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ABSTRACT

This research describes an application of numerical methods for the prediction
of strata methane flow into mine workings around a longwall coal face
employing methane drainage. This method of methane prediction was
developed by solving the time-dependent gas flow equation using the finite
clement analysis. Having obtained the gas pressure distribution throughout the
finite element mesh, a mass flow equation was derived to calculate methane

flow rate for a given mining boundary. A computer program for the prediction

of methane flow was then developed by devising appropriate modifications and
additions to a finite element package originally written for heat flow by PAFEC
limited.  Stress analysis was also carried out in order to provide an
understanding of stress fields around a longwall face to evaluate the induced

permeabilities under these stress fields.

Three main routines of the original package required modifications to
accommodate the solution of a different equation. These were element routines,

solution routines and flux calculation routines. These routines, after
modification, were used to simulate advance and retreat longwall mining, with
and without drainage. Several different sensitivity tests were carried out by
changing parameters such as borehole pressure, length, and spacing in order to

aid the planning of methane drainage systems for longwall mining.

x1ii



INTRODUCTION

The release of methane from coal seams and surrounding strata into mine
workings has been of great concern since the earliest days of underground
mining. The advent of modern underground mining machinery and mining
methods, coupled with improved environmental control techniques, has allowed
higher levels of production to be achieved with faster rates of face advance.
These factors, combined with increasing depth of working, have exacerbated
the problems of methane emission in underground mining. Although the
number of ignitions and explosions has decreased because of improved safety
measures, the percentage of fatalities due to ignitions and explosions has

increased.

Methane emission also adversely affects coal production. If the methane
concentration at the face exceeds 1.25 % (a statutory limit which may vary
according to country), coal production must stop until the air flow is sufficient

to dilute the methane concentration to an acceptable level. With modemn mining

methods resulting in higher levels of coal production, this situation is not
uncommon. As deeper and gassier coalbeds are mined, conventional
ventilation methods may not be able to cope consistently Qith methane emission
during the coal-production cycle. Traditional methods of methane control
involving increased air quantities into mine workings cannot always deal with
the rate of methane in-flow and may cause dust problems and increase
ventilation costs unreasonably. In these circumstances, drainage becomes an
important method of alleviating methane emission problems to improve both
safety and productivity. The advantages of employing methane drainage

techniques in underground coal mining can be given as follows:



i1

1.

1v.

Vi,

Vi,

Reduction of methane emission into the mine environment significantly

improves the safety of the working environment.

Coal production can increase since the restrictions of excessive methane

emission become less obstructive.

A decrease in methane emission allows a reduction in the quantity of air
required for diluting the gas which in turn reduces the ventilation costs,

and could enable the cross-sectional areas of future mine airways to be

reduced for ventilation purposes.

Reduction in the methane emission rate allows face lengths to be increased

thereby reducing development costs of gate roads for a given area of coal.

Coal production efficiency and the face advance rate are increased because

of the reduction of idle time due to excess of gas.

Possibility of commercial exploitation of a large quantity of gas of high

calorific value.

Methane’s contribution to global warming is reduced by the commercial

utilisation of drained gas.

Methane is a fairly inert gas, the principal danger of methane lies in its

explosible character when its concentration in the air is between 5 % and 15 %.

At a methane level in about the middle of this range, the air/methane mixture is

at its most explosive. However, mining law requires that the methane

concentration in the general air body must be less than 2 % for men to work and



must not exceed 1.25 % where electrical power is in use {1}, Therefore, to
keep the methane concentration below the specified limits the ventilation
engineer must ensure adequate quantities of air supplied to the workings and if
necessary make provision for methane drainage. A prediction of methane

emission is therefore of great use during the design of underground ventilation

to meet the statutory requirements for the dilution of methane in air.

The prediction of methane flow in and around working coal mines has been
Investigated by various researchers using ‘empirical’, and 'mathematical
methods. Empirical methods define the degree of gas emission as the
percentage of the gas contained within the strata at a specific level which flows
into the mine workings. A certain percentage of the coal seam content 1S
usually taken to define the gas content for strata other than coal. Methane
emission from a source seam is calculated by multiplying the degree of gas
emission for the seam considered, by its gas content and the relative thickness,
which is the ratio of the thickness of the source seam to that of the worked

sCam.

