. 

The two basic approaches by Adzumi (47) and Klinkenberg (53) 

both used the theory of molecular slip in order to explain the 

anomalies observed in gas flow through porous media. Adzumi's 

approach was mainly theoretical whereas Klinkenberg based his 

theory mainly on experimental investigations. 

3.3.3.1 Semi-Empirical Adzumi Theory 

Adzumi (47) was the first to use the theory of molecular 

slip in order to provide an explanation of the anomalies observed 

in gas flow measurements through porous media. He constructed 

a theoretical model, in which a porous medium was represented 

by a bundle of parallel capillaries, each of which is made up 

of a number of short capillaries of different diameters. Using 

Knudsen's Law of slip flow through single capillary, Adzumi was 

able to derive an equation for the flow of a gas through the 

porous medium. The equation may be written as follows: 



_ 
nAP EP+Y4ý 

2nRT F AP 
........ 3.3.6 ý 

8µ P2 3M P2 

where y is the Adzumi constant (Y= 0.9, see Section 3.2.2); 

E= nR4/L; and F= nR3/L; with n= number of pores in the 

cross-sectional area of the porous medium; R= average radius of 

the pores; L= thickness of the porous medium. 

Equation 3.3.6 given here is known as the Adzumi 

equation for slip flow of gases through porous media. Obviously, 

it is impossible to calculate constants E and F from their 

separate components for an actual porous medium; therefore they 

have to be obtained experimentally. 

Rose (54) modified Adzumi's equation in order to 

represent porous media by incorporating cross-sectional area A 

and length L of the sample. All the constants in the first term 

of equation 3.3.6 were thought to refer to the physical structure 

of the porous medium; these constants were collected to give 

the relationship: 

K= nR4 1 
v8A ........ 3.3.7 

where Kv was termed as the viscous permeability. 



Later, Jones (11) extended this work further to cover 

the second term of the equation. Gathering together the constants 

which would refer to the geometry of the porous structure he 

arrived at the following expression: 

m= 7 4ý2rr R3 1 

3A ........ 3.3.8 

where m was termed as the molecular permeability. Substituting 

Kv and Km in Adzumi's equation one obtains: 

Q2 _A 

APýKvP+KýýRT) 

........ 3.3.9 
L P2 µM 

rewriting equation 3.3.9 as 

Q2P2 KAA RT 
=(` --)P +K ý- 

........ 3.3.10 
GP µL LmM 

a plot of Q2P2 against P will yield a straight line of gradient 
AP 

KA and intercept 
mKLVM, 

thus the values of Kv and K can m v 

be calculated from experimental observations. 

3.3.3.2 Semi-Empirical Klinkenberg Theory 

A number of years after Adzumi, Klinkenberg (53) also 

used the theory of slip to explain the observed gas flow anomalies, 



apparently without knowing about Adzumi's work. From his 

experimental work, Klinkenberg found that the permeability of 

a porous medium remained fairly constant for any type of liquid 

used. However, when gases were employed the permeability 

changed with the pressure applied and the gas used. 

In his experiments, Klinkenberg used Jena glass as the 

porous medium and measured its permeability for air, hydrogen, 

carbon dioxide, nitrogen and iso-octane (liquid) at various 

pressure differences. As shown in Figure (3.3.1), as the mean 

gas pressure increased, permeability decreased and approached 

the liquid permeability. At low gas pressures, permeability for 

different gases was found to differ widely, the difference, 

lessening gradually as the pressure increased. 

In order to explain these discrepancies, Klinkenberg 

used the theory of molecular slip. He constructed a capillaric 

model where a porous medium was assumed to be represented by an 

assemblage of short, fine capillaries of the same average diameter 

and length which were oriented at random throughout the material. 

By applying Kundt and Warburg's slip theory to each capillary, 

Klinkenberg was able to apply a correction to Darcy's equation 

for gas flow in porous media. Klinkenberg's equation may 

be stated as: 

_ 
-4 - 

_ 11 
1A (1 + clº ý AP P 

........ 3.3.11 ý nR 
8µRL P2 
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f 

where 

R is the average radius of capillary (a quantity 

associated with a given porous material), 

is a dimensionless coefficient for a given porous 

material which refers to the average area and length 

of the capillaries, 

A is the mean free path of the gas used, 

c is a proportionality constant found to be nearly 

unity. 

Gas flow rate Q2 in equation 3.3.11 and in Darcy's 

equation for gas flow in porous media, 

Kd AP 
A- 

µL P2 

should yield the same quantity for a given specimen and given 

experimental conditions, thus the specific permeability Kd in 

Darcy's equation takes the form: 

K= rTR-4 Tl 
1(i+4.! 

) 
d[8JR ........ 3.3.12 

The quantity in the square brackets in equation 3.3.12 

is a constant which depends on'the geometric structure of the 

porous medium concerned. This was recognised by Klinkenberg 

as being the liquid permeability KL of the porous medium. 



As the mean free path X is inversely proportional to 

the mean pressure Klinkenberg could write the following 

relationship: 

b 4ck 

PR ........ 3.3.13 

where b is Klinkenberg's constant which is different for each 

material depending on the structure of the pore system. 

Substituting the liquid permeability KL for (riR/B) 

and using relationship 3.3.13 we get: 

Kd = KLEý+bý 
P 

or 

xd = xz + xL bý........ 3.3.14 

When Kd is plotted against the reciprocal mean pressure 1/P, it 

should yield a straight line with intercept equal to KL and 

gradient KLb. Apparent permeability Kd can be obtained by solving 

equation 3.3.5 where all the other variables are experimentally 

determined. Hence, Klinkenberg constant b and liquid permeability 

KL can be determined by using the same experimental data. When 

Klinkenberg's correction is applied, equation 3.3.5 takes the form: 

y(1+býAP P 
A ........ 3.3.1 Q2 

µ, pLp5 
2 



Rose (54) compared the two semi-empirical equations 

by Adzumi'and Klinkenberg and concluded that they were identical. 

The apparent difference between the two equations is that Adzumi 

investigated the flow at low mean pressures where the mean free 

path becomes greater than the pore dimensions so that the flow is 

in the form of molecular streaming, whereas Klinkenberg considered 

the region where mean free path is becoming so small that the gas 

assumes the flow characteristics of a fluid. 

Sowier (55) re-exanined Klinkenberg's results on flow 

of different gases through porous media and concluded that a 

single intercept of the apparent permeability function with respect 

to the reciprocal mean pressure was no longer existing for different 

gases. He suggested that the liquid permeability, often used as 

viscous permeability, was different for each individual gas so 

that: 

Kd = KI(ý+S) 
P 

where 

KI is the coefficient of gas conveyance which 

changes for different gases, 

S is a constant that varies with temperature. 

Figure (3.2.2) shows one of Klinkenberg's experimental results 

re-plotted by Sowier. 
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Both Adzumi and Klinkenberg approaches are widely used 

in treating gas flow measurements through porous media, the 

latter being more commonly used in the petroleum industry. 

I 
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CHAPTER FOUR 

STRATA MECHANICS AND STRENGTH OF COAL SEAMS IN RELATION 

TO THE CHANGING STRESSES AROUND LONGWALL FACES 

4.1. Introduction 

' The main purpose of this research is to establish a 

physical relationship between applied stress and the permeability 

of some coals. The type of stress conditions studied were related 

to those encountered under normal mining conditions. It was found 

necessary to achieve an understanding of stress fields around working 

longwall faces and of the mechanism of strength and fracturing of 

coals before the experimental procedure was designed. 

Although the actual state of stresses in the vicinity of 

a longwall face is not exactly known, it is generally agreed that 

the coal material is triaxially compressed in the abutment zone 

beyond the face. Stresses become more complex at the face and at 

the roof behind the face where the strata is relaxed. 

Evans and Pomeroy (56) have suggested that the strength 

and the behaviour of coal under stress is related to its rank. 

This implied that the rank and structural properties of individual 

coal seams would effect the permeability induced by changes in 

stress conditions. 
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A method of understanding the stresses underground and a 

model to simulate subsurface stress conditions in the laboratory 

will be discussed in this chapter. 

4.2. Strata Mechanics 

Longwall mining of the stratified deposits is the most 

commonly used underground method of working coal seams in Europe. 

It has been used in a variety of geological conditions and proved to 

be the most reliable and economic method allowing high mechanisation 

and efficiency in production. A longwall coalface is an extraction 

of either the whole or part, of the coal seam by means of a travelling 

working front. Although there are exceptions, 50 to 300 m wide 

longwall faces travelling 800 to 1000 m during their life are 

the most common practice in the European Coalfields. 

4.2.1. Causes and Zones of Lon call Strata Pressure Abutments 

Before mining is started, coal seams are loaded by the 

weight of the overburden where the stresses are uniformly distributed. 

As the coal is extracted, the roof over the waste area, which is not 

supported, tends to be deflected as a cantilever and will eventually 

be caved. As a result of these disturbances, stress conditions 

in the longwall panel will be readjusted until a new equilibrium 

is achieved. 

This new state of stress is expressed in the form of high 

pressure zones in the solid ground surrounding the extracted region. 

These high pressure areas, called 'pressure abutment' zones, have 
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been the subject of many studies in the field of Rock Mechanics 

which have attempted to formulate their shape, extent and magnitude. 

It is widely agreed that the redistribution of the strata pressures 

take the form illustrated by Figure (4.2.1. ). Although the exact 

location, width and magnitude of the stresses in the abutment 

zones are not known, a detailed knowledge about these factors is 

essential in determining the crucial changes induced in permeability 

of the strata by the forward movement of the face. 

Peng (58) reported experimental data and suggested that 

the effect of front abutment pressure could be discerned 150 metres 
.ý ý. - 

in advance of the face. However, the increase in magnitude of the 

stresses at this location was very small. As shown in Figure (4.2.2) 

stresses increased slightly at a distance between 60 and 40 m from 

the face, increased rapidly when the face was between 20 and 15_m 

away, and reached a peak abutment pressure at 1 to 5m ahead of the 

face. Metcalf (60) analysed the data from several collieries and 

concluded that the width of the front abutment did not relate to 

the depth, but increased with the seam thickness, Figure (4.2.3). 

Whittaker (57) has suggested that, in general the magnitude of 

the peak abutment pressure would be 4 to 5 times the cover load. 

Referring to Whittaker's model, at the face area, where the 

roof was totally destressed the vertical pressure would be 

reduced to much less than the cover load. Toward the waste, 

pressure gradually built up on the caved waste due to recompaction 

and reached the cover load at a distance between 3/10 and 4/10 of 

the overburden thickness behind the faceline (YY section of 

Figure 4.2.1). 
1 
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4.2.2 The Finite Element Method of Determining Stresses 

Around Longwall Faces 

The choice of stress state and stress levels for 

simulating the subsurface stress conditions in the laboratory was 

the most important factor determining the applicability of the 

stress-permeability research in practice. It was considered that 

the state of stresses in the front abutment zone was triaxial 

compression. However, stresses assumed a much more complex form in 

the face area. Understanding this complex phenomena was the key 

factor in creating ideal simulation conditions and in explaining 

the changes occuring in the permeabilities of coal seams. 

A method of two-dimensional stress analysis around 

longwall faces using the finite element method has been devised by 

Rock Mechanics Research Workers in the Department of Mining 

Engineering, University of Nottingham (61), (62). This technique, 

with some practical considerations to accomodate the dynamic 

effects of face advance, was adopted to determine the ideal stress 

conditions for laboratory stress simulations throughout this research. 

The finite element method was based on dividing the body 

considered into a number of smaller bodies (elements) which were 

joined together at their vertices, called nodal points. Each of 

these elements was then analysed independently by breaking the 

continuum into a system of elements. Figure (4.2.4) shows a finite 

element grid used for both isotropic and anisotropic solutions. The 

theory, solution and programming of the above technique was discussed 

at length by Hazine (61). 
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4.2.2.1 Principal Stresses and Shear Stress 

The stresses on an element of material situated underground 

may be resolved into three principal stresses. These stresses 

are at right angles to each other so that each of the principal 

stresses may be visualised as bearing on two opposite sides of a 

cube as shown in Figure (4.2.5). 

When the three principal stresses are not, equal then 

shear stresses (T) are induced as a function of the difference 

between two principal stresses on the same plane. Convention has 

it that, the largest principal stress (a, ) and the smallest 

principal stress (a3) are known as the Maximum and Minimum principal 

stresses respectively. 

4.2.2.2 Maximum and Minimum Principal Stress Distributions 

Around Longwall Faces Determined by the Finite Element 

Method 

The maximum (a1) and minimum (a3) principal stresses 

around 300 in, 500 m and 700 m deep longwall faces were determined 

using the finite element method. The face was assumed to be 160 m 

wide in a2m thick horizontal coal seam. The idea was to determine 

the magnitudes of the stresses in the front abutment zone, face 

area and the waste side on both the roof and floor levels of the 

worked seam. The extent of stress effect into the strata above 

and below the face level was also observed. 

Figures (4.2.6), (4.2.7), (4.2.8) and Tables (4.2.1), 

(4.2.2), (4.2.3) show the magnitudes of the maximum and minimum 



TABLE (4.2.1) Theoretical Values for Maximum and 
Minimum Principal Stresses Along the 
Roof of a 300 m Deep Longwall Face. 

DISTANCE 
FROM TEE 
FACE LINE 

(m) 

MAXIMUM 
PRINCIPAL 

STRESS 

°1 

(MN/m2) 

MINIMUM 
PRINCIPAL 

STRESS . 
a3 

(MN/m2 ) 

80 0.04 5.24 

67 -0.01 5.16 
54 -0.29 5.18 
40 0.28 4.92 

27 -1.03 6.79 
15 0.12 2.71 

0 -46.20 -13.80 
-10 -12.70 0.53 

-18 -11.70 -6! 18 

-25 -10.60 -5! 15 

-35 -9.48 -4.57 
-40 -9.30 -3.89 
-55 -8.55 -3.51 
-70 -8.11 -3.02 

-85 -7.83 -2.72 

-100 -7.67 -2051 

-115 -7.54 -2.40 

-130 -7.43 -2.28 

-145 -7.36 -2.22 

-160 -7.29 -2.15 

-175 -7.27 -2.15 
-190 -7.19 -2.06 

* Negative sign indicates distance ahead of the face., 

Compressive Stress is indicated by negative sign whereas 
tensile stress is positive. 



-71- 

O 
0 
N 
1 

0 0 

0 

0 
-ý go 

02 
i 

ýý 

ý Zý 
-ý 

N 

02 m Q H CV 
-F3 O 
CI] r 

a) I 

91.0 ý 

-+z 

a) 

ý 
ý. 

ý 

-p ý 
0 ý 

O 

0 r 

ý 
iý ýýý ýý ýýýýýý ýýýý ýýýýýý 

C \0 ý i 

0 
ýr ý ý 

0 N 

0 0 

0 co 1 

0 %ýo 1 

0 ý i 

0 N 
I 

0 

o N 

ý0 - 

T- . - t 
0 
ý- 

I -ý* 1 
N 

11 
OO 
r- ý-- 

" 
%Z 10 " 

0 0 
T- 0 

ý- 

0 
w 

a) 
U 
tLi 

FT I 

. Sä 
-Fý 
ý 

ý 

N 
U 
ý 

ý 
ý 

.ý 
A 

z 
O 

ý 
ý-i 
Cd 

QA 
1-a 

a 

O 
M 

Cd 
4-i 
O 

4-I 
O 
Q O 

.O 

.. \Z 
N 

v 
ý 

C. 5 
H 
W 



TABLE (4.2.2) Theoretical Values for Maximum and Minimum 
Principal Stresses Along the Roof of a 
500 m Deep Longwall Face. 

DISTANCE 
PROM TEE 
FACE LINE 

ým) 

MAXIMUM 
PRINCIPAL 

STRESS 

I'll 

(MN/m2) 

MINIMUM 
PRINCIPAL 

STRESS 

a3 

(/2) 

80 0.06 8! 06 

67 -0.01 7! 59 
54 -0.43 8! 00 
40 0.45 7! 63 
27 -1.67 10! 70 

15 0.21 4'29 
0 -74.00 -22! 20 

-10 -20.40 0! 74 

-18 -18.90 -10.10 

-25 -17.00 -8.43 
-35 -15.90 -7.51 
-40 -15.10 -6! 56 

-55 -13.90 -5.80 
-70 -13.20 -5'01 
-85 -12.80 -4052 

-100 -12.60 -4! 16 

-115 -12.40 -3.79 
-130 -12.30 -3! 78 

-145 -12.20 -3.66 
-160 -12.10 -3.54 
-175 -12.10 -3.47 
-190 -12.10 -3.39 
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TABLE (4.2.3) Theoretical Values for Maximum and Minimum 
Principal Stresses Along the Roof of a 
700 m Deep Longwall Face. 

DISTANCE 
FROM THE 
FACE LINE 

(m) 

MAXIMUM 
PRINCIPAL 

STRESS 

a1 

(MN/m2 ) 

MINIMUM 
PRINCIPAL 

STRESS 

C3 

(MN/m2 ) 

80 0.01 11110 
67 -0.10 10.90 

54 -0.60 11.00 
40 0.62 10.50 
27 -2.31 14.80 

15 0.29 5.93 

0 -102.00 -30! 70 
-10 -28.30 1! 02 

-18 -26.20 -14.00 

-25 -23.60 -11! 70 

-35 -22.00 -10! 40 
-40 -20.80 -9.02 

-55 -18.90 -7! 65 

-70 -17.90 -6.41 
-85 -17.40 -5.80 

-100 -17.20 -5.33 
-115 -17.00 -5.12 

-130 -16.80 -4.87 
-145 -16.80 -4.74 
-160 -16.70 -4.60 
-175 -16.70 -4.52 
-190 -16.60 -4.44 
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principal stresses along the roofs of longwall faces 300 in, 500 m 

and 700 m deep respectively. Coal seams were loaded triaxially 

by the weight of the overburden beyond the abutment zone. As the 

depth of the seam increased the magnitudes of a1 and a3 became 

larger consistent with the overburden thickness. Although the 

magnitude of the increase was quite small, the effect of increasing 

abutment pressures can be noticed as far as 200 m ahead of the face. 

Thereafter, both a1 and a3 continued to increase along the front 

abutment zone towards the face, the effect being highly compressive 

at a point 20 m in front of the face. 

The most dramatic effect of redistributing the strata 

pressures around a longwall face was seen between the face and the 

front abutment zone. Here, it was found that a3 suddenly decreased 

in magnitude and as a1 continued to increase and reached its peak 

compressive value at or a few metres in front of the face, a3 

became highly tensile causing fracturing and crushing of the coal 

seam. This zone, which is believed to be of major importance in our 

attempt to understand the permeability changes occuring in both. the 

worked and adjacent coal seams, will be referred to as 'the crushing 

zone', 

Complexity of the principal stresses behind the face in 

the 'stress relief zone' can be seen in Figures (4.2.6), (4.2.7) 

and (4.2.8) as a3 stayed tensile and a1 acted either compressive 

, or tensile at different points. It is believed that the principal 

stresses will take the form of triaxial compression as the cover load 

is established on the caved area behind the face. This area will 

be termed 'the recompaction zone'. 



As will be discussed later in Chapter 6 the maximum and 

minimum principal stress combinations in the above defined pressure 

zones are taken as the basic stress combinations throughout this 

research. Similar stress combinations were used in simulating 

the subsurface stress conditions in the laboratory experiments to 

establish stress-permeability relationships for different coals. 

Stress profiles at horizons above and below the seam 

worked were found to be similar to that of the stresses on the 

worked seam demonstrated above. The significance of these profiles 

will be discussed in Chapter 9 in relation to the permeabilities 

of adjacent coal seams and the flow of strata gas around working 

longwall faces. 

4.3. The Strength and Fracturing of Coal 

In the preceding sections, the behaviour of stresses 

around a working longwall face has been discussed. Stress systems 

likely to be experienced around a working face can be summarised as: 

( i) triaxial compression in the coal seam and 

IaiI>k21= 1x31 
(ii) a complex stress system at the face in which 

two of the stresses are compressive and the third 

is tensile. 

c3> 0 >a1 %a2 

Coal seams will behave differently under the above stress conditions 

and the structural changes occuring during these stages will dictate 

their permeability to gas flow. 



4.3.1 Strength of Coal 

Even where it is relatively 'homogenous' in the-chemical 

or petrological sense, the physical structure of coal is very 

complex. The bedding planes are a characteristic feature, recognised 

to be planes of weakness. Other planes of weakness are 'cleats' 

and 'cross cleats' intersecting at right angles to each other and 

often occuring perpendicular to the bedding planes. The strength 

of coal is sensitive to the direction of application of stress 

relative to these weaknesses. 

Evans and Pomeroy (56) conducted some triaxial compressive 

strength measurements on British Coals. Figure (4.3.1) shows a 

typical set of stress-strain curves for specimens of Deep Duffryn, 

Five Feet coal under different confining pressures. The curves 

can be interpreted in three phases: 

(i) An initial non-linear portion caused by elastic 

deformation of the basic coal material and the 

closing of the gross cracks in coal. 

(ii) A range of elastic linearity. 

(iii) A final non-linear portion which is attributed 

to pre-rupture cracking and plastic flow. 

Percentage strain attributed to the closure of cracks 

was found to be independent of the confining pressure and the 

magnitude of closure for anthracite and low-rank coals was greater 

than for medium rank coals. 
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Both the yield and fracture stresses were observed to 

be increasing with confining pressure for all coals, the manner of 

increase varied from one coal to another as shown in Figure (4.3.2). 

Comparing the fracture stresses of different rank coals, aU shaped 

relationship was obtained. At zero confining pressure, both the 

high and low-rank coals showed higher fracture stresses as compared 

to that of medium-rank coals. However, excluding anthracite this 

was indistinguishable at very high confining pressures, Figure (4.3.3). 

4.3.2 Fracturing of Coal 

Fracturing and failure of coal can be studied under two 

different stress-conditions: 

(i) Triaxial compression or induced shear failure. 

(ii) Uniaxial compression or induced tensile failure. 

Both the above conditions can be considered in relation to the 

stress conditions in the front abutment zone and at the face of a 

working coal seam respectively. 

4.3.2.1 Induced Shear Failure of Coal 

Induced shear failure under triaxial compression occurs 

when the maximum principal stress becomes excessively high (63). 

The basic elements of strength of a material which fails in shear 

when subjected to excessive compressive stress are: 

(i) Cohesion (c), or the resistance to shearing stress 

when no normal stress exists on the shear plane. 



(ii) Internal friction, or the resistance due to 

friction of grain on grain, plus the resistance 

due to interlocking of grains. Internal friction 

is designated as tan (P and (P is called the angle 

of internal friction. 

Referring to Figure (4.3.4) which represents an element, 

ABC, along any plane making an angle ß with the direction of the 

maximum principal stress, c1, the maximum and minimum stresses can 

be resolved into a normal stress a acting at right angles to plane AB, 

and a shearing stress, r, acting parallel to plane AB. 

Taking the area of plane AB as unity and 

F1 = total force acting on plane AC 

P3= total force acting on plane CB 

FN = total force acting normal to AB 

then the normal forces acting on the element ABC are 

F1 = a1 sin 

F3 = a3 cos 

and FN = F1 sin ß+ F3 cos ß 

Substitution for F1 and F3 gives: 

FN = oN = 01 sin2 ß+ a3 cos2 

= cost P (Q3 - Q1) + Q1 

= 
cos 2+1 

a1) + a1 
2 

a+aaa ý3-13 
cos 2ß........ 4.3.1 

22 



FIGURE (4.3.4) (a) Element Subjected to Maximum and 
Minimum Principal Stresses, 

(b) Forces Acting on an Element 
(After Woodruff (63)). 

FIGURE (4.3.5) Mohr's Stress Circle 
(After Woodruff (63)). 



Likewise the' tangential force (Ft) can be resolved into two 

forces: 

Ft = F1cos F3sin 

since the area of AB is unity: 

Ft =r= a1cosßsinß - a3cosßsinß 

sin2ß ........ 4.3.2 
2 

Shear stress is maximum when sin2ß =1 or when ß= 450" 

Thus planes inclined at 450 to the direction of maximum 

principal stress, v1, sustain maximum shear stress. 

However, shear failure takes place along planes of 

maximum 'effective shear stress' rather than along planes of 

maximum stress (63). On any plane on which there is a 

shear stress, r, there is also a normal stress acting at right 

angles to the plane. This normal stress, aN, on potential shear 

planes induces a resisting force proportional to aNtan(: ). 

According to Mohr, of all planes having the same normal component 

of stress, failure will take place along the plane having the 

greatest shear stress. Thus the inclination of the plane along 

which shear failure occurs is determined by the coefficient of 

internal friction for the material. 
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It is generally agreed that the magnitude of 

resistance to failure, s, on failure plane is given by Coulomb's 

friction law: 

s=c+ oNtanO ........ 4.3.3 

where s is total unit shearing resistance, c is cohesion per 

unit area and aNtan4)is the frictional resistance to shearing. 

Combining the equations (4.3.1), (4.3.2) and (4.3.3) 

we get the stress conditions at failure: 

a1 -aý, 3 
sin2ß=c+tano 

a1+ a3_ a1 a 

2 22 
cos2ß 

Referring to Mohr's circle, Figure (4.3.5), at failure 

0 2ß = 90 - 4) so the above equation becomes, 

a_ 1a a1 +a a1 
- 

a3 3 
cos q) =o+ taný - sin4) 

222 

then 

2I22 

a= 2c cos m+a 1+ sin(: ) 
1 1- siný 

3 1- sinO 

When a3 = 0, a1 is the uniaxial compressive strength of the 

material and representing this by ault, 



ult = 2c cos(l) 

1- sin4) 

so the maximum principal stress a, at failure can be written as: 

a3 ........ 4.3.4 a1 - °ult +1+ sine 
1- sin4) 

Substituting the experimental average uniaxial compressive 

strength, ault values for different rank coals and the average 

internal friction angle' ((0 = 400) reported by Evans and Pomeroy (56) 

together with the largest a3 values obtained from the finite 

element analysis of stresses at the front abutment zones of 300 m, 

500 m; and 700 m deep working coal seams, similar values of 

fracture stresses ( a1) to that of Evans and Pomeroy were 

obtained, Figure (4.3.2). Table (4.3.1) shows the comparison of 

theoretical fracture stresses and the average fracture stresses 

reported by Evans and Pomeroy. 

Examining Table (4.3.1) it can be seen that the fracture 

stresses obtained were far higher in magnitude than the maximum 

principal stresses experienced to a depth of 1000 m in practice. 

Therefore it seemed unlikely that coal would fracture and fail 

in the abutment zone beyond the face. 
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4.3.2.2 Induced Tensile Failure of Coal 

Griffith (64) was the first to show that the presence 

of cracks in a medium would serve to generate tensile stresses 

even when a uniform compressive stress was exerted at the 

boundaries of a sample. For example, a crack orientated parallel 

to a uniaxial compressive stress is'subjected to a tensile 

stress at its extremities which acts at right angles to the 

applied stress. 

Coal has three prominent systems of cracks which are 

along the bedding planes and the two cleat planes perpendicular 

to the bedding. When subject to an uniaxial compressive stress, 

it is likely that one of these systems, parallel to the applied 

stress, will suffer induced tensile stresses and breakage can 

be associated with the propogation of these cracks. 

Experimental practice has shown that induced tensile 

failure of coal can be established by the uniaxial compression 

of regular or irregular shaped coal samples (56). As shown in 

Figure (4.3.6) the tensile stress induced on a disc specimen 

subjected to compressive loading is given by the equation: 

at = 
2 Qd 

nD ........ 4.3.5 

where at is the induced tensile stress 

Qd is the load per unit length at right angles to 

the plane of the disc 

D is the diameter of the disc. 



FIGURE (4.3.6) Tensile Stresses in a Disc Subjected 
to Compressive Loading. 



The above observations can be applied to the stress 

conditions at the face. As the coal seam is extracted, existing 

high vertical stresses induce tensile stresses in the horizontal 

plane of the newly exposed coal face (see Figures (4.2.6), (4.2.7) 

and (4.2.8). Therefore, coal is expected to fracture and fail 

in the area between the face and the front abutment zone. 

4.4 Conclusion 

Studies on the maximum and minimum principal stress 

distributions around working longwall faces have shown that the 

most important structural changes in coal seams are expected to 

happen in the front abutment zone and in the crushing zone. It 

was therefore decided that the stress-permeability experiments 

in the laboratory should be conducted under the following order 

and stress conditions: 

(i) Triaxial compression with both the maximum 

and minimum principal stresses increasing 

proportionately to simulate that of the front 

abutment zone. 

(ii) Induced tensile fracturing of the sample by 

a sudden release of the minimum principal 

stress where the maximum principal stress is 

at its peak value; this is similar to the 

stresses at the face. 

(iii) Triaxial compression of the fractured coal 

as in (i) to simulate the fracture permeability 

of coal in the recompaction zone. 



As the elastic properties and the mechanical strengths 

of different coals have been shown to vary by significant amounts, 

stress-permeability relationships for different rank coals were 

expected to show different characteristics under the above stress 

conditions. It was therefore planned to test a wide variety of 

coals for the stress-permeability relationship and to determine 

the mechanical properties of the individual coals. 
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CHAPTER FIVE 

TEST SPECIMEN PREPARATION AND APPARATUS 

FOR STRESS-PERMEABILITY MEASUREMENTS 

5.1 Introduction 

As concluded in the previous chapter, the ideal simulation 

of the subsurface stress conditions could be reached by the 

triaxial stressing of coal specimens. With certain alterations to 

allow simultaneous gas flow measurements, a cylindrical core 

specimen stressed in a conventional triaxial cell provided the 

required conditions for such laboratory simulations. 

The accuracy of the stress-permeability measurements 

depended mainly on the methods of preparing and storing the test 

specimens as well as on the success in measuring very low flow 

rates of gas through coal specimens under high stresses. 

This chapter discusses the methods of coal specimen 

preparation and the equipment used in stress-permeability measurements. 

5.2 Preparation of Test Specimens 

5.2.1 Choice of Coal Specimens 

Owing to its friable nature, coal was found to be a most 

difficult material from which to obtain reasonably sized core 

specimens. Although there has been a great deal of success in 



developing coal drilling techniques in the Department of Mining 

Engineering, University of Nottingham, the, need to recover intact 

cores from a lump of coal was one of the main factors which 

influenced the choice of coals to be worked. 

As discussed in the previous chapter, different rank 

coals show significant changes in their elastic properties and this 

would obviously effect their permeability when stressed. In order 

to demonstrate the effect of different structural characteristics of 

coals on their permeability under stress, it was decided to include 

a wide range of coals from different coalfields. 

Coal lumps, about one foot cube in size, were obtained 

from different rank coal seams in both underground and opencast 

sites. It was ensured that these lumps were free from visible 

fractures or impurities which affected the percentage core recovery. 

In order to avoid any damage to the coal lumps, they were cored 

as soon as they arrived at the workshop. 

Two medium volatile bituminous coals from highly gassy 

coal seams in Turkey were also included in this research for 

comparision. 

5.2.2 Preparation of Coal Lumps for Coring 

Previous experience in coring coal has shown that drilling 

parallel to the bedding planes produced a higher percentage of core 

recovery. On the other hand, the majority of gas flow underground 



is expected to take place along the bedding planes of coal seams 

unless they are totally fractured. Except for those used for 

determining the directional effect of gas flow on permeability, 

most of the test specimens were cored parallel to the bedding planes. 

Immediately after the coal lumps arrived at the workshop, 

they were carefully aligned in the desired coring direction and 

cast in concrete blocks. By this technique, the damage to the coal 

lump during the coring process was minimised and the percentage 

core recovery was improved. Plate (5.1) shows a successfully 

cored lump employing the above technique. 

5.2.3 The Coring Machine 

The test specimens used in stress-permeability measurements 

were cored with 38.0 mm diamond impregnated or diamond surface set 

core bits mounted in a Kitchen and Wade radial drilling machine 

specially modified for this purpose. 

The drilling head traversed along a horizontal arm which 

rotated on a cylindrical sleeve around a central vertical column. 

The vertical position of the arm on the sleeve was altered by a 

1.12 kW motor and allowed easy positioning of the drill bit on the 

coal lump. In order to improve the percentage intact core recovery, 

the machine was equipped with a pneumatic cylinder generating a 

constant load of about 570 kgf at 2000 rpm. The machine had an 

infinitely variable speed range of 0 to 2250 rpm. Vibration was 

minimized by careful maintenance and replacement of worn out parts. 



5.2.4 Test Specimen Size 

The triaxial cell used in stress-permeability experiments 

was designed to take specimens 76.0 mm long and 38.0 mm in diameter. 

38.0 mm cylindrical core samples were drilled from each coal lump 

and these were used for both the stress-permeability measurements 

under triaxial compression and the uniaxial compressive strength 

measurements of coal. 

Most of the core samples obtained from each lump were 

marked at 76.0 mm length sections, wrapped with P. V. C. tapes, 

handsawn and machined to its final size in a lathe. This proved to 

be the most effective technique to prevent the coal from disintegrating; 

it also provided the smooth surfaces required. 

Using the same technique, the remaining cores were 

trimmed to 38.0 mm long, uniaxial compressive strength specimens 

having a diameter to length ratio of one as universally adopted 

for this purpose. 

5.2.5 Evacuation and Storage of Test Specimens 

Before testing the coal specimens for permeability, the 

gases which were adsorbed on the internal surfaces of the pores 

had to be removed. These gases were mainly, methane, ethane, 

propane, butane and water vapour; their presence in coal may partially 

block the micropores thus reducing the gas permeability. 



After machining down to the required size, the test 

specimens were placed in a dessicator and evacuated at absolute 

pressures of between 10-2 and 10-3 torr. In order to avoid any 

deterioration of the internal structure of coal at high temperatures, 

the evacuation_process was carried out at room temperature as suggested 

by Palvelev (65). Recent research in the Department of Mining 

Engineering, University of Nottingham, has shown that the evacuation 

time for coal is a function of permeability (66). The first few 

hours of evacuation have shown the most significant pressure drop 

in adsorbed gas pressure for all coals. As shown in Figure (5.2.1), 

the same levels of maximum pressure drop for highly permeable 

medium volatile bituminous coals and low permeability high volatile 

bituminous coals were reached in 22 and 96 hours respectively. In 

the light of the evidence discussed above, an evacuation time of 

96 hours was thought to be sufficient and was adopted throughout 

this research. 

After the evacuation was completed, the dessicator was 

charged with 1 Atm. pressure nitrogen which was used as the flowing 

media in stress-permeability measurements. This was thought to 

prevent any recontamination of coal when in contact with air. Test 

specimens were then removed from the dessicator and immediately 

wrapped in 'cling film' for storing until use. 
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PLATE (5.1) A Coal Lump Cored After Being Cast in Concrete. 

PLATE (5.3) The Coal Specimen and the Component Parts of the 
Triaxial Cell. 
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5.3 Experimental Apparatus for Stress-Permeability Measurements 

5.3.1 Introduction 

The main objective of this research, required an apparatus 

with which simultaneous measurements of stress and gas flow through 

coal could be made. This was achieved by slightly modifying a 

conventionally used triaxial testing apparatus to enable gas flow 

through the test specimen at various pressures. The three main 

components of the apparatus shown in Plate (5.2) and Figure (5.3.1) 

are the triaxial cell, the testing machine and the flow measuring 

apparatus. These parts will now be discussed in more detail. 

5.3.2 The Triaxial Cell 

The triaxial cell, which was originally designed by 

Hoek and Franklin (67) was constructed with some modifications in 

the Departmental workshop. The cell is illustrated diagrammatically 

in Figure (5.3.2) and the component parts are shown in Plate (5.3). 

The main body of the cell was machined from bright drawn 

mild steel and consisted of a cylinder and two end caps screwed 

onto it. The cell weighed about 8.5 kg and could withstand confining 

pressure of about 82.6 MN/m2. It was designed to take test specimens 

of maximum length 76.0 mm and of diameter 38.0 mm. 

In order to seal the test specimen and to apply independent 

axial and radial stresses, a synthetic rubber sleeve, designed and 
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FIGURE (5.3.2) Diagran of the Triaxial Cell. 



cast in the Departmental Workshop, was used. The rubber sleeve 

was capable of stretching to accomodate any deformation in the test 

specimen after failure. This provided successful measurements of 

fracture permeability under stress. 

Radial stress was applied by the use of hydraulic oil 

pumped into the chamber between the rubber sleeve and the cell body 

using a hand operated 'Enerpec' pump. The pump is connected to 

the oil inlet in the cell wall via a 18 cm diameter 350 bar 

capacity pressure gauge to monitor the radial stress ( c3). The 

connection between the gauge and the pump was by stainless steel 

tubing and a high pressure needle valve. Additional short circuiting 

tubing and a release valve, between the oil reservoir and the gauge, 

provided step by step lowering of the radial stress when necessary. 

The gauge and the triaxial cell were conncected by a flexible 

pressure hose. 

Axial stress (-a, ) was applied by a conventional testing 

machine through two spherical seated platens placed at both ends 

of the cell so as to minimize bending stresses. These platens at the 

same time served as a gas inlet and an outlet for permeability 

measurements. Two right angled holes drilled through the cylindrical 

platens provided the continuity of gas flow between the inbye and 

outbye ends of the test specimen. 2 mm thick stainless steel mesh 

discs supplied by Sintered Products Ltd. were introduced between 

the steel platens and the coal specimen in order to spread gas 

evenly over the entire contact surface. 



5.3.3 The Testing Machine 

A 5000 KN Avery (71N25) compression testing machine 

having four load ranges from 0- 500 KN to 0- 5000 KN was used 

to apply axial load on the test specimen in the triaxial cell. 

The machine was equipped with hydraulic loading and unloading 

mechanisms with fine controls; this made it possible to investigate 

the elastic properties of coal under increasing and decreasing 

stresses and their effect on permeability. 

5.3.4 Flow Measuring Apparatus 

Permeability measurements carried out by Patching (17) 

and Somerton et al. (25) have shown that coal has different 

permeabilities for different gases. Patching carried out 

permeability tests on coal using helium, argon, nitrogen and 

carbon dioxide, the results showed a linear decrease in permeability 

with the increase in the square of the molecular diameters of the 

gases. On the other hand, Somerton et al. recorded a 20 to 40 

per cent decrease in permeabilities of, coal when the flowing gas 

was switched from nitrogen to methane. The reduction was too large 

to be explained on the basis of the molecular diameters alone and 

the sorption of methane was thought to play an important part in 

decreasing the permeability. 

Although methane is the principle seam gas in coal mines, 

nitrogen was used as the flowing medium throughout this research 

to increase flow rates through low permeability coals hence simplifying 

the flow measurements. Nitrogen has a smaller molecular diameter as 



compared to methane, it is lessssorbbable and safer to use. The 

gas was supplied in high pressure cylinders having an initial 

pressure of about 13.8 MN/m2. Using a suitable pressure regulator, 

gas pressures of up to 2.74 MN/m2 could be applied to the specimen. 

Nitrogen was supplied to the top of the triaxial cell 

through a length of high pressure tubing. A0- 400 psi Bu=don 

tube Sydney Smith test gauge was placed near the triaxial cell to 

monitor the upstream gas pressure into the test specimen. Passing 

through the gauge high pressure nitrogen was conducted to the top 

steel cylindrical platen and distributed over the surface of the coal 

specimen under stress. Atmospheric pressure nitrogen at the 

downstream end of the coal specimen was then picked up by the bottom 

steel cylindrical platen via a steel mesh disc and led to a flow 

rate measuring apparatus by plastic tubing. 

A 40 - 500 cc/min rotameter supplied by Rotameter MFG Co. Ltd. 

and a2- 25 cc/min Precision Bore Flowrotor supplied by F&P Co. 

were used to measure flow rates of nitrogen at the downstream end. 

The smaller capacity rotameter was only used in extreme cases of 

measuring flow rates of gas through very low permeability coals 

under high stresses. Employing these previously calibrated sensitive 

rotameters, possible errors, due to manual timing of rising soap 

film in a bubble meter, used by previous research workers (25), (23), (26), 

were eliminated. The calibration curve for the rotameters used is 

given in Appendix I. 
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CHAPTER SIX 

EXPER MENTAL PROGRAMME AND METHODS OF MEASUREMENT 

6.1 Introduction 

It was found essential to gain information about the 

structural and mechanical properties of coals used. Therefore, 

prior to conducting stress-permeability experiments, measurements 

were carried out to determine the rank, mechanical strength and 

the effective porosities of the coals. This chapter describes 

the methods employed. 

In this chapter consideration is also given to the 

choice of stress levels to be applied during stress-permeability 

experiments and to the effect of the direction of the maximum 

principal stress relative to the direction of gas flow. Following 

the discussion of these factors the finalised experimental 

programme is presented together with an outline of the experimental 

procedure. 

The relevance of Klinkenberg's theory to coal permeability 

under stress is discussed in relation to the treatment of the 

experimental results. 
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6.2 Initial Measurements of Rank, Strength and Porosity 

6.2.1 Initial Measurements of Coal Rank 

Coal is formed by long term processing of plant and 

animal organisms throughout the geological times. The mechanical 

and chemical changes that have occurred during 'coalification' 

are very complex and are even now little understood in detail. 

It is agreed, however, that the general effect of this process has 

been to increase the proportion of carbon in the organic matter at 

the expense of hydrogen and oxygen. This increase is designated 

as an increase in the 'rank" of the coal which indicates the position 

of a coal in the continuous series ranging from peat, through 

brown coal and bituminous coal, to anthracite. A quantitative 

assessment of rank is made in terms of the volatile matter or the 

carbon content of the coal. 

As was discussed in previous chapters, strength and 

elastic properties of different coals can be related to their 

ranks. Therefore to extend the basis for correlation the ranks of 

all the coals were determined prior to the stress-permeability 

experiments. 

Immediately after the coal lumps reached the workshop, 

proximate analysis was carried out in accordance with the British 

Standards (68). Percentage volatile matter, carbon, ash and moisture 

were determined for all the coals tested. 
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6.2.2 Initial Measurements of Mechanical Strength 

The strength of a rock is defined as the stress which 

is necessary to bring about rupture at given environmental conditions. 

It can either be established experimentally by means of laboratory 

testing of rock specimens or by rock testing in situ. 

The uniaxial compressive testing of cylindrical rock 

specimens until failure is the most commonly used method of 

studying the strength and mechanical properties of rock. For any 

axial load applied to the rock specimen, the axial deformation is 

measured and the corresponding strain eý = LL 
is calculated. 

Stress-strain diagrams are obtained by plotting the stress and 

corresponding strains of the rock tested for failure. 

Most solid materials, when subjected to stress, show a 

proportionate change in shape at first. This change is recoverable 

when the stress is removed. This property of recovering from strain 

of a material is termed elasticity. If a material recovers 

completely, it is called perfectly elastic. If the material does 

not recover completely, the strain that remains when the stress 

is removed is called permanent set, and the material is said to be 

in an elastic state (69). 

If a solid material continuously and permanently changes 

shape without fracturing under a stress exceeding the yield value 

of the material, it is said to be in a plastic state. In other 

words, the plastic deformation of a material is the permanent 

deformation after complete removal of the externally applied stress. 



Figure (6.2.1) shows an idealised stress-strain 

relationship diagram for rocks. Up to a certain externally applied 

stress aY (yield point Y) on the rock, the stress a is' proportional 

to strain c (Hooke's law); 

a= E"e 

the proportionality constant E is 1iown as Young's modulus of elasticity. 

The transition from elastic to ductile behaviour tä, kes 

place at point Y. which is called the yield point, and the corresponding 

stress aY is termed the yield stress. On further loading up to 

the ultimate stress ault at point U, failure of the material 

takes place, and with increasing strain beyond U the stress drops. 

The stress value aUlt is known as the uniaxial compressive strength 

of the material. 

If a material is loaded beyond the yield point Y and the 

stress-strain curve continues to rise within the inelastic domain 

the material is said to be strain hardened. As shown in Figure (6.2.2), 

only a part of the strain is recovered if the material is unloaded 

from aB to co = 0. The irreversible, permanent deformation of 

the magnitude Eir is known as plasticity deformation: 

Etotal - Eir + Eel 

The ratio of the elastic strain eel to the total 

strain etotal of the material is termed the degree of elasticity 

of the rock: 

Degree of Elasticity = 
Eel 

e total 
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The ratio of the plasticity strain epl = eir to the 

total strain etotal of the material is termed the degree of 

plasticity of the material (69): 

Degree of plasticity = 
EP1 

Etotal 

6.2.2.1 Apparatus and Procedure for Measurement of Coal Strength 

Cylindrical test specimens, having a diameter to length 

ratio of one, were prepared from each coal to be tested for 

stress-permeability relationship. These specimens were then 

tested for uniaxial compressive strength by loading until failure 

in a Denison universal testing machine. Axial deformation measurements 

were made simultaneously using dial guages and the strains were 

calculated. 

/ 
Stress-strain diagrams were produced for every coal 

tested and the patterns of deformation were observed. Young's 

modulus for every coal were then determined from the diagrams 

produced. 
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6.2.3 Initial Measurements of Effective Porosity 

A number of stress-permeability test specimens from 

each coal were selected and their effective porosities were 

determined before stressing. In order to avoid any damage to the 

internal structure of the test specimens, porosities were 

determined by the 'Gas Expansion Method'. 

The porosity measurement apparatus shown in Figure (6.2.3) 

was specially designed for this purpose. The basic principle 

used is that of isothermal expansion of gas into the test specimen 

where the effective pore volume can be determined from the observed 

changes in the gas pressure using the Boyle Mariotte gas law. 

The apparatus consisted of the following parts: 

(a) The sample container which is built to take a 

38 mm diameter, 76 mm length cylindrical coal specimen 

with very little free space left. Volume of the 

sample-container is 
cV= 

85.775 cc, Figure (6.2.4). 

(b) Pneumatic cylinder equipped with two cup seals 

providing two airtight sections as the piston arm 

moves. The cross-sectional area of the cylinder 

is A= 11.341 sq. cm, Figure (6.2.5). 

(c) Vacuum pump. 

(d) Clockhouse Pore Pressure/Vacuum gauge. 

(e) Four high pressure needle valves. 

(f) Helium bottle. 

(g) Carbon dioxide bottle. 

I 
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FIGURE (6.2.4) The Sample Container Used in Effective 

Porosity Measurements. 
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Owing to its smallest molecular size, Helium was used 

as the flowing medium in porosity measurements. Carbon dioxide 

was readily available and was only used externally to provide 

high pressures in the pneumatic cylinder. The system was enclosed 

in a constant temperature cabinet which was kept at 30°C by a 

thermostat. Bulk volumes Vb of test specimens were determined by 

water displacement and then the specimens were dried in an oven 

at 80°C for 24 hours. ' 

The dry specimen was placed in the sample container and 

the whole system was evacuated overnight. The sample container 

was then isolated from the system by closing the valve No 3, and 

the volume V1 of the system was charged with helium at P1 = 100 psi. 

The length of the piston arm L was measured and by opening the 

valve No 3, helium was allowed to expand into the sample container 

causing a drop in total gas pressure. Part II of the pneumatic 

cylinder was then charged with 100 psi carbon dioxide and pushing 

the piston arm forward the pressure P2 of the helium gas in volume V2 

was brought to 100 psi. The system was left to reach equilibrium 

at constant temperature and by further advancing of the piston arm 

a final equilibrium for the system at P2 = 100 psi was reached. 

The length LI of the piston arm was then measured. 

Under isothermal flow conditions, volume v' displaced 

from the pneumatic cylinder during the process is equal to the 

volume v expanded into the sample container since: 



P1V1 = P2V2 

P1 = P2 = 100 psi 

therefore V1 = V2 ........ 6.2.1 

substituting V2 = V1 +v- v1 in equation 6.2.1 we get, 

Vý =V1 +V - VI 

thus 

V= v' ........ 6.2.2 

The volume of gas displaced from the cylinder is found as; 

=v=A(L-L') 

where: 

A the cross-sectional area of the cylinder, cm2 

L and LI the initial and final lengths of the piston arm, cm 

Volume v expanded into the sample container fills both 

the free space around the coal specimen (vf) and the effective pore 

volume ( v)e9 then: 

( V)e =v- vf = A(L - L') - vf ........ 6.2.3 

The volume of the free space of is the difference between 

the volume of the sample container Vc and the bulk volume Vb of the 

test specimen which were both predetermined, thus; 

vf -= Vý - Vb ........ 6.2.4 



substituting equation 6.2.4 in 6.2.3 we get, 

(V 
v)e= 

A(L - L') - (Vc - Vb) ........ 6.2.5 

which gives the effective pore volume of the test specimen to be 

used in stress-permeability experiments. 

Effective porosities of the test specimens are expressed 

as the percentage of effective pore volume to the bulk volume or 

the effective pore volume per weight of coal, (cc/gm). 

6.3 Measurement of Permeability Under Stress 

6.3.1. Choice of Stress Levels 

As discussed previously the stresses experienced around 

working coal faces can be examined in three major areas: 

(a) the front abutment zone, 

(b) the crushing zone, 

(c) the recompaction zone. 

Therefore, it was decided to conduct laboratory stress-permeability 

measurements simulating the stress conditions experienced in 

-these zones. Considering that most of the coal seams worked in 

the United Kingdom are at depths less than 1000 m, radial stresses (a3) 

applied need not be so high. In deciding on the magnitudes of 

simulated maximum and minimum principal stresses a, and a3 for 

these zones, both the results of the finite element analysis and the 

works of previous researchers were considered. 



Under triaxial stress conditions, the radial stress, v3, 

is related to the axial stress, a,, by the relation (70): 

V 
a3 = a1 

1-V 

where v is Poimon's ratio: 

v= 
radial strain, e3 

axial strain, el 

Previous researchers such as Somerton et al. (25) and 

Gawuga (26) have used principal stress ratios (a3 /. al) of j and 

respectively which were based on the above relation. Poisson's 

ratio for rock varies according to the nature of deformation and 

is also affected by 'the direction of loading and the rock grain 
t 

interlocks. Poisson's ratio values, ranging between v=0.24 

and v=0.49, have been reported for different coals in 

literature (56), (71), (18). Having to study seven different coals 

which would inevitably give rise'to seven different Poisson's 

ratios, it was thought that using stress ratios based purely on 

the Poisson's ratio for each coal would offer no real basis for 

comparing the effects of stress on permeability of these coals. 

To facilitate correlation of the stress-permeability behaviour of 

different coals, the stress ratio a3/a1 should be kept constant for 

all seven coals used. 

The finite element analysis of stresses around working 

longwall faces, discussed in Chapter 4, has shown that both a, and 

a3 increase in the front abutment zone of a coal face. The magnitudes 



of the maximum principal stresses increase with depth and the 
A 

stress ratio (y 3/a, changes between j and 3ý5 for the front abutment 

zones of coal faces 300 to 700 m deep. 

Precise increments of 10.0 Bars (1.0 MN/m2) for the 

radial stress and 1.0 KN for the axial load could be applied with 

the existing equipment. Using 37 to 38 mm diameter core specimens, 

1.0 KN load creates approximately 0.90 MNIm2 axial stress. Therefore, 

the stress ratio practically applicable on the specimens used is 

given by the relation: 

L_3 

cý 0" 9F1 

substituting a3 = 1.0 MN/m2 and 1.0 KN increments of axial load 

for F1 one obtains the stress ratios 118 , 217 3,415 and so on. 

A number of specimens were tested for stress-permeability 

relationship under the above determined stress ratios to see if it 

had any significant effect on the stress-permeability behaviour 

of coals. As shown in Figures (6.3.1) and (6.3.2), the reduction 

in permeability of a specimen increased slightly as the same 

specimen was loaded and unloaded in cycles of increasing stress ratios. 

Other than this, no significant change in the general stress-permeability 

behaviour of coal was noted. Unloading curves are not included in 

the figures. 

In order to extract maximum information about the stress- 

permeability behaviour of coals, it was planned to test each 

specimen more than once. This necessitated the employment of 
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axial and radial stresses well below the failure stresses of the 

coals used. 

Considering all the facts mentioned above and taking 

into account the mechanical strength and the permeability of the 

specimens, it was decided to apply radial stresses up to a maximum 
v 

of o3 = 8.00 MN/m2 using a stress ratio of -ý = 217. This was 

thought to be a realistic simulation of the subsurface stress 

conditions yet avoided the possibility of damage of the specimens 

that might occur when using higher stress ratios. 

The same ratio was applied in the stress-permeability 

experiments on fractured coal, simulating the stress conditions 

in the recompaction zone of a longwall face. Stress conditions 

for the crushing zone were created by loading the specimen to the 

predetermined maximum stress level, and, releasing the radial 

stress a3, suddenly, while keeping the axial stress a1 at its 

highest possible magnitude. 

6.3.2 The Direction of Maximum Principal Stress 

Nearly all the coal specimens used in this research have 

been cored parallel to the bedding planes. Therefore, the flow of 

gas, axially along the specimen, was also parallel to the bedding 

planes. Under similar flow conditions, Gawuga (26) conducted some 

tests on the effects of direction of maximum principal stress 

relative to the flow direction. He reported that with the maximum 

principal stress perpendicular to the flow direction, greater 



reductions in permeability of the specimens were observed. 

A series of experiments were carried out by the author in which a 

specimen was first tested with the maximum principal stress parallel 

to the flow direction;, the experiment was then repeated with the 

maximum principal stress perpendicular to the flow direction. As 

shown in Figure (6.3.3), the slope of the second loading curve, 

where the maximum principal stress was perpendicular to the flow 

direction was greater than the first one. In general, lower 

permeabilities were observed when the maximum principal stress was 

perpendicular to the flow direction. 

Unfortunately, due to the limitations imposed by the 

experimental equipment, it was found impractical to apply very high 

radial stresses which usually caused the rupture of the protective 

sleeve-around the specimen. Another limitation was that the flow 

rate of gas through very low permeability specimens was impossible 

to measure under very high radial stresses. Consequently, the 

experimental conditions had to be such that the maximum principal 

stress direction was parallel with the bedding planes and the gas 

flow direction. As a result the measured permeability was probably 

in excess of the permeability parallel to the bedding planes in situ 

since the direction of maximum principal stress in situ is normally 

perpendicular to the bedding. However, it must be remembered that 

the in situ permeabilities of coal are expected to be higher than 

the experimental values obtained from test specimens which are 

generally free from major fractures. 
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6.3.3 Experimental Programme 

Previous research on coal permeability and the effect 

of stress on the permeability of coals has shown that it is impossible 

to reproduce permeability results even for specimens taken from 

the same lump of coal (25), (26), (17), (21). Due to the differences in 

orientation and the fracture characteristics of each individual 

coal specimen, it has not been possible to obtain identical values 

of permeability. 

Although no real basis existed for comparing the 

stress-permeability results of different coals, it was found possible 

to establish a relative correlation between the generalised 

stress-permeability behaviour of coals. It is known that the 

permeability of coal is stress-history dependent, that is, when a 

coal sample is stressed and destressed, a relative change in 

permeability is created as a function of the elastic properties 

of coal material. Coals of the same elastic properties should 

experience similar changes under the same stress conditions. 

Therefore, a careful study of stress-history effect on permeabilities 

of different rank coals under the same stress conditions should 

produce the basis for correlating the stress-permeability behaviour 

of different coals. After such an understanding of the stress- 

permeability relationship is established, research could be extended 

into the explanation of permeability changes occuring around 

working longwall faces. 



In view of the above suppositions, stress-permeability 

experiments were carried out in the following order: 

(i) Determine the stress-history effect on coal 

permeability. 

(ii) Determine the effect of fracturing on coal 

permeability. 

(iii) Determine the fracture permeabilities of 

coal under stress. 

(iv) Determine the effect of moisture on permeability 

of coal under stress. 

(v) Determine the effect of directional anisotropy 

on the stress-permeability relationship of coal. 

A number of test specimens, prepared from every lump 

taken from a different coal seam, were tested following the above 

programme. A more detailed discussion of the procedure followed 

in each step will be given in the following chapter in which the 

experimental results are discussed. 

6.3.4 Experimental Procedure for Stress-Permeability Measurements 

The general procedure of measuring the gas flow rates 

through triaxially stresses coal specimens was repeatedly used 

for all the samples tested. 

The triaxial cell was prepared by inserting the coal 

specimen into the rubber sleeve and placing it in the cell body 



as shown in Figure (6.3.4). After screwing both end caps onto 

the main body, the annälus between the cell body and the specimen 

was filled with oil. Air was bled from the valve provided for 

this purpose by slowly pumping oil into the cell while holding the 

cell horizontal with the open valve pointed upwards. When oil 

spurted out of the bleeding valve the cell was considered primed 

and the valve was closed, the cell being ready to. use. 

The bottom spherical seat was placed at the centre of 

the testing machine platen and three wooden blocks, which support 

the cell, were placed around it. The accompanying spherical based 

cylindrical platen was then placed onto the bottom seat and the cell 

body was slowly lowered over the cylindrical platen until it rested 

on the wooden blocks. The height of the wooden blocks was such 

that approximately 30 mm of the cylindrical platen was inside the 

cell and would be gripped by the rubber sleeve when oil pressure. 

was applied. Finally the upper steel cylindrical platen was lowered 

into the cell and the top spherical seat was placed on top. 

The whole assembly was then checked for true alignment 

and the machine cross-head was lowered until the upper platen 

was within a few millimetres of the top spherical seat. Using 

the hydraulic ram, the cross-head was lowered further to make contact 

with the top spherical seat. At this point, the coal specimen 

would be totally sealed and has zero stress applied to it. 

Nitrogen gas was supplied to the specimen under pressure 

and the flow rate of gas through a non-stressed coal specimen 
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(Base Permeability) was measured using one of the rotameters 

described in the previous chapter. In order to establish a 

relationship between permeability and applied stress, the specimen 

was loaded both axially (a1) and radially (a3) with the increments 
c 

of a3 = 0.5 MN/m2 where the ratio 
-L 

was kept at a previously 
1 

determined value of approximately 217. 
Simultaneously, the 

flow rates of nitrogen were measured for at least three gas pressure 

settings at each stress level. 

Depending on the mechanical strength and the degree 

of reduction in permeability of coal dealt with, the loading 

procedure was terminated-at radial and axial stresses of 

a3 = 6.5 - 8.0 MN/m2 and o1 = 17.5 -- 21.6 MN/m2 respectively. 

Following a similar procedure, the test specimen was then unloaded 

with simultaneous measurements of gas flow rates at predetermined 

stress intervals. 

In order to establish an understanding of the effects 

of elastic properties of coal on its permeability, most of the 

test specimens were tested more than once. Therefore, special 

attention was given to avoiding failure or damage of the test 

specimen in the early stages of the experiment. 

Unlike previous research workers (26), (22), fracturing 

and failure of the coal specimens was caused by the sudden release 

of radial stress after the highest loading stresses were reached. 

This caused the induced tensile fracturing of the specimen similar 

to the fracturing process taking place at the coal face. The 



process also avoids damage to the rubber sleeve so that the sample 

could be finally tested for fracture permeabiliti"es under stress. 

A John Bull dial gauge was mounted on a stand and used 

to monitor closure between the two machine platens, thus giving a' 

measure of the axial displacement caused by the increasing stresses. 

For a number of specimens tested for failure, 1200) 
, 
Tinsley' 

Telcon foil type strain gauges and a Vishay/Ellis Digital Strain 

Indicator were used to monitor the axial and radial strains 

simultaneously with the permeability measurements. 

On completion of the test, the machine cross-head was 

raised, the top spherical seat and the cylindrical platen were 

removed and the, cell body was lifted off the testing machine. In 

order not to cause any damage to the specimen, the cell was 

dismantled and the specimen was gently removed from the rubber 

sleeve and stored for further use. 

The same loading-unloading procedure was applied in 

measuring the permeabilities of fractured coal specimens. 

6.4 Treatment of Results 

It is the usual practice to correct measured values of 

gas permeabilities of a porous media using the well established 

Klinkenberg equation. However, due to the unpredictable structural 

behaviour of coal, the validity of Klinkenberg's Theory for coal 



12 

10 

CM 
Ei 

U1 

O 

w 

. -. x6 

... 

-ý' ., ý 
H 

cu 
ý w 2 

0 
0 1 2 3 4 

Reciprocal mean pressure 

567 

10 6(N/m2)-1 

FIGURE (6.4.1) Variation of Permeability with Reciprocal Mean 
Pressure for Darley Dale Sandstone (After 
Gawuga (26)). 



6 

5 
N 

ý 

ý 
ý 
i o4 T- 

.. 

rýiý 
`/ ý 

., ý 
r-I 

Cd 

7 

W Il 

aý P-4 

4 

1 

0 
0 1 2 34567 

Reciprocal mean pressure (1/1, ), 10- 6(N/m2)-1 

m 

FIGURE (6.4.2) Variation of Permeability with Pressure for an 
Unstressed Coal Specimen (After Gawuga (26)). 



permeability under stress has been questioned recently. Patching (17) 

suggested that the effect of molecular slip is of minor significance 

in comparison to the effect of confining pressure on permeability 

of coal. Further research has been done recently on this subject 

in the Department of Mining Engineering, University of Nottingham; 

the findings were considered before evaluating the permeability 

results obtained in this research. 

6.4.1 The Validity of Klinkenberg's Theory for Permeability 

of Coal Under Stress 

The effect of gas pressure on permeability of both 

stressed and unstressed coal was studied by Gawuga (26) and 

Yerebasmaz (66) in 1979 and 1981 respectively. 

As shown in Figures (6.4.1) and (6.4.2), unstressed 

specimens of sandstone and coal exhibited opposite relations 

between the gas reciprocal mean pressure and permeability. 

The decrease in permeability of sandstone with increasing 

gas pressure, as shown in Figure (6.4.1) is explained by the slip 

phenomenon. According to the theory, at low gas pressures the 

molecules closest to the walls of the pores slip along the pore walls 

causing the permeability to rise. As the gas pressure rises, the 

molecular free path of gas becomes smaller and the permeability 

decreases. However, the same did not apply to coal and its 

permeability increased as the gas pressure was increased. As shown 

in Figure (6.4.3), similar results were obtained by Yerebasmaz (66) 

in later research. 



O 
O 

H 
cd 
ý 

1 
Oý 
O Ný 

t! l \ 
z 

%lo 1 
0 ST 

r1 

ali ý 
ý ... 

Oý 
O 
" 02 

Cu 
N 

ý 
m 
m ý 
(A 

Cd 0 

ý 
., ý 

(3) 
. ýý-. 

cýd -H %Z 
U 

cd 
ý 

ä 

ö 
Pý w Cd 

0 4-t n K\ o 
öý 

Cd a) 
"ý +ý H C-4. 
Cd -: 4 

01-% 

0 co 
0 

. d- 

ý 
8 
ý, 

O 

N 

0 N 

N 

O 
O 

N 

%lo v 

ý 

ý 

zUl 9L Ol `(pii) ý TZ-rqeeutzaa 



The increase in permeability of coal with increasing 

gas pressure was explained by the expansion of the pore spaces and 

fissures under sufficiently high gas pressures thus creating 

wider flow channels. Figure (6.4.3') illustrates the irreversible 

character of the structural damage caused by high gas pressures. 

When the same measurements were repeated under various 

stress conditions the permeability of coal was proved to be independent 

of gas pressure provided that sufficiently high stresses were 

applied. Figure (6.4.4) shows these results obtained by Gawuga. 

Similar observations were made by the author. As shown 

in Figure (6.4.5), three different coal specimens were tested for 

the effect of gas pressure on permeability of coal under stress. 

The relation between the reciprocal mean gas pressure and the 

permeabilities of COCKSHEAD 2 and DEEP HARD 3 indicated that the 

permeability of stressed coal was independent of gas pressure. 

DUNSIL 6, on the other hand, showed a slight increase in permeability 

as the gas pressure increased. 

In view of all these observations, one could say that 

the Klinkenberg Theory does not apply to coal. Under triaxial stress 

conditions, permeability is independent of gas pressure due to the 

compaction effect of stresses applied. Moreover, as will be discussed 

in the following chapter, the effect of externally applied stress 

on permeability of coal is so dominant that any minor changes in 

permeability due to gas pressure would be negligible. Therefore 

it was decided to ignore the Klinkenberg effect in permeability 

calculations. 
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6.4.2 Computation of Results 

Darcy's equation for the steady-state isothermal flow of 

compressible fluids through porous media: 

Q2 = 

where 

Kd 

Q2 

µ 

KdA AP P 

µ AL P2 ooooesto 6.4.1 

permeability of the specimen 

volume flow rate at the downstream end of the specimen 

viscosity of the flowing fluid, N2 

AL length of the specimen 

P2 gas pressure at downstream end where Q2 is measured 

A cross-sectional area of the specimen 

AP differential pressure across the specimen 

P mean gas pressure along the specimen 

was used in calculating the permeabilities of the test specimens 

under stress, Figure (6.4.6). 

Rewriting the equation 6.4.1 for permeability and 

adopting the SI system of units we get: 

Kd = 
Q2 xµ xAL x P2 

A xAP xP 
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= [Mll 
Therefore the unit of permeability in the SI system of measurement 

is m2 . This will be used as the unit of permeability (Kd) 

throughout this research. Another unit adopted for permeability, 

used particularly by the petroleum industry, is 'darcy' (3 

where: 

1 darcy = 9.87 x 10-13 m2 

A computer program has been written to determine the 

permeabilities of coal specimens straight from the experimental 

readings where the inputs are in the form of: 

- Radial stress (a3), Bar 

- Axial load (Fl), KN 

- Differential pressure across the specimen (&P), psi 

- Volume flow rate of gas (Q2), cc/min 

Length of the specimen (L), cm 

Diameter of the specimen (D), cm 

- Viscosity of Nitrogen (µ), Ns/ 
2 (72). 

The program converts all the readings into the SI units and 

then calculates the desired variables. 
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The output is in the form of: 

- Volume flow rate of gas (Q2), m3/s. 

- Axial stress (al), MN/m? 

- Radial stress (a3), MN/m? 

- Differential pressure across the specimen (GP), N/m2 

Permeability (Kd), m2. 

Stresses and the corresponding permeabilities of the 

specimen were then plotted on graphs and examined for stress- 

permeability relationship. 

Appendix II presents an example of: 

(i) A set of data obtained from one of the laboratory 

stress-permeability experiments. 

(ii) An example calculation of permeability (Kd) from the 

laboratory data. 

(iii) Computer output for the calculated permeabilities 

using the given data in (i). 
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CHAPTER SEVEN 

PRESENTATION AND DISCUSSION 

OF EXPERIEMAL RESULTS 

7.1 Mechanical and Structural Properties of Coals Tested 

Seven coals from different areas and coal seams were 

tested throughout this research; they are the two-medium volatile 

bituminous coals ACILIK and CAYDAMAR and the five high volatile 

litum. inous coals BARNSLEY, COCKSHEAD, BANBURY, DUNSIL and DEEP HARD. 

Tables (7.1.1) to (7.1.3) describe some structural and mechanical 

properties of the coals used. Plate (7.1) shows 'a test specimen 

from each coal. 

Stress-strain curves obtained from the uniaxial compressive 

strength tests are illustrated in Figures (7.1.1) to (7.1.7). 

7.2 Effects of Stress and Stress-History on the Internal 

Structure and Permeability of Different Coals 

As discussed in the previous chapter, a detailed study of 

stress-history effect on coal permeability was decided upon as the 

most fruitful approach in establishing a reliable stress-permeability 

relationship for coals. Factors effecting the stress-permeability 

properties of different rank coals were identified by cycles of 

loading/unloading/relaxing experiments on a large number of coal 
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TABLE (7.1.3) Effective Porosities of Specimens Tested for 
Stress-Permeability Relationship 

VOLATILE EFFECTIVE POROSITY 
COAL MATTER 

SPECIMEN (m. f. b. ) Oe 

cc/gm of coal 

ACILIK 5 23,31 12.36 0.09 

ACILIK 7 13.79 0.11 

CAYDAMAR 4 28.70 
10.69 0.09 

CAYDAMAR 5 10.06 0.08 

BARNSLEY 3 33.74 15.04 0.13 
BARNSLEY 6 14.83 0.12 

COCKSHEAD 3 34.62 
6.61 0.05 

COCKSHEAD 4 6.71 0.05 

BANBURY 2 36.23 
8.67 0.07 

BANBURY 5 8.24 0.06 

DUNSIL 2 39.94 11.55 0.09 
DUNSIL 4 14.03 0.11 

DEEP HARD 2 43.52 
10.73 0.08 

DEEP HARD 4 11.21 0.09 
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FIGURE (7.1.1) Stress-Strain Curves for ACILIK Coal. 
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FIGURE (7.1.2) Stress-Strain Curves for CAYDAMAR Coal. 
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FIGURE (7.1.3) Stress-Strain Curves for BARNSLEY Coal. 
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FIGURE (7.1.4) Stress-Strain Curves for COCKSBEAD Coal. 
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FIGURE (7.1.5) Stress-Strain Curves for BANBURY Coal. 
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FIGURE (7.1.6) Stress-Strain Curves for DUNSIL Coal. 
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specimens, taken from various coal seams. As will be discussed in 

further detail, the findings of these loading/unloading/reloading 

experiments also clarified the possible changes, both, in structure 

and, permeability, of coal seams in the front abutment zone of a 

coal face. 

Although it was never possible to obtain identical 

stress-permeability curves for coals of the same origin, a high 

consistency in stress-permeability behaviour was achieved for 

specimens of the same kind. In the following pages, the stress- 

permeability curves, representing the general behaviour of each type 

of coal used, will be presented. These curves will form the basis 

of a discussion on the effects of stress-history on permeability of 

different coals. 

Each specimen was subjected to a series of repeated 

loading/unloading/relaxing experiments under the same stress conditions. 

Experimental results are illustrated on graphs where Permeability (Kd) 

is plotted against the Radial Stress (a3). The ratio of Axial Stress 

to Radial Stress (a1/a3) varied between 112-66 and 1/2-75 in relation 

to the diameter of the test specimens used. This ratio is given 

on the top right hand corner of each graph. For clarity in presentation 

and to aid interpretation of the experimental results, permeabilities 

are shown on logarithmic scale. The direction of stressing is 

indicated by the arrows on stress permeability curves. 

Accompanying each graph is a table of experimental results 
in which the name, the diameter and the length of the specimen are 



shown on the top section. Radial and Axial Stresses for each 

loading/unloading cycle are given in the first two columns 

respectively. Subsequent columns present the permeabilities for 

each consecutive run on given dates. 

The permeability of coal in general was found to be stress 

dependent, decreasing as the level of stress was increased. As can 

be seen in Figures (7.2.1) to (7.2.14), different coals showed 

different rates of reduction in permeability when subjected to the 

same level of stress. 

When a coal specimen was loaded and unloaded two main 

patterns of structural changes were observed; these changes were 

dependent on the mechanical strength and the degree of propogation 

of existing hairline fractures under stress. Coals with a high 

degree of elasticity and no apparent fractures usually remained 

structurally unaffected after a series of loading/unloading cycles. 

On the other hand, highly fissured and/or low mechanical strength 

friable coals usually microfractured under the stress conditions 

created in the laboratory. Therefore, the change in permeability 

of a coal specimen was either caused by compression only or by the 

combined result of both compression and microfracturing of the 

coal material. These features will be discussed in more detail in 

relation to examples of typical stress-permeability behaviour curves 

for each type of coal used. 
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TABLE (7.2.1) Stress-Permeability Results for ACILIK 5 
Specimen (Effect of Stress-History) 

SAMPLE : ACILIK 5D= 37 . 30 mm 

RADIAL 
STRESS 

3 

(M/M 2) 

AXIAL 
STRESS 

c1 

(MX/m2) 

1st RUN/23.10.1980 

ý4"ARILITY 

Kd (1Ö-16 m2) 

0.00 

0.50 
1.00 

1"50 

2"00 

2050 

3.00 
3'50 
4.00 
4"50 
5.00 
5.50 
6.00 

6.50 
7"00 
7-50 

7.00 
6.50 
6"00 

5*50 
5.00 
4.50 
4.00 

3.50 
3.00 
2150 

2.00 

1-50 
1.00 

0.50 

0.00 

o"00 
1.37 
2.74 
4.11 

5.49 
6"86 
8.23 

9.60 
10.98 
12.35 
13.72- 
15"10 

16.47 
17"83 
19.21 

20.59 
19"21 

17.83 
16.47 
15.10 
13.72 
12.35 
10"98 

9"60 
8.23 
6.86 
5"49 
4.11 
2"74 
1"37 
0.00 

734.23 

13.34 
9.01 
6.14 

4.39 

3.37 

2.60 

2.10 
1.76 
1.48 
1.20 
1.01 
0.86 
0.73 
0.63 
0.54 
0.57 
0.62 
0.63 

0.67 
0.71 

0.86 
0.92 
1.06 

1.32 

1.83 
2.20 
3.13 
4.89 
8.60 

752.42 

L- 73.85 mm 

2nd RUN/3.11.1980 

PERMEABILITY 

Kd r0-16 m2) 

723.27 
13.06 
7.24 

-4"38 
3.31 
2.53 
2.06 

1.71 
1.40 

1.21. 

1.01 

0"86 
0.76 
0.67 
0.59 

. 0.52 
0.54 
0.58 
0"62 

0"ý4 
0"70 
0.79 
0.86 
1.04 

1.30 
1. "59 
2.52 

3.17 
10"84 

15"43 
679.44 
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FIGURE (7.2.1) Effect of Stress-History on Permeability of 
ACILIK Coal 



7.2.1 The Effect of Stress and Stress-History on Permeability 

of Non-Microfractured Coals. 

Figures (7.2.1) to (7.2.6) illustrate the comparable stress- 

permeability curves obtained for the first and second loading/unloading 

experiments conducted on ACILIK, CAYDAMAR, DEEP HARD and DUNSIL.. 

specimens. In order to establish a better understanding of the 

stress-permeability behaviour of non-microfractured coal, the 

experimental procedure and the structural changes undergone by one 

of these specimens, ACILIK 5, will be discussed. 

As shown in Figure (7.2.1), the permeability of ACILIK 5 

specimen decreased under stress, first sharply, then gently, 

reaching a minimum at a3 = 7.50 MN/m2. At this level, the permeability 

of the specimen was found to be 1360 times lower than the base 

permeability. The specimen was then unloaded following the same 

stress path as in loading. This time the unloading stress-permeability 

curve followed a different path representing lower permeability 

values as compared to the loading curve. 

After ten days of relaxation, ACILIK 5 was loaded and 

unloaded for the second time under the same stress conditions'and 

the effects of the previous experiment, as well as of the relaxation, 

were observed. As can be seen in Figure (7.2.1), the second 

loading/unloading curve exhibits a similar stress-permeability 

relationship to that of the first. The significance of the second 

loading was that the time dependent recovery of permeability due 

to relaxation was clearly indicated by the placing of the 
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TABLE (7.2.2) Stress-Permeability Results for'ACILIK 3 
Specimen (Effect of Stress-History) 

SAMPLE : ACILIK 3D= 37.30 mm L= 73.60 mm 

RADIAL 
STRESS 

cr 3 

(Mll/m 2) 

0.00 
0.50 
1.00 
1.50 
2.00 
2050 
3.00 
3.50 
4.00 
4.50 
5.00 
5.50. 
6.00 
6.50 
7.00 
7.50 
7.00 
6.50 
6.00 
5.50 
5.00 
4! 50 
4.00 
3.50 
3.00 
2.50 
2.00 
1.50 
1.00 
0.50 

0.00 

AXIAL 
STRESS 

c1 

iMN/m2ý 

0.00 

1.37 
2.74 

4.11 

5.49 
6.86 

8.23 

9.62 
10.98 

12.35 
13.72 
15.10 
16.47 
17.84 
19.21 
20.59 
19.21 
17.84 
16.47 
15.10 

13.72 
12.35 
10.98 

9.62 
8.23 

6.86 
5.49 
4.11 

2.74 
1.37 

0.00 

1st RUN/5.2.1980 

FF'RMF'A RILI'I'Y 

Kd (10-16 m2) 

21.33 

11.43 
8.19 

5.69 

4.47 

3.25 

2.48 

2.08 
1.78 
1.42 
1.17 
1.05 
0.88 
0.91 
0.77 
0.64 
0.67 
0.65 
0.71 

0.74 

0.83 
0.98 
1.15 

1.46 

1.81 
2.72 
4.33 
9.32 

24.36 

2nd RUN/11.2.1980 

PERMEABILITY 

'Ed (10-16 m2) 

37.50 
9.25 

5.71 

4.04 

3.72 

2"40 

1.98 

1.61 
1"37 
1"19 
0.98 
1.02 
0.74 
0.66 
0"61 

0.49 

0"48 

0.53 

0.53 

0.72 

0.79 

0"86 

1.01 

1"28 

1.73 
2.25 
3.74 

10.43 
38.11 
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FIGURE (7.2.2) Effect of Stress-History on Permeability of 
ACILIK Coal. 
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TABLE (7.2.3) Stress-Permeability Results för'CAYDAMAR 6 
Specimen (Effect of Stress-History) 

SAxpLE : ('AYDAMAR 6D= 37.25 mm L= 72"50 mm 

RADIAL 
STRESS 

C 
3 

(Mli/m2) 

0.00 
0.50 
1.00 

1.50 
2"00 

211,50 
3.00 
3! 50 
4.00 

4.50 
5.00 
5.50 
6.00 

6.50 
7.00 
7.50 
7.00 
6.50 
6.00 

5.50 
5.00 
4.50 
4.00. 
3.50 
3.00 
2.50 

2.00 

1.50 

1.00 
0-50 
0.00 

AXIAL 
STRESS 

c1 

(MN/m2) 

0.00 
1.37 
2.75 
4.12 

5.50 
6.88 

8.25 

9.63 
11.01 

12.83 

13.76 
15.14 
16.51 
17.89 
19'27 
20.64 
19.27 
17.89 

16.51 
15.14 

13.76 
12.83 
11.01 

9.63 
8.25 

6.88 

5.50 
4.12 

2.75 
1.37 

0.00 

1 st RUN/1.12.80 

PFR1uPF'ARII, ITY 

Kd (10-16 m2) 

181.71 

20.86 

17.27 

11.38 

8.31 

5.32 

3.81 

2.94 

2.21 
1.69 

1.38 
1.12 
0.90 
0.72 
0.63 
0.51 
0.56 
0.67 
0.75 
0.86 

1.00 

1.21 
1.50 
2.12 

2.41 

3.26 

4.98 
6.68 

9.34 

24.21 

150.54 

2nd RUN/8.12.80 

PERMEABILITY 

Kd (10-16 m2) 

84.21 
19.08 
11.54 
8.45 

5.62 

4.12 

3.20 

2.38 

1.80 
1.44 
1.12. 
0.94 
0.80 
0.67 
0.53 
0.47 
0.50. 

0.54 
0.62 

0.70 

0.81 

0.92 

1.06 

1.36 

1.62 

2.15 
2.76 
4.00 
7.03 

14.52 

77.15 
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FIGURE (7.2.3) Effect of Stress-History on Permeability 
of CAYDAMAR Coal. 
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TABLE (7.2.4) Stress-Permeability Results for'DEEP HARD 3 
Specimen (Effect of Stress-History) 

SAMPLE : DEEP HARD 3D= 37 . 40 mm L= 73.90 mm 

RADIAL 
STRESS 

Q 
3 

(MN/m2) 

0.00 
050 
1.00 
1.50 
2.00 
2.50 
3.00 
3.50. 
4.00 
4.50 
5.00 
5.50 
6.00 
6.50 
7.00 
7.50 
7.00 
6.50 
6.00 
5.50 
5.00 
4.50 
4.00 
3.50 
3.00 
2.50 
2.00 
1.50 
1.00 
0.50 
0.00 

AXIAL 
STRESS 

c1 

(MN/m2) 

0"00 
1.36 
2.73 
4.09 
5.46 
6"82 

8.19 

9.55 
10.92 

12"28 

13.65 
15.10 

16.38 

17.75 
19.11 

7 
17.75 
16.38 
15.10 

13.65 
12.28 
10.92 

9.55 
8.19 

6"82 

5.46 
4"09 
2.73 
1.36 

0.00 

1st RUN/3.4.1981 

ýq'ARILITY 

Kd (10-16 m2) 

858.05 
43.22 

31.58 
19.82 

13.92 

8.69 

5.99 

4.11 

2.91 

2.10 
1.53 
1.15 
0.89 
0.68 
0.54 

0.57 
0.70 
0.87 
1.02 
1.35 
1.66 
2.59 
4.47 
5.71 
9.35 

16.24 
23.71 
38.35 

770.72 

2nd RUN/10.4.1981 

PEEM'aRILITY 

(10-16 m2) 

192.41 
40.63 
23.49 
14.81 

10.07 
6.19 

4.53 

2.83 

2.18 
1.61 
1.26 
0.98 
0.69 
0.59 
0.51 

0"54 

0.64 

0.76 

1.02 

1! 39 
1.73 

2"26 

3.51 
5.62" 
7.38 

10.28 
17.52 
25.59 

241.25 
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FIGURE (7.2.4) Effect of Stress-History on Permeability 
of DEEP HAED Coal. 



TABLE (7.2.5) Stress-Permeability Results for DEEP : IARD 5 
Specimen (Effect of Stress-History) 

SAMPLE : DEEP HARD, 5 D= 37.45 mm 

RADIAL 
STRESS 

c3 

AXTAL 
STRESS 

c1 

1St RUN/7.4.1981 

PERMEABILITY 

(MN/m2) 

0"00 
o-50 
1.00 
1o50 
2"00 
2-50 
3"00 
3'50 
4-00 
4"50- 
5-00 
5'50 
6"00 
6'50 
7-00 
7'50 
7.00 
6*50 
6.00 
5'50 
5.00 
4.50 
4.00 
3.50 
3! 00 
2.50 
2.00 
1.50 
1.00 
0-50 
0.00 

(rN/m2) 

o-00 
1-36 

2.72 
4-08 

5.44 
6"80 

8-17 

9.53 

10-89 
12.25 
13161 
14-97 
16-34 
17! 70 
19.06 

17.70 
16.34 
14.97 
13.61 
12.25 
10.89 

9.53 
8.17 
6.80 

5.44 
4.08 

2.72 

1.36 

0.00 

Sd . 
(1016m2) 

757.02 
39.45 
22.90 
12.39 

8.40 

5.54 

3.59 

2.43 

1.63 
1.20 
0.87 
0.71 
0.55 
0.39 
0.32 

0.39 
0'47 
0.54 
0.68 
0.81 
1.16 
1.53 

2.32 

3'46 
5.09 
9.74 

16.41 

32.40 
482.84 

74"90 mm 

2nd RUN/15.4.1981 

PEPJIMaRII, ITY 

Kd (10-16 m2) 

256.70 
28.41 

13.90 
8.40 

5.19 
3.26 
2.29 

1.66 
1.30 
1.00 

0.78 

0.60 
0.48 

0.40 

0.34 

0.37 
0.42 

0.47 

0.61 

0.80 

0.99 
1.30 

1.69 

3.16 
4.82 
6.64 

12.06 

18.47 
495.60 
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TABLE (7.2.6) Stress-Permeability Results for-DUNSIL 1 
Specimen (Effect of Stress-History) 

SAMPLE : DUNSIL 1D= 37 . 80 mm 

RADIAL 
STRESS 

c3 

(rte/m2) 

0.00 
0.50 
1.00 
1.50 
2.00 

2.50 
3.00 
3.50 
4.00 
4.50 
5.00 
5'50 
6.00 
6.50 
7'00 
7'50 
7.00 
6.50 
6.00 
5'50 
5.00 
4.50 
4.00 
3.50 
3.00 
2*50 
2.00 
1.50 
1.00 
0.50 
0.00 

M 

AXIAL 
STRESS 

c1 

(rar/m2) 

0.00 
1.33 
2.67 
4.01 

5.34 
6.68 

8.02 
9.35 

10.69 

12.03 
13.36 
14.70 
16.04 
17.37 
18.71 

20.05 
18.71 

17.37 
16.04 

14.70 

13.36 
12.03 
10.69 
9.35 

8.02 
6.68 

5.34 
4.01 
2.67 
1.33 

0.00 

ist RUN/18.2.1981 

PERMMILITY 

Kd h0-16 m2) 

851-29 

66.77 
44.79 
25.88 

18,96 
14.38 
10.70 
7.68 
6.29 
4"84 
4"00 

3.27 
2! 63 
2-19. 

1.86 

1'59 
1'75 
1.88 

2-09 
2"20 

2.43 
2"80 

3.20 
3.78 
4.93 
6.07 
8.43 

10"86 

17.88 

26.59 
800.42 

L= 74 . 90 mm 

2nd RUST/26.2.1981 

PERMEABILITY 

Kd 00-16 m2) 

48-29 

23! 62 

16! 29 

11! 53 

8-97 

7--10 

5! 70 

4! 55 

3! 73 
3! 29 

2! 65 

2"22 
1! 95 

1 ! 70 
1954 

'1 --33 
1-40 

1! 53 
1.63 

1 *74 
2903 

2"22 
2-48 

3*05 

3,78 

4-66 
6"28 

8-64 
12*44 
21.93 
73.18 
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corresponding stress-permeability curve. The second loading curve 

lies between the first loading and unloading curves suggesting a 

partial recovery in permeability of the specimen. When ACILIK 5 

was unloaded for the second time, the effect of the second loading 

was marked by a further decrease in permeability. 

The shape of each individual loading/unloading curve 

suggests that unless microfractured, stressing and destressing 

causes a combined elastic-viscous-plastic compression and dilation 

of the coal material and its fissures (17). The time dependent 

partial recovery of permeability upon relaxation shows that the 

coals mentioned above have a high degree of elasticity to allow 

both stress and time dependent compression and decompression of the 

specimen, 

Coals with a lower degree of elasticity which have, in 

the main, shown plastic deformation of the coal material, usually 

microfractured under the stress conditions created in the laboratory. 

Few of these specimens did not microfracture during the first 

loading/unloading cycle. When relaxed for a period of time, the 

effect of relaxation on permeability of these specimens was either 

negligible or non-existant. The stress-permeability curves for 

DUNSIL 1 and BARNSLEY 1, shown in Figures (7.2.6) and (7.2.7) 

illustrate the role of plastic deformation on stress-history 

dependent permeability behaviour of non-microfractured coals. 

As shown in Figure (7.2.6), when DtNSIL 1 was relaxed 

for eight days after the first run, the rate of recovery in 



TABLE (7.2.7) Stress-Permeability Results för BARNSLEY 1 
Specimen (Effect of Stress-History) 

SAME : BARNSLEY 1D= 37"55 mm L= 73.85 mm 

RADIAL 
STRESS 

AXIAL 
STRESS 1St RUN/19.8.80 2nd RUN/27.8.80 

c al 1ERNEQRILITY PERMEABILITY 
3 

(MN/m2) (MN/m2) Kd 10-16 m2) I'd (10-16 m2) 

0.00 0.00 99'84 108-18 

0*50 1.35 35-45 10*30 
1-00 2.70 18.81 4'67 

1.50 4.06 9'72 2'43 

2.00 5.41 5-73 1'55 
2-50 6.77 3'37 1'07 

3.00 8"12 2'39 0! 74 
3.50 9.48 1*54 0'53 
4.00 10.83 0'94 0"33 
4.50 12.19 0'72 0"23 
5.00 13.54 0038 0-18 

5.50 14.90 0.31 0'14 

6! 00 16.25 0"24 0112 

6"50 17.60 0"15 0.10 

7! 00 1s"96 0112 
- 

7! 50 20"31 0"10 
- 

7.00 18.96 0.11 
- 

6.50 17.60 0"13 
- 

6100 16.25 0.13 0i11 

5"50 14.90 0'15 0-12 

5.00 13.54 0.22 0.13 
4.50 12"19 0"28 0015 
4.00 10.83 0.37 0"18 

3.50 9.48 0057 0'25 
3000 8.12 1.17 0'34 
2.50 6.77 1-76 0-42 
2.00 5.41 2.95 1.00 
1.50 '4"06 5.57 2'05 
1-00 2.70 10-83 3076 
0'50 1.35 25186 9! 36 
0.00 0.00 34"43 958.00 
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permeability of the specimen was very low when compared to the 

time dependent relaxation behaviour of coals having a higher degree 

of elasticity. 

The stress-permeability behaviour of BARNSLEY 1 under 

repeated loading/unloading cycles represented the extreme example 

of a high degree of plasticity. Figure (7.2.7) illustrates the results 

of two consecutive loading/unloading experiments carried out on the 

BARNSLEY 1 specimen. Contrary to the general behaviour of BARNSLEY 

coal, the specimen was not microfractured during the first run. 

After being relaxed for eight days, the specimen was loaded and 

unloaded for the second time. As shown in Figure (7.2.7), the 

second loading curve followed a lower path of permeabilities compared 

to the first unloading curve. Unlike the previously examined 

ACILIK, CAYDAMAR, DEEP HARD and DDNSIL coals, BARNSLEY 1 had shown 

no time dependent recovery of permeability upon relaxation. Unless 

microfractured, all BARNSLEY specimens have shown similar effects 

of stress-history on permeability suggesting that the compression 

and dilation of coals with a high degree of plasticity is stress 

dependent only. BARNSLEY 1 was microfractured during the second 

loading/unloading cycle. 

7.2.2 The Effects of Stress and Stress History on Permeability 

of Microfractured Coals 

The stress history behaviour of microfractured coals was 

found to be dependent on the intensity of microfracturing experienced 

by the coal material. When subjected to the same stress conditions, 

less fissured coals such as CAYDAMAR and COCKSEEAD have shown signs 



of minor microfracturing whereas highly fissured coals, BARNSLEY, 

DUNSIL, and very low mechanical strength BANBURY were intensively 

microfractured. 

Figures (7.2.8) to (7.2.10) show the results of successive 

loading/unloading experiments on CAYDAMAR and COCKSHEAD specimens 

which showed minor microfracturing after the first run. When these 

specimens were loaded and unloaded for the first time, the stress- 

permeability curves for the loading/unloading experiments showed no 

signs of structural change, suggesting a stress dependent deformation 

within elastic-plastic limits. However, when the specimens were 

relaxed for a certain period and loaded for the second time, the 

effects of microfracturing on permeabilities of the specimens 

became noticeable. 

As in the case of CAYDAMAR 4 and COCKSHEAD 4, where 

microfracturing is negligible, the effect in permeability could 

only be noticed under high stresses. On the other hand, being 

slightly more microfractured during the first stress cycle, 

COCKSBEAD 2 had relatively higher permeabilities at all stages of 

the second loading. 

In order to observe the effect of the second loading/ 

unloading experiment on stress-permeability behaviour of both the 

coal material and the microfractures, CAYDAMAR 4 was tested for the 

third time after being relaxed for two days. Since there was no 

further microfracturing during the second loading/unloading 

experiment, the third loading curve followed a lower permeability 

path showing the usual time dependent recovery and stress-history 
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TABLE (7.2.8) Stress-Permeability Results for CAYDAMAR 4 
Specimen (Effect of Stress-History) 

c5 
Z 
H 
ý 

O 
a 

c5 z 
H 
ý 
ý 

SAMPLE : CAYDAMAR 4D= 37.30 mm 

RADIAL 
STRESS 

a3 

(MN/m2 ) 

0.00 
0.50 
1.00 
1.50 
2.00 
2.50 
3.00 
3.50 
4.00 
4! 50 
5.00 
5'50 
6.00 
6.50 
7! 00 
7'50 
7.00 
6.50 
6.00 
5'50 
5.00 
4.50 
4.00 
3.50 
3.00 
2.50 
2.00 
1! 50 
1.00 
0.50 
0.00 

AXIAL 
STRESS 

al 

(NN/m2 ) 

0.00 
1,37 
2.75 
4.12 

5.50 
6.88 

8.25 

9.63 
11.01 

12.38 

13.76 
15.14 
16.51 

17.89 
19.27 
20.64 
19.27 
17.89 
16.51 

15.14 
13.76 
12.38 

11! 01 

9.63 
8125 

6.88 

5'50 
4.12 

2.75 
1.37 
0.00 

1 st RUN/15-7-80 

PFRMFARILITY 

Kd (10 16 
m2ý 

37*09 

25.49 
17.28 

11"80 

8.55 
6.77 
5.15 
4.02 

3.26 
2! 48 

2.06 

1.73 
1"43 
1"16 
0! 98 

1.07 

1 019 

1.30 
1-47 
1.16 

1.94 
2"27 

2.86 

3.61 
4-58 
5.76 
7.96 

12"80 

25.92 

L= 73.40 mm 

2ndRUN/8.10.80 

PERmF'ARILITY 

. Kd (10-1 6 
m2) 

632*50 

40-14 

19-34 

13.24 
9-43 

7-11 
6-13 

4.70 

3-68 
3-04 
2o59 

2! 27 
1! 90 
1.62 
1"43 
1.25 

1-31 

1.39 
1"60 
1"70 
1 196 
2.14 

2-74 
3*04 

3.52 

4! 68 
6"60 

8.34 
14.30 

38.30 
615.39 

3rdRUN/10.10.80 

PERMEABILITY 

Kd (10-16 m2) 

564! 20 
32.50 

16 ! 07 

11.11 

7.87 
5! 89 
4.79 
3-, 81 
3.15 
2! 82 

2! 34 
1! 95 
1.72 

1.48 

1.34 
1.16 
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TABLE (7.2.9) Stress-Permeability Results for'000KSHEAD 4 
Specimen (Effect of Stress-History) 

SA= : COCKSHEAD 4 D= 37 . 40 mm 

RADIAL 
STRESS 

c3 

(/m2) 

AXIAL 
STRESS 

c1 

(MN/m2) 

1St RUN/18.5.1981 

PFR14(F'a3ILITY 

(10-16 m2 ) 

0.00 
0! 50 
1" 00 
1*50 
2"00 
2.50 
3.00 
3*50 
4-00 
4.50 
5.00 
5*50 
6"00 
6o50 
7-00 
7050 
7.00 
6.50 
6.00 
5-50 
5.00 
4-50 
4.00 
3.50 
3! 00 
2-50 
2 "00 
1.50 
1.00 

0-50 
0"00 

0.00 
1.36 
2.73 
4.09 
5.46 
6.82 

8.19 
9'55 

10.92 

12129 

13.65 
15.01 

16.38 
17*50 
19.11 

17.50 
16.38 

15.01 

13.65 
12.29 

10.92 

9.55 
8.19 
6.82 

5.46 
4.09 
2.73 
1.36 
0.00 

397.76 
20190 

7.96 
3.51 
1.91 

1.08 

0.83 
0.54 
0.37 
0.27 
0.19 

0.14 

0.10 

0.07 

0.06 

o*07 
0.08 
0.09 

0.11 

0.16 

0.25 

0.32 
0.48 
0.71 
1"20 

2.10 

4.04 
17.91 

383.11 

L= 73.94 mm- 

2nd RUN/26.5.1981 

PE'RMEABILITY 

Kd (10-16 m2ý 

399162 
34'61 

5.41 
2.57 

1.55 

0.86 

0.69 

0.44 

0.35 
0! 25 
0.20 
0.14 
0.11 
0.09 
0.07 

0.08 

0.08 

0.10 

0.12 

0.16 
0.23 

0.27 

0.49 
0.79 
1-22 

2.64 
3.90 

12.82 

395.69 
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TABLE (7.2.10) Stress-Permeability Results for COCXSHEAD 2 
Specimen (Effect of Stress-History) 

SAMPLE : c0cxsHEAD 2D= 37.50 mm 

RADIAL 
STRESS 

c3 

(MN/m2) 

AXIAL 
STRESS 

c1 

(MN/m') 

1st RUN/15.5.1981 

ýIMQAILITY 

Ka h0-16 m2) 

0.00 
0-50 
1.00 
1-50 
2.00 
2.50 
3.00 
3-50 
4"00 
4.50 
5-00 
5*50 
6"00 
6! 50 
7*00 
7-50 
7.00 
6 *50 
6.00 
5ý50 
5.00 
4.50 
4"00 
3.50 
3*00 
2-50 
2.00 
1.50 
1.00 
0ý50 
0.00 

0.00 
1.35 
2.71 

4.07 
5.43 
6,79 

8.14 
9.50 

10.86 

12.22 

13.58 
14.43 
16.29 

17.20 

19.01 

17.20 

16.29 

14.43 

13.58 

12.22 

10.86 

9.50 
8.14 
6.79 
5.43. 
4.07 
2.71 
1.35 
0.00 

398.36 
25.45 
5.13 
2.86 

1.80 

0.96 

0.64 
0.49 
0.38 
0.27 
0.25 
0.19 

0.13 

0.10 

0.08 

0.09 
0.11 
0.12 
0.14 

0.18 
0.24 
0.33 

0.47 

1.01 
1.11 

2.34 
4.73 

14.87 

389.26 

L= 73"65 mm 

2nd RüN/22.5.1981 

PERYSaRILITY 

I'd r0,6m2) 

375.20 

21! 04 
3.80 

3.64 

2.01 

1.13 

0076 

0.52. 

0.40 

0.26 

0.27 

0.18 

0.13 

0.11 

0.09 

0"10 

0.11 

0.12 

0.16 

0.20 

0"28 

0"31 

0-55 

1"21' 

1-33 

1"57 

3.16 

25? 13 
383"38 
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effect on permeability of the whole structure. CAYDAMAR 4 was 

crushed while unloading during the third run. 

CAYDAMAR 4 was the only specimen showing microfracturing 

characteristics amongst the seven CAYDAMA. R specimens tested 

throughout this research. On the other hand, all the COCKSAEAD 

specimens showed similar microfracturing properties as illustrated 

in Figures (7.2.9) and (7.2.10). Depending on the intensity of 

microfracturing, permeabilities of coal specimens were increased 

after each run in which microfracturing took place. 

As mentioned before, due to their highly fissured 

structure and/or low mechanical strength BARNSLEY, DUNSIL and 

BANBURY specimens usually microfractured intensively under high 

stresses. Figures (7.2.11) to (7.2.14) illustrate the comparable 

stress-permeability behaviour of BARNSLEY 5, DUNSIL 5, BANBURY 3 

and BANBURY 4, which were highly microfractured during the first 

loading experiment. For a better understanding of the mechanism 

of microfracturing and its effect on permeability, the stress- 

permeability behaviour of BARNSLEY 5 will be discussed in detail. 

As shown in Figure (7.2.11), the first loading of 

BARNSLEY 5 demonstrated the usual pattern of stress effect on 

permeability. When the specimen was unloaded, it first followed 

a lower permeability curve showing the effect of stressing. As 

the low stresses were reached, a sudden increase in permeability 

of the specimen was observed. On further unloading, the permeability 

of the specimen was generally higher than the loading permeabilities. 



TABLE (7.2.11) Stress-Permeability Results for BARNSLEY 5 
Specimen (Effect of Stress-History) 

SAMPLE : BARNSLEY 5D= 37.65 gun L= 73.85 mm 

RADIAL 
STRESS 

AXIAL 
STRESS 1StRUN/16.10.80 cý 2ndRUN/22.10.80 3rdRUN/12.11.80 

a3 °1 PERMEABILITY PERMEABILITY PERMEABILITY 

(T/m2) (MN, M2) IC K 
cl 

(10-16 m2) Kd (10-16 m2) Cd (10-16 M2) 

0.00 0.00 681.06 71075 644-088 
0.50 1034 8.65 8.11 14! 26 

1.00 2.69 2.50 3.73 3! 10 
1.50 4.04 1.28 2.07 1! 75 
2.00 5.38 0.93 1.54 1! 30 
2.50 6.73 0.67 1.10 0! 96 
3.00 8.04 0.50 0.82 0--75 
3.50 9.43 0.40 0.65 o! 60 
4.00 10.77 0.30 0.53 0! 50 
4050 12.12 0.22 0.45 0'42 
5.00 13.47 0.17 0.38 0! 34 
5.50 14.82 0.15 0.32 0.30 

6.00 16.16 0.12 0.28 0.27 

6.50 - - - - 
7.00 _ _ _ - 
7.50 - - - - 
7.00 - - - - 
6.50 - - - - 
6.00 - 
5'50 14.82 0.14 0.30 - 

5.00 13.47 0.16 0.34 - 
4.50 12.12 0.19 0.37 - 
4.00 10.77 0122 0.41 - 
3.50 9.43 0.25 0.53 - 
3.00 8.04 0.29 0.68 - 
2.50 6.73 0'59 0.82 

2.00 5.38 0.75 1.37 - 
1.50 4.04 3.10 2.06 

1-00 2.69 4.24 3.40 - 
0.50 1.34 6.75 11.65 - 
0.00 0.00 774.42 797.73 
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This indicated that BARNSLEY 5 was highly microfractured during 

the first run. 

After being relaxed for six days, BARNSLEY 5 was 

loaded and unloaded for the second time. Due to the highly 

microfractured structure of the specimen, the second loading, 

curve followed a considerably higher permeability path; the effect 

being more distinct under high stresses. The second unloading 

process had shown no further changes in the structure of the 

specimen and the stress-permeability curve followed a lower path 

compared to the loading curve. 

Twenty days later, the same specimen was tested for the 

third time and the time dependent recovery in permeability of the 

whole structure was demonstrated by the position of the third 

loading curve. BARNSLEY 5 was crushed during the third unloading 

experiment. 

As illustrated in Figures (7.2.11) to (7.2.14), 

microfracturing under increasing stresses does not cause an 

immediate increase in permeability of coal, as one might have 

expected. Due to the compaction effect of continuously increasing 

stresses, the permeability of coal decreases steadily even if it is 

highly microfractured during the process. It is only during the 

releasing of these stresses that the microfractured coal showns 

signs of increase in permeability. Furthermore, the actual open 

structured character of the microfractured coal and its permeability 

behaviour against the applied stresses can only be established 

/ 
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TABLE (7.2.12) Stress-Permeability Results for"DIINSIL 5 
Specimen (Effect of Stress-History) 

SAMPLE : DUNSIL 5D= 37080 mm L= 73.80 mm 

RADIAL 
STRESS 

C 
3 

(MN/m2) 

0"00 
0! 50 
1" 00 
1*50 
2.00 
2.50 
3.00 
3.50 
4-00 
4.50 
5-00- 
5-50 
6"oo 
6e50 
7-00 
7-50 
7-00 
6.50 
6.00 
5! 50 
5.00 
4.50 
4.00 
3.50 
3-00 
2.50 
2"00 
1"50 
1.00 
0050 
0.00 

AXIAL 
STRESS 

c1 

iMN/m2) 

o"00 
1-34 
2"68 
4*03 

5-37 
6-71 

8"06 

9-40 

10-75 

12-09 

13s43 
14@78 
16"12 
17-46 
18"81 
20115 
18"81 

17.46 
16"12 
14.78 

13"43 
12.09 
10.75 

9"40 

8.06 
6.71 

5.37 
4.03 
2.68 

1.34 
0"00 

1St RUN/16.3.1981 

ýI'QRILITY 

Kd (10-1 6 m2) 

74292 
57 e04 
18"01 
8"16 
4? 86 

A06 

2a15 

1a56 

1"20 

013 
0e74 
0? 59 
0"49 
001 
003 
0f29 
0.30 
005 
0a39 
0.43 
0 07 

0.59 
0.66 
0"86 

1"20 

1.50 

2.34 

3? 84 
8.56 

24.25 

846.25 

2nd RUN/24.3.1981 

PERMEABILITY 

Kd (1Ö-16 m2) 

782"27 

37w58 
19'92 

11 ! 17 

7! 24 
5-07 
3! 46 
2165 
2.18 

1"68 

1-34 
1"16 

0-96 
0-79 
0*71 

0"60 

(20.15) 
llý 

7.17 

(20"15) 90'17 
855.25 
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TABLE (7.2.13) Stress-Permeability Results for BANBURY 3 
Specimen (Effect of Stress-History) 

SA= : BANBURI 3 D= 37o35 mm Lý 73-75 aun 

RADIAL 
STRESS 

c3 

(M/m2) 

0.00 
0.50 
1 100 
1"50 
2"00 
2.50 
3.00 
3.50 
4-00 
4"50 
5-00 
5'50 
6"00 
6-50 
7-00 
7-50 
7.00 
6*50 
6.00 
5'50 
5.00 
4.50 
4"00 
3.50 
3-00 
2.50 
2"00 
1.50 
1.00 
0-50 
0.00 

AXIAL 
STRESS 

a1 

(MN/m2) 

0.00 
1.36 
2.73 
4.10 

5.47 
6.84 
8.21 

9.58 
10.95 
12.32 

13.69 
15.06 

16.42 
17.75 
19.16 

17.75 
16.42 
15"06 
13.69 
12.32 
10.95 
9.58 

8"21 
6.84 

5.47 
4.10 
2-73 
1.36 

0"00 

ist RUN/12-5-81 

PERMEABILITY 

Kd (10-16 m2) 

399.63 
19.53 
5.01 
2.42 

1.59 
1.03 

0.77 
0.58 
0.40 
0.30 

0.24 
0.19 

0.16 
0.13 

0.10 

0.11 

0.13 

0.15 

0.20 

0.22 

0! 29 

0! 38 

0.47 

0.78 

1.32 

3.05 

12.25 

47,32 

428.15 

2nd RUTd/19.5.31 

PERMEABILITY 

Kd (10-16 m2) 

402e59 
43'20 
17-80 

5t68 
3-55 
2-33 
1.68 

1 e05 
0! 92 

0"68 
0-54 
0-40 

0-32 
0-24 
0"21 

0.22 
0.28 
0.35 
0.42 
0.50 
0.68 

0.91 
1.15 
1.72 

2.65 
3.82 

8! 21 

36.24 
464.93 
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TABLE (7.2.14) Stress-Permeability Results för*BANBURY 4 
Specimen (Effect of Stress-History) 

SALE : BANBURY 4 D= 37 " 34 mm 

RADIAL 
STRESS 

C 
3 

(MN/m2) 

AXIAL 
STRESS 

a1 

(MN/m2) 

1st RÜN/14.5.1981 

ýNUBILITY 

Kd . (10-1 6 
m2) 

0"00 
0.50 
1"00 
1-50 
2"00 
2.50 
3.00 
3.50 
4.00 
4.50 
5.00 
5-50 
6.00 
6! 50 

-7! 00 
7-50 
7.00 
6.50 
6"00 
5-50 
5.00 
4-50 
4"00 
3.50 
3-00 
2.50 
2.00 
1.50 
1.00 
0-50 
0.00 

o"00 
1-37 
2.73 
4-10 

5.47 
6.84 
8"21 

9.58 
10.95 
12.32 

13"69 
15.06 
16.42 

17"79 
19.16 

17.79 
16.42 

15.06 
13.69 
12.32 

10.95 
9.58 
8.21 

6.84 
5.47 
4.10 

2.73 
1.37 

0.00 

393-66 
10-54 

3-34 

1.69 

1-04 

0-73 

0-54 

0-38 

0-29 
0? 23 
0-17 
0-14 
0"11 
o! 09 
0.07 

0.07 
0.08 
0.09 
0.10 

0.12 

0! 15 

0.21 

0! 33 
2.20 

3.10 

4.72 
8.80 

23.23 

436.28 

L-= 73.83 mm 

2nd RUN/20.5.1981 

PERPVABILITY 

Kd (10-16 m2) 

361.63 
42.34 

8.12 
5.58 
3.68 
2.40 
1! 75 
1.12 
0.84 
0.74 
0.58 
0.42 
0-37. 
0.30 
0.24 

0.28 
0.34 
0.38 

0.45 
0.54 
0.68 

0.86 

1! 52 
1.63 
2.31 

4.87 
6.24 

24.22 

422.23 
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6 

after a stress free relaxation. After being relaxed, microfractured 

coal has a higher degree of elasticity and permeability under 

stress. 

7.2.3 Conclusions 

In view of the observations made on the effects of stress 

and stress-history on permeability of seven different coals, the 

following conclusions can be drawn: 

1. Permeability of coal decreases with increasing stress. 

The change in permeability can be attributed to the 

combined elastic-viscous-plastic compression and dilation 

of the coal material and its fissures under stress. 

2. Permeability of coal is stress history dependent. Once 

coal is stressed and de-stressed, there is always a 

permanent change in its permeability. The nature of 

permeability change depends on the elastic properties 

and the microfracturing characteristics of coal under 

stress. 

3. Coals with a high degree of elasticity such as ACILIK, 

CAYDAMAR and DEEP HARD do not microfracture under the 

simulated subsurface conditions . For such coals, a 

time dependent partial recovery of permeability takes 

place when the stresses are relieved and the coal is 

ýt Simulated triaxial stresses for the front abutment zone 

of a longwall face up to 700 m depth. 
. 



relaxed. The overall permeability decreases after 

each stress cycle. 

4. Highly fissured and/or low mechanical strength coals 

such as BARNSLEY, DUNSIL, COCKSHEAD and BANBURY usually 

microfracture under the simulated subsurface conditions. 

Permeability of a microfractured coal increases only 

after the stresses are relieved and the coal is relaxed. 

5. The rate of increase in permeability of a microfractured 

coal depends on the intensity of microfracturing. As the 

rate of propogation of microfractures increase, the 

effect of stress on permeability decreases. 

When these conclusions are interpreted in terms of the 

stress conditions and the permeabilities of coal seams around 

working longwall faces, one can say that the permeability of coal 

seams should decrease between 10 to 100 times (depending on the 

depth and type of coal concerned) in the front abutment zone of a 

coal face. It must be remembered, however, that the stress 

conditions underground would be more complex than the simulated 

stress applied in the laboratory. Under such complex stresses 

and at very great depths it is more likely that all types of coals 

will microfracture at the front abutment zone, but this will not 

cause an immediate increase in permeability. 

The fact that no major fracturing and failing incidents 

occurred under the stresses simulating the front abutment zone 

stress conditions, supported the belief that fracturing and failing 

of coal seams only takes place in the Crushing Zone (see page 76 ) 
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of a coal face. The nature of permeability changes in the 

crushing zone and the fracture permeabilities of coal will be 

discussed in the next section. 

7.3 The Effect of Induced Tensile Fracturing on Permeability 

and the Fracture Permeabilities of Coals Tested. 

As-discussed in Chapter 4, the most dramatic change in 

permeability of coal seams is to be expected in the crushing zone. 

Stress conditions, similar to those experienced in the crushing 

zone, were created in the laboratory and the changes occuring 

in permeability of coal specimens were observed. 

Stress-permeability experiments conducted on totally 

fractured specimens provided further information about the 

permeability behaviour of source seams in the recompaction zone. 

Coal specimens that were to be tested for the effect 

of induced tensile fracturing on permeability were first loaded 

under simulated front abutment zone stress conditions. When a 

sufficiently high stress level was reached (i. e. a3 = 7.50 MN/m2, 

a1 = 20.50 MN/M2), the radial stress a3 was abruptly relieved 

keeping a1 as high as possible. The specimen usually failed with 

a cracking noise and the permeability increased considerably. 

In an attempt to understand the deformation characteristics 

of coal during fracturing, two coal specimens ACILIK 2 and DUNSIL 5 

were equipped with strain gauges and simultaneous readings of 
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TABLE (7.3.1) The Stress-Strain and Stress-Permeability 
Relationships for the ACILIK 2 Specimen 
During a Loading/Crushing Experiment 

SAMPLE : ACILIK 2D= 37.30 mm L- 73.85 mm 

RADIAL AXIAL RADIAL AXIAL 
STRESS STRESS 3 RUN STRAIN STRAIN 

c c1 PERMEABILITY e3 F1 
3 

(MN. 1m2) (MNIM2) Kd 0-16 m2) (mm/m) (mm/m) 

0.00 0.00 335.99 - - 
0.50 1.37 74.34 * 

-1.59 -1.34 
1.00 2.74 35.78 -2.78 -3.16 

1.50 4.11 22.75 -3.21 -5.29 

2.00 5.49 16.96 -3.57 -5.98 
2.50 6.86 12.40 -3.88 -6.98 

3.00 8.23 9.85 -4.14 -7.66 
3.50 9.60 7.76 -4.31 -8.22 

4.00 10.98 6.16 -4.46 -8.77 

4.50 12.35 5.11 -4.58 -9.28 
5.00 13.72 4.27 -4.62 -10.04 

5.50 15.10 3.52 -4.66 -10.62 
6.00 16.47 3.12 -4.71 -11.10 

6.50 17.84 2.66 -4.76 -11.62 
7,00 19.21 2.34 -4.77 -12.07 

7.50 20.59 2.04 -4.77 -12.41 
7.00 - - - - 
6.50 - - - - 
6.00 - - - - 

5.50 - - - - 
5.00 - - - - 
4.50 - - - - 
4.00 - - - - 

3.50 - - - - 
3.00 - - - - 
2.50 - - - - 

2.00 - - - - 

1.50 - - - - 
1.00 16.50 65.48 +2.60 -20.12 

0.50 - - - - 
0.00 0.00 813.37 - - 

Compressive strain is indicated by negative sign. 
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TABLE (7.3.2) The Stress-Strain and Stress-Permeability 
Relationships for the DUNSIL 5 Specimen 
During a Loading/Crushing Experiment 

SAMPLE : DUNSIL 5D= 37.80 mm L= 73.45 mm 

RADIAL AXIAL 
nd 2 RUN 

RADIAL AXIAL 
STRESS STRESS STRAIN STRAIN 

Q c1 PP'R'ARILITY E3 E1 
3 

(MN/m2) (N/m2) Kd (10-16 m2) (mm/m) (mm/m) 

0.00 0.00 782.27 - - 
0.50 1.33 37.50 -0.50. -2.90 
1! 00 2.66 19.92 -0.67 -6.39 
1.50 3.99 11.17 -0.74 -7.29 
2.00 5.33 7.24 -0°73 -8.74 
2.50 6.66 5.07 -0.73 -9.44 
3.00 7.99 3.56 -0.73 -9.99 
3.50 9.33 2.65 -0.68 -10.54 
4.00 10.66 2.18 -0.66 -11.10 

4.50 11.99 1.68 -0.66 -11.65 
5.00 13.33 1.34 -0.63 -12.17 
5.50 14.66 1.16 -0.57 -12.67 
61oo 15.99 0.96 -0.56 -13.03 
6*50 17.33 0.79 -0.51 -13.59 
7.00 18.66 0.71 -0.45 -13.97 
7.50 19.99 0.60 -0.45 -14.36 
7.00 - - - - 
6.50 - - - - 
6.00 - - - - 

5.50 - - - - 
5.00 - - - - 
4.50 - - - - 
4.00 - - - - 

3.50 - - - - 
3.00 - - - - 
2.50 - - - - 

2.00 19.99 7.17 +0.97 -15.26 
1.50 - - - - 
1.00 - - - - 
0.50 19.99 90.17 +1050 -15.95 
0.00 0.00 855.25 - - 
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axial and radial strains were taken together with the stress- 

permeability measurements. The stress-strain and stress-permeability 

curves for the loading/crushing experiments on ACILIK 2 and 

DUNSIL 5 are illustrated in Figures (7.3.1) and (7.3.2). 

As seen in both figures, coal is compressed in all 

directions while loading. Both the axial and radial compression 

contributes to the decrease in permeability though the major 

deformation is in the axial direction. 

When the fracturing was initiated by an abrupt release 

of radial stress, the specimen bulged radially as indicated by 

the change in radial strain, and a rapid increase in permeability 

was observed. The mechanism of stress-strain and permeability 

changes illustrated in these figures is in fact the slow motion 

picture of the changes taking place in the crushing zone. Plate (7.2) 

shows some examples of test specimens which were fractured following 

the procedure discussed above. 

Fractured coal specimens were relaxed for a period of 

time and then were finally tested for fracture permeabilities 

under increasing stresses. Stress-permeability curves for the 

fracturing and fracture permeability experiments were plotted on 

the same graph for ease of comparison. Axial stresses applied 

during the fracturing process are given in parenthesis beside 

the permeability values in the tables. 

Figures (7.3.3) to (7.3.10) and the accompanying tables 
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show the results of induced tensile fracturing and fracture 

permeability experiments conducted on the seven different coals 

used. As shown in the figures, permeabilities of the coal 

specimens increased dramatically during crushing. Due to the 

stress and time dependent relaxation of the coal material and the 

fractures, higher permeability values were obtained for the same 

coals tested for fracture permeabilities. 

The fracturing experiments were usually carried out 

under identical stress conditions for all the specimens. Therefore, 

the intensity of fracturing was effected by the mechanical strength 

of the coal specimen. High mechanical strength coals like 

DUNSIL and DEEP HARD fractured less compared to the other coal 

specimens and exhibited lower fracture permeabilities. As shown 

in Figure (7.3.6), the first fracturing cycle for DUNSIL 3 only 

caused microfracturing of the specimen; the stress cycle had to 

be repeated to achieve full scale fracturing. Consequently, 

when crushed under high axial stresses, DUNSIL 7 had demonstrated 

similar fracturing behaviour to that exhibited by the low mechanical 

strength coals, see Figure (7.3.7). 

The reduction in permeability of fractured coal under 

applied stress was very low as compared to the reductions observed 

for nonfractured coal. The stress-permeability curve for a 

fractured coal specimen followed a very gentle'slope, the minimum 

permeabilities at a3 = 7.50 MN/m2 being only 5 to 35 times smaller 

than the base permeabilities. At the same stress levels, permeabilities 

of coal specimens were increased between 10 to 500 times after 
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TABLE (7.3.3) Stress-Permeability Results för'ACILIK 6 Specimen 
(Effect of Fracturing and Fracture Permeabilities) 

SAMPLE : ACILIK 6D= 37.30 mm L= 72.80 mm 

RADIAL 
STRESS 

C 
3 

(Mlj/m2) 

o"00 
0-50 
1"00 
1-50 
2.00 
2"50 
3.00 
3'50 
4-00 
4.50 
5.00 
5! 50 
6.00 
6! 50 
7*00 
7-50 
7-00 
6.50 
6"00 
5.50 
5.00 
4"50 
4.00 
3"50 
3! 00 
2-50 
2.00 
1.50 
1.00 
0-50 
0"00 

AXIAL 
STRESS 

c1 

(MN/m2) 

0.00 
1.37 
2'74 
4.11 
5.49 
6.86 
8.23 

9.60 
10.98 

12.35 

13.72 
15.10 
16.47 
17.84 
19.21 

t 
0.00 

3rd RUN/19.2.1980 

PERMEABILITY 

Kd (1Ö 16 
m2) 

192! 93 
16.44 

7167 
4.78 

3.37 

2.63 

2.08 

1169 

1.42 

1.21 
1.03 
0.89 
0.78 
0.68 
0.60 

(19.21) 4.84 

(16.47) 36.03 

712.00 

4th RUN/25.2.1980 

PERMEABILITY 

Kd ( 10-16 m2) 

741.72 
578.48 
479.46 
450.63 
366! 87 
328.66 
295--19 
269.39 
253! 66 

225! 28 
211.05 
190.73 
169.99 
153! 54 
140.45 

(19.21) 165.02 

( 8.23) 272: 28 
( 5.49) 311.46 

881 . 55 
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TABLE (7.3.4) Stress-Permeability Results Tor CAYDAMAR 2 Specimen 
(Effect of Fracturing and Fracture Permeabilities) 

SA= : CAYDAMAR 2 D= 37"25 mm 

RADIAL 
STRESS 

C 
3 

(ý/ý2) 

0.00 
0-50 
1.00 
1-50 
2"00 
2.50 
3.00 
3-50 
4"00 
4.50 
5.00 
5! 50 
6"oo 
6*50 
7! 00 
7-50 
7.00 
6.50 
6.00 
5! 50 
5.00 
4.50 
4.00 
3.50 
3-00 
2-50 
2.00 
1.50 
1.00 
0-50 
0"00 

AXIAL 
STRESS 

c1 

(MN/m2) 

0.00 
1.37 
2.75 
4.12 

5.50 
6.88 

8.25 

9.63 

11.01 
12.38 

13.76 
15.14 
16.51 
17.89 
19.27 
20.64 

o"oo 

4th RUN/26.6.1980 

PERMEABIZITY 

Kd. 00-16 m2) 

83.90 
32.30 
18,, 50 
11.80 

8.30 
6.60 

5.20 
4.10 
3*30 
2.80 
2.30 
2.00 
1! 70 
1.40 
1.20 

(20.64) 1.40 

(20.64) 1.80 

(19.27) 3.30 

(15.14) 28.30 

( 4.12) 288.90 

L= 72.30 mm 

5t. H. RUN/24-7-1980 
PERMEABILITY 

Kd " (10-16 m 
2) 

947.70 

386160 
236.40 
185.80 

146.30 

109.30 

94.80 

77.40 
67.60 

55.30 
49.00 
42.40 
38.30 
34.30 
29.10 
27.10 

(20.64) 28.80 

(1 5"14) 62"30 

( 4.12) 238.60 

1061.10 
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TABLE (7.3.5) Stress-Permeability Results for BARNSLEY 4 Specimen 
(Effect of Fracturing and Fracture Permeabilities) 

SAMPLE : BARNSLEY 4D= 37.60 mm 

RADIAL 
STRESS 

c3 

(MM/m2) 

AXIAL 
STRESS 

c1 

(ý/m2) 

ist RUN/15.10.1980 

ýUI'A RILITY 

Kd (10-16 m2) 

0.00 
0"50 
1"00 
1*50 
2"00 
2.50 
3.00 
3-50 
4-00 
4ý50 
5"00 
5! 50 
6"00 
6-50 
7! 00 
7! 50 
7.00 
6.50 
6"00 
5'50 
5.00 
4.50 
4.00 
3.50 
3*00 
2.50 
2.00 
l"50 
1.00 
0! 50 
0.00 

0.00 
1.35 
2.70 
4.05 
5.40 
6.75 
8.10 

9.45 
10.80 

12.15 

13.50 
14.86 
16.21 

17.56 
18.91 

o"oo 

645.32 

5.63 
2.95 

1.69 
1.14 

0.82 

0'58 

0.43 

0'34 
0.22 

0.18 
0.11 
0.09 
0.07 

(17.56) 16.47 
629.18 

Z= 73.65 mm 

2nd RUN/12.11.1980 

PERMEABILITY 

Rd (10-16 m2) 

708-85 
584.71 
338.62 
200.80 
114.62 

97.51 
71.85 
66.01. 
54.45 
50.21 
47*50 
39'99 
37.42 
35.14 
32.77 

(18.91) 84.23 

(18.91) 127.38 

474.54 
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TABLE (7.3.6) Stress-Permeability Results for DUNSIL 3 Specimen 
(Effect of Fracturing and Fracture Permeabilities) 

SAMPLE : DUNSIL 3D= 37"80 mm 1= 73.85 mm 

RADIAL 
STRESS 

C3 

(MN/m2) 

0.00 
0.50 
1" 00 

1"50 
2"00 

2050 
3.00 
3.50 
4.00 

4.50 
5.00 
5.50 
6.00 

6.50 
7.00 
7.50 
7.00 
6.50 
6"00 

5.50 
5.00 
4.50 
4.00 

3.50 
3.00 
2"50 
2"00 

1.50 
1"00 

0.50 
0.00 

AXIAL 
STRESS 

a1 

(r1N/m2) 

o"oo 
1"37 
2"67 
4.01 
5.34 
6.68 
8.02 
9.35 

10.69 
12.03 
13.36 
14"25 
16.04 
17.37 
18.71 
20.05 

o"oo 

3rd RUN/27.2.81 

PERMEABILITY 

Kd (10-16 m 
2ý 

167.44 
18"16 
10"35 
6.58 

4.61 
3"53 
2"67 
2.04 
1.60 

1.31 
1.03 
0.89 
0.75 
0.62 
0.52 
0.43 

(16.04) 3.57 

(16.04) 11.27 
341.46 

4th RUN/6.3.81 

PERMEABILITY- 

Kd (10-16 m 
2) 

189.87 

24.60 

11.52 

7.34 

5.26 

3.94 

2.91 

2.23 
1.74 

1.43 
1.11 
0.92 
0.77 
0.65 
0.55 
0.46 

(17.37) 3.37 
(12003) 48""92 

(12"03) 53.60 

64.67 1 

5th RüN/9.3.81 

PERMEABILITY 

Kd (10-16 m 
2ý 

64.50 

52"37 
42.63 
33.98 
30.96 
27.39 
24.43 
21.65 
19"50 
17"57 
15.87 
14.18 

12.70 

11.43 

10"10 

. 9.53 

(13.36) 22.69 

(9.33) 33.68 
75.10 



- -205- 

.. 

0 1 2 3 4 

DUNSIL 3 

*-*Third Run (Crushing) 
A--A Fourth Run (Crushing) 

  Fifth Run (Kfrao) 

a1 = 2.67 a 

5 6 7 8 
2 Radial Stress (a3), 

FIGURE (7.3.6) Effect of Fracturing on Permeability and 
Fracture Permeabilties for DUNSIL Coal. 



-206- 

TABLE (7.3.7) Stress-Permeability Results for DUNSII; 7 Specimen 
(Effect of Fracturing and Fracture Permeabilities) 

SANlPLE : DUNSIL 7D= 37-75 mm L= 74-95 mm 

STRESS STRESS 1st RUN/6.3.1981 2nd RUN/9.3.1981 

c c1 PERMEABILITY PERMEABILITY 
3 

(MN/m2) (MN/m2) Kd (10-16 m2) Kd (10-16 m2) 

0.00 0-00 371t73 376.10 
0-50 1-34 5! 71 236! 38 
1.00 2168 2192 200185 

1150 4.02 1'95 164.20 

2.00 5.36 1128 131.30 

2150 6-70 0-94 113-90 

3"00 8-04 0074 95-64 

3"50 9.38 0-53 79.39 
4-00 10-72 0-42 68.00 

4*50 12-06 0-31 58.44 

5.00 " 13-40 0.26 51.65 
5050 14.29 0.22 43.95 
6! 00 16-08 0-18 39000 

6! 50 17-42 0-15 33.84 

7-00 18-76 0-13 30.90 

7-50 29.48 0.11 27.22 

7.00 - - - 
6.50 - - 
6.00 - - 

5.50 - - - 
5.00 - - - 
4.50 - - - 
4"00 - - - 
3.50 - - - 
3! 00 - - - 
2.50 - - - 
2.00 - - 

- 
1.50 - - (17.42) 74.36 
1.00 - (2618o) 124.37 _ 
0-50 - (20.10) 125.13 (16.08) 131.99 

0.00 0.00 371.32 356.88 
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TABLE (7.3.8) Stress-Permeability Results for DEEP HARD 1 Specimen 
(Effect of Fracturing and Fracture Permeabilities) 

SAMPLE ; DEEP HARD 1D= 37.60 mm L= 73.80 mm 

RADIAL 
STRESS 

AXIAL 
STRESS 3rd RUN/27.4.1981 4th RUN/30.4.1981 

c c1 ýttvtFARILITY PEuMFARILITY 
3 

(MN/m2) (MN/m2) Kd (10-16 m2) gd (10-16 m2) 

0.00 0"00 404.09 430.28 

0-50 1.35 32.53 56"17 

1100 2.70 18"74 45.00 

1i50 4.05 9.34 35.46 

2.00 5.40 5"77 28"84 

2-50 6.75 3.66 23"41 

3.00 8"10 2.60 18"67 

3*50 9.45 1"80 14.74 
4-00 10-80 1.34 12.44 
4.50 12.15 -0.97 9'49 

5-00 13.50 0.76' 6.74 

5-50 14.86 0.59 5.32 
6-00 16.21 0.45 5.15 
6! 50 17"11 0.36 : 

3.86 

7.00 18.91 0"30 3.37 

7t50 20.30 - 2.83 

7-00 - - - 
6.50 - - - 
6.00 - - - 

5.50 - - - 
5.00 - - - 
4.50 - - - 
4.00 - - - 
3.50 - - - 
3t00 - - - 
2.50 - - - 
2"00 - - - 
1.50 - - (17.11) 18.34 

1"00 - (18.91) 1.90 - 
0i50 - (18.91) 156.36 (17.11) 43.45 
0000 0.00 486.38 385.46 
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TABLE (7.3.9) Stress-Permeability Results for CQCKan"5 Specimen 
(Effect of Fracturing and Fracture Permeabilities) 

sAMPLE : 000KSEEAD 5 D= 37 . 30 mm L= 73.85 mm 

RADIAL 
STRESS 

C 
3 

(/m2) 

0.00 

0050 
1.00 
1'50 

2.00 

2.50 

3.00 

3! 50 
4.00 

4.50 
5.00 
5.50 
6.00 
6.50 

7.00 
7! 50 
7.00 
6.50 
6.00 

5! 50 
5.00 

4.50 
4.00 

3.50 
3.00 

2.50 
2.00 

1.50 
1.00 

0.50 
0.00 

AXIAL 
STRESS 

c1 

(rN/m2) 

o"00 
1037 
2.74 
4-11 

5-49 
6"86 
8-23 

9.60 
10! 98 
12-35 

13! 72 
1,5 910 
16-47 
17-38 
19.28 

o"oo 

1st RUN/17.6.1981 

PERMEABILITY 

'(10-16 m2) 

195.06 
95.43 

42.36 

19.32 

13.10 

9.25 
6.34 

4.14 
2.93 
2.04 
1.63 
1*50 
1-13 
0.91 
0.74 

(13.72) 6.71 

( 6.86) 17.94 
395.42 

2 RUN/22.6.1981 nd 

PERMEABILITY 

Sd (1Ö-i6 m2) 

398.45 
59.41 
61.19 
59.41 
58.70 
57.99 
57'63 
57.10 
56.03 
55.42 
54.97 
53'63 
53.23 
52.43 
51.63 

(10.98) 50.70 

i 4"11) 54. ý6 
411-26 
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TABLE 7.3.10) Stress-Permeability Results for BANBURY 1 Specimen 
(Effect of Fracturing and Fracture Permeabilities) 

SAIQLE : BANBURY 1 D= 37"35 mm L= 73"85 mm 

RADIAL 
STRESS 

Q 
3 

(ý/m2) 

o"00 
0-50 
1.00 
1ý50 

2"00 

2.50 
3"00 
3*50 
4-00 

4.50 
5-00 
5'50 
6.00 

6150 
7-00 

7*50 
7-00 
6.50 
6.0o 

5*50 
5.00 
4.50 
4.00 

3.50 
3*00 

2.50 

2"00 

1.50 
1.00 

0-50 
0.00 

AXIAL 
STRESS 

c1 

(MN/m2) 

0"00 
1-37 
2-73 
4--10 
5-47 
6084 
8"21 
9-58 

10*95 
12-32 
13! 69 
15! 06 
16-42 
17-79 
19.16 

o"oo 

3rd RUN/22.6.1981 

PERMEABIISTY 

gd (10-16 m2) 

392.52 
25.31 
7.82 
3.06 
3.14 

2.04 

1.52 

1.02 

0.78 
0.57 
0.51 
0.41 
0.33 
0.25 
0.19 

(12.32) 128.47 

4.10) 212.56 

482.18 

4th RtTN/24.6.1981 

PERV=IISTY 

I'd (10-16 m2) 

485.38 
386.70 
372.16 
323.71 
299.50 

273.28 

252.96 

232.02. 

215.66 
199.83 
148.11 
129.43 
118.54 
106.25 

93.36 

( '9.60) 161"79 

( 4.10) 337.28 
463.37 
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fracturing. Fracture permeabilities for all rank and structural 

property coals were of similar magnitudes. Therefore, some coals 

possessing very low permeabilities have shown higher rates of 

permeability increase . 

In the light of the above observations, the following 

conclusions can be drawn: 

1. Fracturing and failing of coal seams, in and around 

seams being worked, are most likely to happen in the 

crushing zone causing dramatic increases in permeability. 

2. Fracture permeabilitieb of coal under stress are about 

10 to 500 times higher than that of nonfractured coal. 

Fracture-permeabilities of all rank coals are of very 

similar magnitudes as opposed to the high level of 

variation in permeabilities of different rank 

nonfractured coals under stress. 

3. The effect of increasing stress on permeability of 

fractured coal is very small. This in practice can be 

seen in the recompaction zone, where very little change 

in permeability and most of the gas flow is to be 

expected. 

7.4 The Effect of. Moisture on Permeability of Coals Under Stress 

It has been suggested (39), (40), that adsorbed moisture 

reduces the methane capacity of coal and plays a major role in 

retarding the flow of methane through the seam into the mining 

areas (15). A series of stress-permeability experiments were 
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carried out in an attempt to investigate the effect of moisture 

on permeability of coal under stress. - 

Having established an understanding of the effect of 

repeated loading on permeability of coal specimens, experiments 

were carried out where the moisture content of the coal specimen 

was changed between two consecutive test runs and relative change 

in permeability was observed. Experiments were, in the main part, 

carried out on coals with higher degrees of elasticity which 

normally exhibit a continuous decrease in permeability after each 

run. 

Prior to the first loading/unloading experiment, the 

test specimens were saturated with water under vacuum for twenty 

four hours. The increase in moisture content was noted and the 

specimen was tested for stress-permeability relationship. Following 

the first loading/unloading experiment the specimen was oven dried 

at 80°C and relaxed for a period of time. After the second 

loading/unloading experiment on the dry specimen, any deflection 

from the usual stress-permeability behaviour of that coal was 

regarded as the effect of reduction in moisture. 

Figure (7.4.1) shows the results of two consecutive 

stress-permeability experiments on ACILIK 8. The first run was 

with 1.63% moisture content and the second run was on dry coal. 

Due to the experimental experience gained on its stress-permeability 

behaviour, ACILIK coal was not expected to microfracture during 

the first run. If the specimen was not dried prior to testing 

for the second time one could hypothesise that it would follow a 
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TABLE (7.4.1) Stress-Permeability Results for ACILIK 8 
Specimen (Effect of Moisture) 

SAMPLE : ACILIK 8D= 37.30 mm L= 74.05 mm 

RADIAL 
STRESS 

AXIAL 
STRESS 1St RUN/1.2.80 2nd RUN/8.2.80 2nd RUN 

c PERMEABILITY PERMEABILITY PERMEABILITY 
3 1 (HYPOTBETICAL) 

(MN/rn2) (NM/m2) Kd (10 16 
m2) Kd (10-16 m2) Kd 00-16 m2) 

0.00 C"00 106.62 188.95 - 
0.50 1.37 22.14 26.70 - 

1.00 2.74 12.37 12.15 9.00 

1.50 4.11 7.56 7.22 6.00 

2.00 5.49 5.32 5.41 4.20 
2.50 6.86 4.06 4.22 3.10 
3000 8.23 3.06 3.44 2.30 
3.50 9.60 2.34 2.71 1.70 
4.00 10.98 1.82 2.25 1.40 

4.50 12.35 1.48 1.88 1.15 

5.00 13.72 1.21 1.61 0.96 

5.50 15.10 0.95 1.41 0.80 

6.00 16.47 0.81 1.23 0.68 
6.50 17.84 0.69 1.08 0.58 
7.00 19.21 0.59 0.90 0.50 

7.50 20.59 0.52 0.85 0.42 
7.00 19.21 0052- 0.89 0.44 

6.50 17.84 0.55 0.95 0.47 
6.00 16.47 0.60 1.00 0.50 

5.50 15.10 0.63 1.08 0.53 
5.00 13.72 0.70 1.19 0.58 
4.50 12.35 0.77 1.27 0.64 
4.00 10.98 0.89 1.30 0.72 

3.50 9.60 1.07 1.72 0.84 

3.00 8.23 1.33 1.99 1.05 

2.50 6.86 1.58 2.60 1.40 

2.00 5.49 2.65 3.83 2.00 
1.50 4.11 4.66 4030 3.20 
1.00 2.74 9.84 8087 6.40 
0.50 1.37 15.02 24.32 - 
0.00 0.00 158.60 235.68 
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lower permeability path similar to the one illustrated by broken 

lines. However, the second loading permeabilities for the dry 

coal were higher than the permeabilities for the first loading. 

When compared to the hypothetical permeability curve, permeability 

of the dry specimen had increased between 3.00 x 10-16 m2 and 

0.40 x 10-16 m2 at stresses a3 = 1.00 MN/m2 and a3 = 7050 MN/m2 

respectively. 

Figure (7.4.2) shows the stress-permeability curves 

for the three consecutive runs on BARNSLEY 2 where the saturated 

moisture in the specimen was dried off in two stages. On the 

assumption that no microfracturing took place during the whole 

experiment, the implications of the results were in total agreement 

with the methane sorption data reported by Joubert et al. (40). 

When a part of the artificially added moisture was removed from 

the specimen, it had no apparent effect on permeability; the 

second loading/unloading curve showed the highly plastic deformation 

character of BARNSLEY coal with a considerable decrease in 

permeability. It was only after the complete removal of moisture 

that the permeability of the specimen was increased as shown in 

the third loading/unloading curve. 

In their research into the effect of moisture on the 

methane capacity of American coals, Joubert et al. (40) concluded 

that: 

"only adsorbed water affects the equilibrium capacity 

. of a coal for methane; water present in excess of 
the adsorbed water has no effect on methane sorption". 



TABLE (7.4.2) Stress-Permeability Results for BARNSLEY 2 
Specimen (Effect of Moisture 

SAMPLE : BARNSLEY 2D= 37.80 mm L= 7415 mm 

RADIAL 
STRESS 

AXIAL 
STRESS 1St RUN/27.8.80 2nd RUN/29.8.80 3rd RIN/4.9.80 

a3 01 PERMEABILITY PERMEABILITY PERMEABILITY 

(MN/m2) (MN/m2) Kd 00-16 m2) 
'Kd 00-16 m2) gd 00-16 m2) 

-0.00 
0.00 341.12 327.76 290.88 

0.50 1.33 135.75 34.97 40.50 

1.00 2.66 87.05 14.93 14.22 
1.50 3099 64.18 8.01 7.63 

2.00 5.33 41.37 4.30 5.00 
2.50 6.66 28.95 2.93 3.37 
3.00 7.99 18.22 2.10 2.56 

3.50 9.33 10 "84 1.62 1.99 

4.00 10.66 7017 1.19 1.53 

4.50 11.99 5.04 0.95 1.27 

5.00 13.33 3.53 0.69 1.10 

5.50 14.66 2.52 0.47 0.89 

6.00 15.99 1.92 0.32 0.63 

6.50 17.33 1.48 0.25 0.55 
7.00 18.66 1.18 0.21 0.48 

7.50 19.99 0.96 0.21 - 
7.00 18.66 0.99 0.21 - 

6.50 17.33 1.08 0.21 0.56 
6.00 15.99 1.22 0.24 0.56 

5.50 14.66 1.48 0.26 0.63 
5.00 13.33 1.77 0.28 0.74 

4.50 11.99 2.33 0.32 0.89 

4.00 10.66 2.94 0.36 0.99 
3.50 9.33 4.39 0.49 1.22 
3.00 7099 7.65 0.87 1.53 
2.50 6.66 12.13 1.29 2.02 

2.00 5.33 18.16 2.00 2.58 

1.50 3.99 27.47 3.23c 5.03 
1.00 2.66 39.02 7.77 7.41 
0.50 1.33 57.84 19.01 21,69 

0.00 0.00 245.18 91.58 960.06 
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In view of the above observations, the same might be 

held valid for the gas permeabilities of coal under stress. 

Unfortunately, the permeability results obtained for BARNSLEY 2 

were the only ones of the kind and no generalisation could be 

made from these. 

One very important outcome of the stress-permeability 

experiments on water saturated coals was that the observations 

pointed out that the two-phase flow characteristics of gas and 

water should be considered in models for predicting firedamp 

emissions. Kissel(15), (73)and Price et al. (74) reported that 

the gas permeability of seams in older regions of a mine increased 

vastly as the water and methane in the seam drained into the mine. 

This phenomenon was illustrated in a number of test specimens 

throughout this research, one will be discussed here. 

CAYDAMAR 8 was saturated with 1.95% moisture and tested 

for the effect of moisture on permeability of coal under stress. 

During the early stages of the first loading experiment, it was 

noted that both water and gas were flowing from the downstream 

end of the specimen. As the free water in the pore spaces drained' 

with the gas flow, a relative increase in permeability of the 

specimen was observed. The horizontal section of the first 

loading curve in Figure (7.4.3) illustrates the relative increase 

in permeability as the water is driven off. At the end of the 

first loading/unloading experiment, moisture content was measured 

and found to have decreased by 0.48%. 

The above observations suggest that if a freshly mined 
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TABLE (7.4.3) Stress-Permeability Results for CAYDAMAR 8 
Specimen (Effect of Moisture) 

SAMPLE : CAYDAMAR 8 D= 37"45 mm L= 73.20 mm 

RADIAL 
STRESS 

AXIAL 
STRESS 1St RUN/28.11.1980 2nd RUN/3.12.1980 

c c PERMEABILITY PERMEABILITY 
3 1 

(MNIm2) (MN/m2) Kd (10-16 m2) 'Cd (10-1 
6 

m2) 

0.00 0.00 162"21 217.14 

0-50 1.36 21.58 37.94 

1100 2.72 20.83 28.40 

1-50 4.08 18"66 22.40 

2"00 5.44 17"27 19"61 

2.50 6.80 14.99 16.46 

3.00 8.17 13.03 13.82 

3-50 9.53 10.75 11.00 

4.00 10.89 8679 8.97 

4.50 12.25 7.27 7.76 
5.00 13.61 5.86 6"29 

5.50 14.97 4.98 5.18 

6! 00 16.34 4.19 4"40 
6! 50 17.70 3.37 3.81 

7-00 19.06 2.73 3.20 

7"50 20.42 2.20 2076 

7.00 19.06 2.44 
_ 

3.07 
6.50 17.70 2.79 3.39 
6.00 16"37 3.22 3.87 

5.50 14.97 3.62 4.22 
5.00 13.61 4.17 4.81 
4.50 12.25 5.04 5.94 
4.00 10.89 5"95 6.28 
3.50 9.53 8.79 7.95 
3! 00 8.17 8.75 9"94 
2-50- 6.80 9.10 11.40 

2100 5"44 10"18 14.43 

1.50 4.08 13.15 17.80 

1"00 2.72 15.88 22.05 

0050 1.36 23.41 32.31 
0"00 0.00 138.90 250.31 
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area of a coal seam contains water , its permeability to gas will 

be relatively low in the early stages. The increase in permeability 

of coal seams behind the face may be caused in part by the time 

dependent decrease of water due to drainage. Further research 

is to be carried out to determine the methane relative permeabilities 

and water relative permeabilities for coal and the two phase 

flow of gas and water is to be considered in simulation studies. 

7.5 Directional Anisotropy of Coal Permeability Under Stress 

Almost all the stress-permeability experiments in this 

research were carried out on coal specimens cored parallel to the 

bedding planes. This was mainly due to the fact that the maximum 

core recovery from a limited number of lumps was only possible by 

coring parallel to the bedding planes. Consequently, the flow of 

gas was also parallel to the bedding planes during the experiments. 

In order to investigate the directional changes in 

permeability of coal under stress, a number of BARNSLEY specimens 

were cored perpendicular to the bedding planes. Figure (7.5.1) 

shows the results of stress-permeability measurements on BARNSLEY 10 

specimen, where the gas flow and the maximum principal stress a1 

were perpendicular to the bedding planes. 

As seen in. the figure, the base permeability for the 

specimen was Kd = 150.00 x 10-16 m2, similar to the base permeabilities 

obtained for other BARNSLEY specimens. As the applied stresses 

were increased to a3 = 0.50 MN/m2 i a1 = 1035 MNIm2, no flow 

measurements were possible. The specimen was virtually- impermeable 



TABLE (7.5.1) Stress-Permeability Results for BARNSLEY 10 
Specimen (Directional Anisotropy of Coal 
Permeability) 

BARNSLEY 10 D= 37"65 mm L= 73"80 mm 

RADIAL AXIAL 
STRESS STRESS PERMEABILITY 

a3 a1 Kd 

(MNIm2) (10-16 m 
2) 

0.00 0"00 150.00 

0.50 1.37 0.00 

7.50 20"21 0.00 

0.50 16.16 16.24 

7.50 28.00 0.00 

0.50 20.21 19.34 

7.50 35.00 0"00 

0.50 29.19 24.12 

7.50 38.00 0.00 

0.50 31.88 32.07 

0000 0"00 612.19 
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perpendicular to the bedding planes. The stresses were then 

brought to a3 = 7.50 MN/m2 , a1 = 20.21 MN/m2, with no change in 

permeability observed, the specimen was crushed by releasing 

the radial stress. Permeability at a3 = 0.50 NN/m2 was 

increased to Kd = 16.24 x 10 16 
m2. Cycles of increased stresses 

and crushing caused a further increase in permeability and the 

specimen was broken along the bedding plane, normal to the 

maximum principal stress. 

Experiments have shown that the permeability of coal 

under stress is directionally anisotropic showing higher gas 

permeabilities along the bedding planes. Fracturing of coal is 

always along the planes of weakness independent of the direction 

of maximum principal stress. Unless highly fissured in the 

opposite direction, most of the gas flow should be expected 

along the bedding planes of the coal seams. 

7.6 Observations on the Stress-Permeability Relationship 

of Coals with Different Physical and Mechanical Properties 

It is a known fact that the mechanical strength of 

coal would effect its fracturing properties. Very low mechanical 

strength coals such as BANBIIRY, CAYDAMAR and ACILIK, were 

fractured easily under equivalent stress levels representing the 

stress conditions in the crushing zone of a working longwall 

face, whereas the highest mechanical strength coal, DTJNSIL, 

necessitated the use of higher stress levels to achieve fracturing. 



On the other hand, it was usually the very high or 

very low mechanical strength coals that microfractured during 

the loading/unloading experiments. This resulted in a relative 

increase in their permeability after relaxation. It was not 

possible to establish a clear relationship between the mechanical 

strength and microfracturing properties of coal, however it is 

believed that the properties of the mineral constituents, and the 

effects of techtonic activities on strength and brittleness of 

coal, would contribute to its microfracturing properties. 

The effective porosities of some of the test specimens 

measured by the author, (see Sable (7.1.3), indicated a similar 

relationship between the rank and porosity to that suggested by 

King and Wilkins (31). Figure (7.6.1) shows a comparison of these 

two sets of results. The degree of reduction in permeability 

of coals was found to be highest for low porosity coals. However, 

no single correlation between porosity and the stress-permeability 

behaviour of coals was made since other properties such as the 

compressibility of the coal material and the impurities (percent 

ash) in it would contribute to the rate of reduction in 

permeability under stress. 

A more detailed discussion of the stress-permeability 

relationship of different coals will be presented in the following, 

chapter. 
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CHAPTER EIGHT 

DISCUSSION ON THE GENERALISED STRESS-PERMEABILITY 

BEHAVIOÜR OF COALS TESTED 

8.1 Introduction 

Although there has been a considerable amount of 

research concerned with ways of understanding the effect of applied 

stress on permeability of coals in general, no work on the 

correlation between the stress-permeability behaviour of different 

coals is reported in literature. 

I 

Within the frame of reference provided by the results 

obtained from stress-permeability experiments on seven different 

coals, it was observed that it was possible to establish a 

relationship between the rank and permeability of coal under stress. 

This chapter discusses the above relationship and the 

attempts made throughout this research to establish an empirical 

relation between applied stress and permeability of the coals 

tested. 
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8.2 Permeabilities of Different Coals Under Stress 

Due to the variations in the amount of minor fractures 

contained in every specimen, a large scatter of permeability 

results were obtained for each coal. Table (8.2.1) shows the 

minimum and maximum permeability, values obtained from a number 

of specimens of each type of coal under certain stress levels. 

It was found that specimens yielding low permeability values were 

those containing the least number of fissures artificially created 

during coring and specimen preparation. On the assumption that 

the minimum permeability values for each coal would represent the 

permeability of the original coal material, these results were 

used for the purpose of correlation. 

The minimum permeabilities of each coal at certain 

stress levels between v3 = 1050 MNým and a3 = 7.00 MNIm2 were 

plotted against the percentage volatile matter (m. f. b. ). As shown 

in Figure (8.2.1), the permeability of coals under equivalent 

levels of stress decreased with decreasing rank up to 34 percent 

volatile matter and then increased towards the lower rank coals. 

The variation in rate of reduction in permeability 

under stress, as illustrated in Table (8.2.1), was found to be the 

factor contributing to the wide variations found in permeabilities 

of different rank coals under high stresses. The rate of 

reduction in permeability of coal increased with decreasing rank 

up to a critical point (34 percent volatile matter) and then 

decreased twoards the higher percentage volatiles. 



ý C; 
r-I 'd 
N 4) 

4.1 
N II1 

a 
m 
m 
a) 
ý 

., ý 
cd 
ý N 
a) U 

ý 
Cd 
m N 

ý 
r-1 

", -i 

cd 
a) 

a) 
a 
ý 

.ý 

CF-4 0 
V. 
0 m 
., ý f-1 
cd 
ý 
0 U 

.. r 
N 

ý 
ý 

fsl 
a ý 
E 

H 
a r 
H I 

, 't Irt ýt CD le C% Lr\ 
2 ý' ý 

U U 2 

O O O 0 O O O 

0 
C: ) 

H 
W O O 
0öH 0 d- %o O d- Ul% O 

N 
}}ýý 

C7ý LOCý , Or Kt 
L- 

TI» 
N 

%I0 
CO 

CD 
ýo E-I 

H 
N 

" 
Q 

" 

d 
"' 

r 
" 

O 
" 

0 
" 

r 
" 

r 
HO 

ýoý I 1 1 I 1 1 i 
O r 1 M 
ti e-, % 0 

N 
*- 0 0 0 r 

0 O O O 0 O O 
M 

b 
`/ 

ý-. ý 0 Co 
r K 112 

ý 0N 

H N 
OO K1 

le 
ýh 
\O 

CT 
T- 

L-- U\ 
N 

CD 
N 

H0 
%Dý 1 I 1 1 1 I 1 

t! 1 
" 1 

Co 
-l- N 

r 1 ý 0 9 CC) O %p CT O 

11 
W 

N N T- (Ni r r CT 

l 
v 

J 

M 
N 

0 
Ul 

OD 
O 

\O 
M 

l- 
KN 

O% 
N 

U1 
0 

M N O 

H N t-- 
fý1 
%. 0 

Cý 
CO 

ý 
tC\ 

f1 L 
d' 

U\ 
CO 

l fl 
OD 

H e 
ETl ýD 1 1 I 1 1 1 I 
ý 1 ý 

0 \O 
" 

L` 
" 

O 
" 

O ý Q % M 

%-10 %Z 
0 

T- 
Co 

CT 
C71 

" 

U1 
CJ\ 

" 

CT 
CT 

" 
CT 
CC) 

" 

U1 
d" 

W 
ý 

.9 
r r r M T- \O 

CH 
Ö0 

m 
N 

Id 

2 

m "H -p U"ý uHi \ 0 LN W 
CD 

Eýý+ G) 0 
' 

. 
ý + 

z 
ý. ý 



9 

3.2 

3.0 

2.8 

2.6 

2.4 

2.2 

2.0 

ý 
io 1.8 
T- 

w 

b 1.6 

ý 1"4 
. r., 
P 1.2 
ýa a) 

1.0 
P-1 

o"s 

0.6 

0.4 

0.2 

I 

ý 

`Q3 
_ 3.5 MNIm2 

ýA 
ý 03 = 6"0 MN/m 

` 

`` 

ý\ 

yf 

Nýl 
f 

=7 .0 MN/m2 

I 
20 

I 

40 

I 

ý 

r 

ý 

/ I. 
AI 

i'/ 
- Ab, alk -r 

30 40 
A 

ýý 

ýI 

vwo 

FIGURE (8.2.1) Variations of Coal Permeability Under Stress 
with Rank. 



-234- 
i 

It was considered that differences in compressibility 
* (Cx) 

of different rank coals contributed to the variations in rate of 

reduction in permeability under stress. As mentioned in 

Chapter 7, microfracturing of some coals under stress did not 

result in an immediate effect on permeability. However, the 

overall compressibility of the coal material was affected by 

microfracturing and this fact was demonstrated by an increase in 

permeability when stress was released. 

8.3 An Empirical Relationship Between the Applied Stress 

and Permeability of Different Coals 

As illustrated in all the stress-permeability curves 

in Chapter 7, permeability of coal decreased first sharply, then 

gently, as the applied stress increased. The steep gradient of 

the first section of the curve, where a sharp decrease in permeability 

took place, was due to the closure of the minor fractures under 

low stresses. The magnitude of, reduction in permeability, at this 

stage, depended on the amount of fractures that existed. After 

sufficiently high stresses were established (i. e. a3 > 1.50 MN/m2), 

the rate of reduction in permeability of the specimen was 

relatively lower. As this research was concerned with simulation 

* Compressibility of rock in petroleum reservoir engineering is 
defined as "change in pore volume per unit pore volume per applied 
stress" (75), (76). As this research is concerned with the stress- 
permeability relationship of coals, compressibility of coal was 
defined in terms of the changes in permeability under stress 
instead of pore volume. Permeabilities at stress levels 

a3 = 1.50 MN/m2 and a3 = 7.00 MN/m2 were taken as the base values 
in calculating the compressibility for coal. 
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of the conditions underground, it was decided to concentrate on 

the second section of the stress-permeability curve as this would 

correspond to the stress levels experienced in mining practice. 

For the purpose of comparison, first loading stress- 

permeability curves for every specimen of the same coal were 

plotted on one graph as shown in Figures (8.3.1) to (8.3.7). 

Although the stress-permeability curves for each specimen followed 

a different path, it was noticed that the slopes were similar. 

The slope of the stress-permeability curve was determined by the 

compressibility of the original coal material and was found to be 

comparable for each specimen. 

It was thought that an empirical equation of the form: 

-bx y=ae 

where 

a and b are constants 

y is the permeability 

x is the applied stress 

........ 8.3.1 

would represent the stress-permeability curves illustrated in 

the above mentioned figures. 

In the early stages of employing curve fitting techniques, 

equation 8.3.1 took the form: 

3 Ka 
3 

=K OB e 
Cc 
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which represented the tangent curves to the experimental stress- 

permeability curves at a3 = 4.00 MN/m2 as shown in Figures (8.3.1) 

to (8.3.7). Ka was a function of the fracture systems existing 
B 

in each test specimen and constant C of the tangent curves was 

found to be of comparable values for each specimen of the same coal. 

Careful examination of the experimental stress-permeability 

curves has shown that constants K. and C were changing along 
B 

the curve being dependent on the applied stress. On further 

analysis of the experimental curves, a stress dependent variable of 

the form: 

«_ (1.12 - 0"03c3) 

was introduced and the exponential equation 8.3.1 took the final 

form: 

Ka = (1"12 - 0"03a3)Ka e-(1.12 - 0"03a3)Ca3 
........ 8.3.2 

3B 

so that 

a= KQB (1.12 - 0"03c3) 

b=C (1-12 - 0"03Q3) 

where KO is the permeability at stress a 
3 

a3 is the radial stress applied (a, = 2.70a3) 

and C are constants obtained from the tangent curves 

at a3 = 4.00 MN/m2 for each specimen 



TABLE (8.3.1) Compressibility Factor C for the 
Coals Tested 

TYPE OF 

COAL 

VOLATILE 

MATTER 

% 

COMPRESSIBILITY 

FACTOR 

C 

ACILIK 23.31 0.38 

CAYDAMAR 28.70 0.47 

BARNSLEY 33.74 0.73 

COCKSEEAD 34.62 0.61 

BANBURY 36.23 0.59 

DUNSIL 39.94 0.48 

DEEP HARD 43.52 0.59 



Mean values of C for each coal will be termed as 

'the compressibility factor'. Table (8.3.1) lists the 

compressibility factors experimentally determined for the coals 

used in this research. As discussed in the previous section, the 

effect of increasing stress on permeabilities of the coals tested 

have been related to their rank. The compressibility factor, 

which defines the degree of reduction in permeability of coal 

under stress, increases as the rank decreases up to 34 percent 

volatile matter and then decreases towards the lower rank coals. 

Figure (8.3.8) illustrates the relation between the rank and 

compressibility factor of coals tested. 

During the stress-permeability experiments conducted 

by. the author, it was noticed that microfracturing and fracturing 

of each individual coal specimen effected its compressibility. 

The compressibility of coal decreased considerably if the 

specimen was microfractured or fractured after a loading/unloading 

experiment. It was found that the magnitude of the compressibility 

factor for fractured coal was solely dependent upon the degree 

of fracturing induced. The degree of fracturing was determined 

by the levels of stress applied during the crushing process. 

Coals of different mechanical strengths have shown different 

fracturing characteristics under equivalent levels of stress, (see 

Figures (7.3.6) and (7.3.7)). 

The validity of equation 8.3.2 should be tested by 

further research on other coals of different ranks. Should it 



0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

ý 

ý 

yf --2'a 

Cfl 
Co 

0 
.ýCýÄA 

0 

ý 

., 

.j 

ý 
W/o 

FIGURE (8.3.8) The Relationship Between the Compressibility 
Factor and the Rank of Coals Tested. 



100.0. 

N0 10. 
%ýo 

ý ý 0 T- 

rw. 
ý 

x ý 
ý 
., ý 

Cd 

Pa 1" 

I 

i 

ý 

ý ý 

ý 

I 

.ý 

0.1 

0 

r-r I 

ýo 

°ýýýý ý ýý ` 

\`D 

ý 

ý. 

5 

ýý öý 
. ý_ \O `"`\_\` 

ý_ ýý 

IIII1III 

1 2 4 

FIGURE (8.3.9) 

0-C Experimental 
Permeability 
Values 

0--0 Permeabilities 
Determined 
Using the 
Equation 8.3.2 

0'-. " ý" 

\0 ýý 

I I I I 

0 

II 
56 
Radial Stress 

7 
ýQ3)a 

Comparison of Experimental and Theoretical 
Stress-Permeability Curves. 

I 

8 
2 



prove to be valid for all coals, then a stress-permeability 

relationship for any coal seam could be established if permeability 

at any stress level is measured in situ. 

Figure (8.3.9) compares some of the experimental 

stress-permeability curves with curves based on the empirical 

equation 8.3.2. The empirical equation 8.3.2 was found to be 

accurate within + 3.00 x 10-16 m2 for coal specimens free from 

major fractures. The margin of error dimishes towards the high 

stress levels. 
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CHAPTER NINE 

DISCUSSION ON TEE FLOW PATTERNS OF METHANE 

AROUND WORKING LONGWALL FACES 

9.1 Permeability of Coal Seams in Relation to the Methods 

of Predicting Methane Flow 

Migration of methane in and around working coal seams 

has been the subject of various research projects which have 

used mathematical models in an attempt to simulate mining conditions 

(77), (78), (79), (80), (81), (82). These studies were focussed on the three 

dimensional area surrounding the workings, called the zone of 

gas emission, from which methane is released as a result of mining. 

Demarcation of boundaries of the gas emission zone, and the 

methods employed in predicting methane flow within these boundaries, 

vary considerably from one country to another. 

The two main methods employed in predicting the methane 

flow from the gas emission zone into the mine areas are: 

(i) 

(ii) 

the degree of gas emission method and 

methods based on the principles of gas flow in 

porous permeable media. 

The first method, which is widely used in European 

countries, defines the degree of gas emission as the percentage 



of the gas contained within the strata at a specific level which 

flows into the workings (77). As shown in Figure (9.1.1), the 

prediction methods based on this theory differ in their definition 

of the gas emission zone and in the assumed variation of the 

degree of gas emission within the zone. Methods employed in 

Belgium, France and the Federal Republic of Germany use the 

desorbable gas content as the-gas content of a coal seam (82), 

whereas the total gas content, which is about 1m3/ton higher, is 

used in the United Kingdom (77). The strata other than coal are 

usually considered to have a certain percentage of the coal seam 

gas content (i. e. 10 m of sandstone or 100 m of shale are taken` 

to have a gas content equivalent to 1m of coal in Prance and 

Belgium (82)). 

The values of degree of gas emission from the source 

seams at different depths are usually based on the residual gas 

content measurements in strata (81), (82). On the other hand* a 

new technique developed by the MRDE which is based on Airey's 

Theory of gas emission from broken lumps of coal (83), is being 

used in the United Kingdom in determining the degree of gas 

emission from coal seams (84). The application of Airey's Theory 

of gas emission in coal mining operations was discussed at some 

length in Gawuga's thesis (26). 

Methane emission from a source seam is calculated by 

multiplying the degree of gas emission for the seam considered, 

by the gas content and the relative thickness, which is the ratio 

of the thickness of the source seam to the worked seam. The use 
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of relative thickness introduces the dependency of the methane 

emission on coal face production. 

A more detailed discussion on the prediction methods 

using the degree of gas emission can be found in a report 

published by IFA recently (82). 

The second method of predicting methane flow into mine 

workings is the computer solution of gas flow equations based on 

Darcy's Law (79), (80), (74). As an integral. part of a total mine 

environment planning programme, computer models, simulating the 

flow of methane from the seam being worked and from the source 

seams in the adjacent strata, have been developed recently in the 

Department of Mining Engineering, University of Nottingham. 

METNET 1, developed by Keen (79) in 1977 was mainly 

concerned with the problem of gas emission from working longwall 

faces. Later in 1980, O'Shaughnessy(80) developed a set of computer 

routines simulating the methane flow through the strata adjacent 

to a working longwall coal face which enables the calculation of 

methane flux into a mine roadway and any drainage borehole. 

One of the main inputs needed in computer simulations of 

methane flow using Darcy's equation was the permeability of the 

strata concerned. Keen (79) proposed an empirical relationship 

from which a curve of permeability against the distance from the 

faceline could be deduced. The use of the permeability curve, 

shown in Figure (9.1.2), was later found to be impractical mainly 
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due to the lengthy and expensive calculations involved in solving 

the exponential equations by computers. Instead, the permeability 

data was directly input to a computer program in a manner similar 

to the way fan characteristics are input to a ventilation network 

program. Figure (9.1.3) illustrates the model and the assumed 

permeability values used by O'Shaughnessy in the steady and 

unsteady-state simulations of gas flow through strata adjacent 

to a working longwall face. 

The need for a set of permeability curves representing 

various levels in the adjacent strata of a working longwall face 

was recognised by both Keen (79) and O'Shaughnessy (80) throughout 

their research. 

It was therefore decided to produce empirical permeability 

profiles for coal seams lying at certain depths above and below 

the working longwall faces. The experimental stress permeability 

results obtained by the author were taken as the data base in 

producing these profiles and both the theoretical and practical 

research concerning the stresses and gas flow around working 

longwall faces were taken into account in interpretation. 

9.2 A Study of High Permeability Zones in the Strata Above 

and Below Working Longwall Faces 

The magnitude of gas release from a coal seam and its 

migration towards the low pressure working areas are controlled 

by the permeability of coal seams and the surrounding strata. 
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As the experimental evidence provided in Chapter 7 suggests, the 

permeability of a coal seam will be highly effected by the stress 

disturbances taking place around a working longwall face. 

Combining the experimental data provided in Chapter 7 

with the stress conditions agreed upon in Chapter 4a general 

stress-permeability profile for the immediate roof level of a 

working longwall face can be produced as shown in Figure (9.2.1). 

Stress conditions along the roof would be such that the different 

stress zones discussed in Chapter 4 would be created due to the 

extraction of the coal seam. As shown in the figure, the permeability 

of a coal seam dramatically increases in the crushing zone where 

the coal is fractured. The permeability of coal is expected to 

remain high in the stress relief zone and a slight decrease in 

permeability of fractured coal takes place as the coverload is 

established. It is believed that the accuracy of a prediction method 

totally depends on locating these maximum permeability zones 

relative to the postion of the face. 

The position of the maximum permeability areas in coal 

seams around a working longwall face is determined by two main 

factors: 

(i) the position of the bed relative to the worked seam, 

(ii) the rate of face advance. 

These points will now be expanded upon by means of discussion of 

theoretical and practical data reported in literature. 

The greater the distance the bed is above or below the 
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worked seam the less will be the effect of the stress disturbances. 

The most dramatical effect on permeability will be created by 

the fracturing of the seam at the crushing zone. The vertical 

distance from the face at which the effects of fracturing and 

stress relief are felt varies widely as reported by different 

authors. Reporting on the results of gas flow measurements in 

the strata above and below the working longwall faces, Noack (85) 

suggested that the effect of mining would be felt as far as 

260 m above and 100 m below the worked seam, the zone 130 m above 

and 50 m below being mostly effected. Oldroyd (86) has carried 

out a series of borehole measurements in the floor strata of the 

Silkstone seam and reported that the effect of stress relief 

could be felt as far as 43 m below the seam being worked. The 

finite element analysis of the stresses around a longwall face by 

Hazine (62) has also shown that the stress conditions causing the 

fracturing of the coal seam at the crushing zone existed 100 m 

above and 50 m below the working horizon. 

The rate of face advance determines how soon the 

fracturing and recompaction of the strata takes place with distance 

relative to the face line. Due to the dynamic conditions existing 

around working longwall faces stresses, and consequently permeability, 

at any one point do not remain constant, but change continuously 

as the face advances. The role of face advance in locating the 

maximum permeability regions in and around the worked seam will 

now be discussed in relation to experimental evidence provided 

by earlier research workers. 

Figure (9.2.2) presents McC. Stewart's (87), results of gas 
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flow measurements into a borehole ahead of a stationary face 

which illustrates the time dependent increase in permeability 

into the coal seam. The borehole was completed 21 hours after 

the face was stopped and the first flow measurements were made 

1.5 hours after the drilling was completed. The maximum gas 

flow into the borehole was within the first 3m for the first day, 

suggesting high permeability at this area. However, the region of 

maximum gas flow moved inward in four days and the peak flow 

increased. The author explains the phenomenon as the time 

dependent advance of 'de-stressing' into the coal seam. Further 

advancing of the face for approximately 5m after 32 days caused 

the rapid drainage of the seam 5m inwards from the new face and a 

new gas flow profile was established, similar to that before the 

face advanced. 

In the case of a steadily advancing face, the distance 

between the face and the maximum gas emission region would 

decrease as the rate of face advance increases (88). 

Richards (89), carried out borehole gas flow measurements 

at six different longwall coal faces in the United Kingdom and 

reported that the peak gas flow rate was observed between 1.82 m 

and 4057 m, into the face in different Collieries. It is believed 

that these figures can be taken as a basis for locating the 

crushing zone and, thus, the region of maximum permeability, 

in the seam being worked. 

It is assumed in general that the position of maximum 



permeability region in any seam near the worked seam will not 

lie vertically above or below the position of the maximum 

permeability region in the'worked seam. Instead, its position 

will lag behind as the face advances, the. horizontal distance 

from the faceline being dependent on the vertical distance to the 

face and the rate of face advance. 

Figure (9.2.3) by Wolstenholme (14) and Figure (9.2.4) 

by Oldroyd (86) show graphs of gas flow rate from the floor 

strata of a working longwall face plotted against coal face 

advance. Wolstenholme reported that the rate of borehole flow 

increased with face advance to either a single or more rarely, a 

double maxima. 

For the purposes of this research, it was deduced that 

a double maxima in the flow rate would mean that a sudden increase 

in permeability of the two coal seams lying 13 m and 20 m below 

the Deep Hard seam occurred as the face reached a distance of 

17 m and 34 in, respectively, from the point of measurement. 

Therefore, one can say that the stress relief zones at the levels 

of the two underlying coal seams were 17 m and 34 m behind the 

face lying at angles of 38° and 30° with the horizontal. Similar 

observations were made on Oldroyd's results where the two peaks 

in gas flow in Figure (9.2.4) represented the high permeability 

zones in Seams B and C. It is believed that the high permeability 

zones within the floor strata of a working longwall face will lie 

on a parabolic curve, the curve getting smoother as the rate of 

face advance increases. 
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Davis and Krickovic (9( conducted some underground 

subsidence and gas flow measurements in the roof level of a longwall 

coal face in the Pittsburgh seam, U. S. A. Ground movement above 

the working longwall face was monitored by using cobalt tracer 

bullets placed along a borehole. It is reported that the ground 

movement reached levels 33 m and 60 m above the working horizon 

as the face was 12 m and 50 m past the hole respectively. These 

points lie at angles of 70° and 50° with the horizontal. Similar 

research by Whittaker et al. (91) into the water permeability of 

the strata above a working longwall face suggested that the 

permeability of the strata at a test horizon 31 - 40 m above the 

longwall extraction was greatly affected about 15 m after 

under-mining. 

These data suggest a progressive upward movement of 

change in permeability behind the faceline which would also lie 

on a parabolic curve much steeper than the one for the floor 

strata. 

Noack (85) carried out observations on gas flow from 

the seams above and below the working longwall faces in the 

Federal Republic of Germany. Working depth was between 644 to 

827 m and the behaviour of areas up to 136 m above and 83 m below 

the coal faces with an advance rate of 15 - 42 m/month were 

observed. As shown in Figure (9.2.5). Noack defined a gas pocket 

around a working longwall face where the maximum gas emission 

zone extends above and below the waste at an angle of 600 with 

the horizontal. 
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A most recent paper by Jeger (81), describing the 

methane flow prediction technique used by CERCHAR (Centre d'Etudes 

et de Recherces des Charbonnages de France), locates the points 

where permeability of the strata increases dramatically on a 

quasi-cylindrical surface Si, as shown in Figure (9.2.6). It is 

suggested that the upper and lower flanks of this surface will 

get closer to the working horizon as the rate of face advance 

increases and will intersect with the rear surface Sr where gas 

emission is expected to be very slow due to the decrease in the 

gas content of the seams. 

9.3 Stress and Permeability Profiles for Coal Seams 

Around Working Longwall Faces 

In view of the experimental evidence discussed in the 

previous section, the theoretical profiles of stress distribution 

around a stationary longwall face, obtained by Hazine (62), were 

revised to accomodate the position of maximum permeability areas 

around a working longwall face. Stresses around 300,500 and 700 m 

deep longwall faces were studied and it was observed that the 

effects of the stress disturbances could be felt as far as 100 m 

above and 50 m below the working horizon. Figure (9.3.1) and 

Tables (9.3.1) to(9.3.7)show the revised theoretical maximum and 

minimum principal stress values for coal seams around a 500 m 

deep working longwall face. As shown in the figure, the crushing 

zone for a gas source seam above or below the working horizon 

lies behind the face line at a certain angle with the horizontal. 

The magnitude of this angle is determined by the rate of face 



-267- 

Stress, MN/m2 
100.00 

10.00 

1.00 
0.10 
0.01 
0.10 
1.00 

10.00 
100.00 

10.00 
1.00 

0.10 
0.01 
0.10 

1.00 

10.00 
100.00 

10.00 
1.00 
0.10 
0.01 
0.10 
1.00 

10.00 
100.00 

10.00 
1.00 
0.10 
0.01 
0.10 
1.00 

10.00 

1oo"oo 
1o"oo 
1"00 
o"1o 
o"o1 
0"10 
1"00 

1o"oo 
loo"oo 
1o"oo 
l"oo 
o"1o 
o"oi 
0"10 
1"00 

lo"oo 
100 '. 00 
lo"oo 
1"oo 
0"10 
o"o1 
o"1o 
1"oo 

10000 

o--e 
p e 

Roof Seam, -375 m 
7, ---p e- 

ýýs ý e, ý. -tee ewe 0- 
oa e-, - 

Oe 
013 

Roof Seam, 
loo 

m 

I0 o-o-e- 

Crashing Zone 

Roof Seam, . 450 m 
Q 

e_ý :ee 
Stress Relief Zone 7/ Front Abutment Zone 

i 
(Compressive Zone) 

ýi- 

Working Horizon, -500 m 
p ýe p 

(Tensile Zone) 

80 70 60 50 40 

I 

0 20 10 0 

OO 

'. 

"iý 

Floor Seam, -530 m 

i 

Floor Seam, -55d m 

0 
0 O. Oý OO 

Floor Seam, -575 m 

-10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -1 
Dis+snre Fr+m the Face, m 

I v 

FIGURE (9.3.1) Revised Theoretical Maximum and Minimum-Principal 
Stress Distribution Profiles Around a 500 m Deep 
Working Longwall Face 



TABLE (9.3.1) Revised Theoretical Maximum and Minimum 
Principal Stress Values for a Coal Seam 125 m 
Above a 500 m Deep Working Longwall Face 

DISTANCE MAXIMUM MINIMUM 
FROM THE PRINCIPAL PRINCIPAL 
FACE LINE STRESS STRESS 

a1 a3 

(M) (MNIM2ý (MN/m2 

70 -8.55 -1'03 
40 -9.33 -1.04 
10 -9.60 -1.29 

-20 -9.59 -1.60 
-50 -9.48,. -1-86- 
-80 -9.35 -2.01 

-110 -9.24 -2.11 

TABLE (9.3.2) Revised Theoretical Maximum and Minimum 
Principal Stress Values for a Coal Seam 100 m 
Above a 500 m Deep Working Longwall Face 

DISTANCE 
FROM THE 
FACE LINE 

(m) 

MAXIMUM 
PRINCIPAL 

STRESS 

a1 

(MN/m2) 

MINIMUM 
PRINCIPAL 

STRESS 

a3 

(MN/m2 ) 

75 -7°96 -0.72 
60 -8.80 0.58 
45 -9.46 --0.47 
30 -10.10 -0.57 
15 -10.40 -0.84 
0 -10.60 -1.23 

-15 -10.60 -1.42 

_30 -10.60 -1.70 

-45 -10.50 -1.90 
-60 -10.30 -2.03 

-75 -10.20 -2.17 

-90 -10.10 -2.24 

-105 -9°99 -2.32 



TABLE ( 9.3.4) Theoretical Values for Maximum and Minimum 
Principal Stresses Along'the Roof of a 
500 m Deep Longwall Face. 

DISTANCE 
FROM THE 
FACE LINE 

ým) 

MAXIMUM 
PRINCIPAL 

STRESS 

a1 

(MN//2) 

MINIMUM 
PRINCIPAL 

STRESS 

a3 

(MN//2) 

8o 0.06 8! 06 

67 -0.01 7? 59 
54 -0.43 8.00 
40 0.45 7! 63 
27 -1.67 10.70 
15 0.21 4.29 
0 -74.00 -22.20 

-10 -20.40 0.74 
-18 -18.90 -10.10 

-25 -17.00 -8.43 
-35 -15.90 -7! 51 

-40 -15.10 -6056 

-55 -13.90 -5.80 
-70 -13.20 -5001 
-85 -12.80 -4.52 

-100 -12.60 -4.16 
-115 -12.40 -3.79 
-130 -12.30 -3.78 
-145 -12.20 -3.66 
-160 -12.10 -3.54 
-175 -12.10 -3.47 
-190 -12.10 -3.39 



TABLE (9.3.3) Revised Theoretical Maximum and Minimum 
Principal Stress Values for a Coal Seam 50 m 
Above a 500 m Deep Working Longwall Pace 

DISTANCE 
FROM TEE 
FACE LINE 

im) 

MAXIMUM 
PRINCIPAL 

STRESS 

a1 

(/2) 

MINIMTM 
PRINCIPAL 

STRESS 

a3 

iuN/m2) 

75 -6.82 1.07 
60 -10.10 1.56 
45 -12.00 0.94 
30 -13.70 0.51 
15 -13.90 -0.90 
0 -13.70 -1.29 

-15 -13.20 -2.22 

-30 -12.60 -2.80 
-45 -12.10 -2.91 

-60 -11.70 -3.07 
-75 -11.50 -3.06 
-90 -11.30 -3.09 

-105 -11.20 -3.05 

TABLE (9.3.5) Revised Theoretical Maximum and Minimum 
Principal Stress Values for a Coal Seam 30 m 
Below a 500 m Deep Working Longwall Face 

DISTANCE MAXIMUM MINIMUM 
FROM TEE PRINCIPAL PRINCIPAL 
FACE LINE STRESS STRESS 

a1. c 3 
(m) (MN/m2) (/2) 

72 -4.52 0.92 
52 -9.98 1.29 
37 -13.20 1.40 
25 -20.00 0.54 
15 -19.60 -1.50 
5 -17.50 -1.16 

-25 -15.80 
-4.56 

-55 -14.10 -4.53 
-85 -13.30 -4.05 



TABLE (9.3.6) Revised Theoretical Maximum and Minimum 
Principal Stress Values for a Coal Seam 50 m 
Below a 500 m Deep Working Longwall Face 

DISTANCE 
FROM THE 
FACE LINE 

(m) 

MAXIMUM 
PRINCIPAL 

STRESS 

a1 

(MN/m2) 

MINIMUM 
PRINCIPAL 

STRESS 

a3 

(MN/m2) 

75 -5.52 -0.80 
60 -7.90 -0.30 
45 -11.40 0.34 
30 -13.60 -0.10 

15 -15.60 -0.37 
0 -16.00 -1.67 

-15 -15.90 -1089 
-30 -15.40 -2.79 
-45 -14.80 -3.32 
-60 -14.40 -3.42 
-75 -14.10 -3.56 
-90 -13.80 -3°55 

-105 -13.70 -3.56 

TABLE (9.3.7) Revised Theoretical Maximum and Minimum 
Principal Stress Values for a Coal Seam 75 m 
Below a 500 m Deep Working Longwall Face 

DISTANCE MAXIMUM MINIMUM 
FROM TEE PRINCIPAL PRINCIPAL 
FACE LINE STRESS STRESS 

a1 a3 

(m) (MNIm2) 2) 

62 -14.10 -1.23 
32 -15.10 -2.00 
2 -14.90 -2.75 

-28 -14.50 -3.12 

-58 -14.30 -3.31 
-88 -14.10 -3.40 



advance and the experimental data referred to previously suggests 

average angles of 600 and 450-for the strata above and below 

respectively. Fracturing of the strata should take place in this 

direction and the permeabilities of coal seams are expected to 

increase dramatically along the fracture planes. Plate (9.1) 

shows a model in which the nature of fracturing at the longwall 

face and the strata above it are demonstrated, (92). 

Figure (9.3.2) shows the general stress-permeability 

profiles for coal seams around working longwall faces. These 

profiles are based on the experimental observations discussed in 

Chapter 7 and the revised theoretical stress profiles given in 

Figure (9.3.1). Permeabilities of coal seams in the virgin 

strata are determined by magnitude of the cover load, therefore, 

as the seam gets deeper lower permeabilities are expected. 

Permeability of a coal seam decreases sharply with increasing 

stress in the front abutment zone. As the crushing zone is 

reached, (3 -5m infront of the face at the working horizon) 

permeability of the seam increases dramatically due to fracturing. 

The intensity of fracturing in the crushing zone of a source seam 

depends on its distance to the working face. Therefore, the 

fracture permeability of source seams would decrease as the 

vertical distance to the face increases. Permeabilities of coal 

seams remain high in the stress relief zone and a slight decrease 

in permeability of fractured coal would be observed as the cover 

load is established. 

Permeability of a coal seam at different stress zones 

would depend on the type and strength of coal itself. As discussed 



PLATE (9.1) A Model Showing the Fracture Patterns Around Longwall Faces. 
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in Chapters 7 and 8, equivalent stress levels induced different 

magnitude permeabilities for different coals tested. Also, the 

intensity of fracturing was observed to be different in different 

mechanical strength coals. Table (9.3.8) lists the experimental 

permeability values, for the tested coals, under stress conditions 

simulating the different stress zones around 300,500,700 m 

deep coal seams. 

So far, it was assumed that the coal seams concerned 

were in areas that had not been affected by under or over mining 

of the adjacent seams. If it is assumed that the coal seam being 

worked lies vertically below a seam that has been worked previously 

(distance between two seams <50 m), it should then be expected 

that the working seam would have higher induced permeabilities 

due to its stress history. Figure (9.3.3) shows the stress- 

permeability profiles for coal seams that are assumed to be 

affected previously by the stress disturbances created during 

the mining of an overlying seam. 

As shown in Figure (9.3.3), permeability of the working 

seam, which lies 30 m below old workings, would be high due to 

the effects of previous stress disturbances. High stresses in 

the front abutment zone will not reduce the permeability to a 

great extent and further fracturing in the crushing zone will 

cause a slight increase in permeability of the seam. The floor 

source seam lying 20 m below the working horizon would have a 

relatively high induced permeability due to the old workings 

and it will increase further as the seam 20 m above is extracted. 

Relatively high permeabilities around these seams would not 

necessarily mean very high flow rates of methane since the gas 
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content and pressure in those seams would be lowered due to 

long term migration towards the old workings. 

Figure (9.3.4) shows the different permeability zones 

and the suggested flow paths of methane around a working longwall 

face which is assumed to be a new mining area. 

Ahead of the face, permeabilities of coal seams are very 

low due to high abutment pressures. The outer boundaries of this 

low permeability zone are defined by the parabola on the right 

hand side of the figure. Permeability of coal seams. will start 

to increase in the crushing zone which lies between the inner 

parabola and the maximum permeability line. Behind the face, 

points of maximum permeability will lie at angles of 600 and 45° 

above and below the working horizon. The majority of the gas 

flowing into the workings would be expected from areas behind 

these points, within which permeability remains very high. Coal 

seams at distances more than 100 m above and 50 m below the working 

face are not expected to be highly effected by the stress 

disturbances. Permeabilities of these seams will generally 

remain constant with very little gas flow taking place towards 

the workings. 
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CONCLUSIONS 

This research was primarily concerned with the 

stress-permeability behaviour of different coals and a relationship 

between rank and permeability of coal under stress was established. 

The implications of the experimental results were discussed in 

relation to mining practice. 

Laboratory investigations into the stress-permeability 

behaviour of seven different coals have shown that, in general, 

permeability of coal decreases as the applied stress increases. 

Microfracturing of coal under very high axial and radial stresses 

did not create an immediate increase in its permeability as one 

might have expected. It was only after the relieving of the 

stresses and complete relaxation of the specimen that the 

permeability of coal increased and exhibited higher permeability 

values when stressed for the second time. When fractured under 

the simulated stress conditions of a crushing zone, permeability 

of coal increased 10 to 500 times depending on the type of coal 

concerned. The effect of stress on permeability of fractured 

coal was very low and fracture permeabilities of all the coals 

tested were similar. 

Permeability of coal, at very low stress levels was 

effected by the degree of fracturing of the specimens and a large 

scatter in base permeabilities of coals was observed. However, 

I 



the compressibility (i. e. the degree of reduction in permeability 

under stress) of the coal material was found to be the controlling 

factor in determining the effect of stress on permeabilities of 

different coals, at high stress levels (a3 > 1.50 MN/m2 

Compressibility of coal increased with decreasing rank up to 

34 percent volatile matter and then decreased towards the lower 

rank coals. At high stress levels (i. e. the stresses representing 

the stress conditions at the front abutment zone of a working 

longwall face), the permeability of coals with low compressibility 

was about five times greater than that of highly compressible coals. 

When these results are interpreted in relation to actual 

mining conditions, the permeability of coal seams should decrease 

between 10 to 100 times (depending on the compressibility of the 

coal concerned) in the front abutment zone of a working longwall 

face. Under equivalent stress conditions the permeability of the 

worked seam ahead of the face will be relatively higher for coals 

of lower compressibility. This may be one of the factors accounting 

for comparatively high rates of gas emission observed in some 

longwall faces. 

Once the fracturing of a coal seam is initiated in the 

crushing zone, permeability of the seam will increase drastically 

and reach a peak in the stress relief zone. Permeability of a 

gas source seam at the stress relief zone of a working longwall 

face will be about 10 to 500 times higher than its inherent 

permeability. The majority of gas flow into the workings should 

therefore be expected from the stress relief zone behind the face. 



Although there has been a considerable amount of underground 

research into the changing stresses, and the flow of methane 

around working longwall faces, these two subjects have usually 

been studied within the framework of different disciplines (rock 

mechanics and mine ventilation) in mining engineering. No reference 

to the simultaneous measurements of changes in stress and gas 

flow was made in literature. The author' believes that a comprehensive 

study of the stress disturbances and induced permeabilities within 

the area affected by a working longwall face would provide the 

data needed for predicting the amount of methane flow into mine 

airways. This could be achieved by using boreholes drilled in 

different levels above and below the working horizon and by 

monitoring simultaneously the gas flow and pressure as well as 

the changing stresses as the face advances. Such an investigation 

will provide knowledge concerning the locations of the maximum 

permeability areas around working longwall faces. The author 

considered that the absence of such information constituted a 

deficiency in the field of mine environmental engineering. 

Further laboratory investigation into the stress- 

permeability relationship of coals should take into account the 

adsorption of methane by coal. A comparative study of methane 

and nitrogen permeabilities of coal under stress may provide a 

correlation between the two. 

The experimental apparatus should be improved to allow 

the application of very high stresses perpendicular to the bedding 

planes and to the direction of gas flow. It is believed that the 
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simultaneous measurements of axial and radial flow of gas would 

provide further information about the directional anisotropy 

of coal permeability under stress. A more sophisticated 

instrumentation is required to provide such measurements. 

The effect of moisture on permeability of coal and 

the two-phase flow of methane and water should be studied in more 

detail. Experiments have shown that if a freshly mined area of 

a coal seam is saturated with water, its permeability to gas will 

be relatively low in the early stages. Methane relative permeabilities 

and water relative permeabilities of coal should be determined by 

a thorough laboratory investigation and these should be considered 

in simulating the actual mining conditions. 

Finally, the stress-permeability behaviour of anthracites 

and semi-anthracites should also be studied since they were not 

included in this research. 
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APPENDIX I 

TAE CALIBRATION CURVE FOR THE ROTAMETERS USED 
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Rotameters are calibrated, by the manufacturers, for 

air flow. The errors in Rotameter readings were believed to 

arise from the use of Nitrogen as the flowing media. To compensate 

for these errors a correction factor %P= 1.0338, the ratio of 

air density to Nitrogen density, was applied. This correction 

factor was found to be accurate. 
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APPENDIX II 

COT 13TATION OF E PE=ENTAL RESULTS 

TABLE (AII. 1) Laboratory Data for Stress-Permeability 
Measurements on DEEP HARD Specimen. 

Specimen: DEEP HARD 1, Third Run, Fracturing. 

Date 27.4.1981 

D=3.76 cm 
L=7.38 cm 

RADIAL 
STRESS 

( 3) 

bar 

AXIAL 
LOAD 

(F1) 

KN 

GAS PRESSURE 
(Gauge 

Reading) 
(AP) 

psi 

VOLUME FLOW 
Rate of 

Gas 
(Q2) 

cc/min 

0.0 0.0 10 142.22 
20 468.57 

5.0 1.5 30 67.70 
40 106.00 
50 1`7.75 

10.0 3.0 50 84.61 

. 60 118.00 
70 166.60 

15.0 4.5 70 75.38 
80 95.90 
go 120.00 

20.0 6.0 90 73.84 
100 87.70 
110 104.00 

25.0 7.5 110 67.70 
120 76.92 
130 86.15 

30.0 9.0 130 66.15 
140 72.30 
150 78.46 

35.0 10.5 150 60.00 
160 64.61 
170 70.76 

40.0 12.0 170 52.30 
180 59.46 
190 64.61 



TABLE (AII. i) Continued ....... 

RADIAL 
STRESS 

(c'3) 

AXIAL 
LOAD 

(F1) 

GAS PRESSURE 
(Gauge 

Reading) 
(OP) 

VOLUME FLOW 
Rate of 

Gas 
( @2) 

bar KN psi cc/min 

45.0 13.5 190 49.23 
200 52.30 
210 55.38 

50.0 15.0 210 46.15 
220 49.23 
230 52.30 

55.0 16.5 230 41.53 
240 44.61 
250 47.70 

60.0 18.0 270 43.07 
280 46.15 
290 49.23 

65.0 19.5 300 43.06 
310 45.25 
320 47.70 

70.0 21.0 320 40.00 
330 42.25 
340 44.61 

10.0 21.0 150 56.92 
160 67.70 
170 80.00 

5.0 21.0 10 72.30 
20 182.20 
30 300.00 

0410 0.0 10 224.90 



As shown in Table (AII. 1), the volume flow rate (Q2) 

of Nitrogen through the test specimen was measured at three 

different gas pressures for each stress level applied. This data 

was directly fed to a computer program where all the units are 

converted into SI units and the permeabilities at each setting 

were calculated. Since the procedure followed in calculating 

the permeability was the same for each set of data, one example 

will be presented here: 

Laboratory Data for the Permeability of DEEP HARD 1 Specimen 

at 2.0 MN/m2 Radial Stress: 

Radial Stress (a3) = 20.0 bars 

Axial Load (F1) = 6.0 KN 

Gas Pressure (AP) = 100 psi 

Volume Flow Rate (Q2) = 87.70 cc/min 

Length of the Specimen (AL) = 7.38 cm 

Diameter of the Specimen (D) = 3.76 cm 

Viscosity of Nitrogen (µ) = 1.745 x 10-5 Ns/m2 

Computations 

- Cross-sectional area of the specimen: 

A= nD2 
4 

A= ,A Tý62 
4 

x 10-4 m2 

A=1.1103645 x 10 3 
m2 



Length of the specimen: 

AL =7.38x102m 

Volume flow rate of gas corrected and converted into 

m3/sec: 

Q2 = 87.70 x 1.0338 x1x 10-6 m3/sec 
60 

Q2-= 15.111 x 10-7 m3/sec 

- Differential gas pressure across the specimen: 

AP = 100 psi 

1 psi = 6.89476 x 103 N/m2 

therefore 

OP = 6.89476 x 105 N/m2 

- Gas pressure at the downstream end: 

P2 =1 atm 

P2 = 1.01325 x 105 N/m2 

- Mean gas pressure along the specimen: 

P= 
P1 + P2 

2 

P1 =1 atm + OP 

therefore 

(1.01325 + 6-89476)105 + (1.01325 x 105) 

2 

P=4.46063 x105 N/m2 



- Permeability: 

Kd = 
Q2 xµx AL x P2 

A xQP xP 

15"111 x 10-7 x 1.745 x 10-5 x 7.38 x 10-2 x 1.01325 x 105 
xd 

1.1103645 x 10-3 x 6.89476 x 105 x 4.46063 x 105 

Kd = 5.77 x 10-16 m2 

- Axial Stress: 

F1 
c1 =A 

6.0 
1.1103645 x 10-3 

= 5.40 x 10-3 KN/m2 

c1 = 5.40 NN/m2 

- Radial Stress: 

1 bar = 0.1 MN/m2 

c3 = 20"0 x 0"1 =2 MN/m2 

The above computations are repeated for each set of 

data and the stress-permeability results are given in the form 

demonstrated in Table (AII. 2). 



TABLE (AII. 2) An Example Computer Output Showing the Calculated 
Permeabilities for a Coal Specimen Under Stress. 

Z? ECI:! E`: : DE--P HARD 1, THIRD RUN, FRACT URI VCi 

Gt'? S LC4: =MAL RA LIAL t: F: S 
ST. RFSS STR r- Sý'-: PfFnsSLf3E 

D F.;? XE^ 9IL II Y 

(10**-7M**2) CMN/M*ý2) CMN/M**2) C10**3N/M*+2) C10**-16MW*2 

P11-505 0"00 0"00 
R0.73f 0.00 0. n0. 
11"E¬5 1.35 0"5! i 
18"2¬4 1"35 0"50 
27.12 1-35 0.50 
14 " 57 FS c. -70 1-00 
20.331 2.70 1.00 
28.705 2.70 1.00 
12"9£'Q ý: "05 1.50 
1C"524 4.05 1.50 
20 -CI C 4- 05 1 "50 
12.723 5"40 2.00 
15.111 5.40 2.00 
17-919 5.40 2"00 
II"CC'5 C"75 2.50 
13"253 C. 75 2.50 
14"844 C "7 5 2"50 
11.397 8"10 3.00 
12"457 8.10 3"00 
13.519 8.10 3.00 
10.338 9.45 3.50 
11.132 9"45 3"50 
12.192 9.45 3.50 

9.011 10"°0 4.00 
10.245 10.80 4.00 
11.132 10"i? 0 4.00 

8.482 12.15 4.50 
9.011 12.15 4.50 
9.542 12.15 4.50 
7"957 13.50 5"00 
8"482 13.50 5.00 
9.011 13.50 5.00 
7.155 14"kC. 5.50 
7"CuC 14"F? E. 5.50 
R"21F 14.86 5.5n 
7.421 1¬"21 E. 00 
7.951 1C"21 C. 00 
8.482 1C"21 6.00 
7.421 1'/"11 C"50 
'/"79C- 17"11 6"50 
8.218 17.11 ¬"50 
¬"89?. 1q. 91 7" 00 
7.279 18.91.7.00 
7"6uf. " 191-91 7"00 

CF<"947 
137. F'95 
20C-"R42 
2i5"'! 90 
344"731ý 
344 "'r 3, Q 
L, 13"C$5 
4G2"C33 
ýt"? "C33 
551 " 5R 0 
C? 0 " 52ý' 
E20"52ý? 
C"F? 9 "47C. 
r53"4£3 
r 5F " 423 

27 " 3'11 
ý9 C"313 
ý9E"31E; 
9( 5"2CC 

1034.214' 
1034.214 
1103.1(1 
11"12"109 
11i2"109 
1241 "fi5C 
1310.0(14 
1310.004 
137F3.01 5c 
144'! "900 
1447-900, 
151G"£? 4i 
15E'5""/94" 
15u5"i94 
1(54"'i420 
1i23"C90 
1F{61 "ýin5 
. 
19 30"532 
1999.4F0 
206P "42F? 
ý1 3"`! .3 
ry 

'15 
220` "323 

ýC, 0! "323 
22/: 5 . 27 0 
P 3444"21f' 

ý W/ . 
4fj[1. ý") 

31P,. 3'/ 
4 3^"53 

`3ý3". 1( 

Iº! "1F 
1ý"'i4 

, On. 4n 
9 "23 
9"34 
? "51 
5"Rn 
5" l% 
S. l u 
3"'/( 
3"(( 
3.54 
? "'/? 
? "E n 
?. 4F 
1.911 
i"ýn 
1" ./x 
1 ". s1 
1"34 
1"32 
1.111 
n. 9"/ 
0"94 
n. "/p 

n. -1 F 
n. "/5 
11.5c) 
n"5c) 
n"5a 
0.45 
n"45 
n"45 

0"xt 
n"3( 
0"3F 
0"30 
1). 30 
0"30 



. 
TABLE (AII. 2) Continued ....... 

9"P n7 1ý'"ý1 1"nil 1134.2: 14 1"ý'1 
1"((. a lv": ý1 1"0ý1 '. 1P 3.1C, 1 1.? n 

13"'/F/; 1ý"91 l,, r, 11? P"109 ^. ^i1 
1?.. 457 1F "91 0.5() E9 . 1) Z17 
, 11-, --1)3 1? "9 1 0.50 137 "R95 157 .13 
51. ( 91 1q "91 n. Sn ? O(: "? 4r^ 141"l, l; 
3P. 751 ft. n0 n. 0n (u. 047 4a(. Z1' 