Since all empirical prediction methods are based on past experience and
statistical data, the same approach is of limited use outside of the specific

geographical area and mining situations which they were designed for.

Therefore, the application of an empirical method in different circumstances
may require extensive modification. Although empirical methods are relatively
simple, requiring few input parameters, they lack the theoretical base required

for accurate prediction.



Numenical methods of predicting methane flow are based on the principles of
gas flow in porous permeable media, in other words the computer solutions of a
gas flow equation mainly derived from Darcy's law. The required input to the
computer programs include parameters to define the model size, initial and time-

dependent boundary conditions, properties of the coal seams and strata such as
directional permeabilities and porosities and the properties of the flowing gas
such as viscosity. The programs terminate when the flow equation has been
solved and the output gives the predicted gas pressure distribution and the
methane flow rates on a time basis. Among the parameters stated above,
permeability is considered to be the most crucial one affecting the reliability of
the results. Therefore, recent studies on the simulation of methane flow using
numerical methods have incorporated the essential components of stress

analysis and stress-permeability analysis.

Although there has been a great deal of research carried out on the subject of gas
flow simulation for coal strata by mathematical methods, very little of this work

has dealt specifically with the prediction of methane for full-field scale

underground mining especially in terms of longwall applications. Therefore,

the objectives of this research have been to develop a reliable prediction method
based on a mathematical approach to calculate strata methane flow into mine
workings around a moving longwall face employing methane drainage. These
objectives were influenced by previous work carried out in the Department of
Mining Engineering, at the University of Nottingham which attempted to
simulate methane flow towards a simple advancing longwall face without data
validation. In general, US attention has been focused on increasing the
accuracy of the flow equation describing the gas flow from coal strata.

However, US research lacks application to underground longwall mining and is

orientated mainly towards the development of coal seam degasification models.

4



Consideration of the effect of changing stress fields around a working longwall
face on permeability of coal seams and strata is as important as the accuracy of
the mathematical techniques employed. Therefore, in this research emphasis
has been shifted from a more complex mathematical simulation attempt to
developing a numerical model applicable to underground longwall mining with

field data validation. The main reason for this approach is to show that the

accuracy of such a prediction method is heavily dependent upon stress-
permeability behaviour of coal and coal strata, the reliability of field data and
applicability of the method rather than the mathematical perfection involved with

making fewer assumptions in the solution process.

This research, aiming to help further understanding in this area by providing

numerical evidence, will be treated in two stages:

I.  Simulation of stresses around a mine working and evaluation of induced

permeabilities under these stress conditions.

ii.  Simulation of methane flow around a moving longwall coal face using a

mathematical modelling technique for the purpose of methane prediction.



CHAPTER ONE

REVIEW OF CURRENT KNOWLEDGE ON METHANE FLOW
AND MATHEMATICAL MODELS FOR METHANE PREDICTION

1.1 Introduction

Before attempting any simulation of a practical problem, one should have a
knowledge of the physical principles relevant to that problem. Understanding
the phenomenon of methane flow around a longwall coal face is essential for
any mathematical prediction method. Therefore, a general review about
methane, its retention in coal and flow through coal strata into mine workings 1s
given prior to Darcy’s fundamental Law governing the fluid flow through

porous media.

This chapter also discusses a recent review on mathematical simulation models

for the prediction of methane flow from coal strata.



1.2 The Properties of Methane

Methane is a colourless, odourless and tasteless gas, with a specific gravity of

0.554 relative to air. At 0 °C and 750 mm Hg pressure, 1 m3 of methane

weighs 0.716 kg (2], Because of its low density it accumulates in the high
places of mine workings. Methane has the ability to easily pass through
porous materials since it diffuses 1.6 times as fast as air. The principal danger
of methane lies in its explosible character when its concentration in the air is
between 5 % and 15 %. At a methane level in about the middle of this range,
the air/methane mixture is at its most explosive. However, mining law requires
that the methane concentration in the general air body must be less than 2 % for
men to work and must not exceed 1.25 % where electrical power is in use (11,
Therefore, while planning mine environmental conditions, a ventilation engineer
must ensure that methane concentrations must not exceed such statutory levels

in mine workings. Traditional methods of methane control involve increasing

air quantities into mine workings to dilute methane concentration to acceptable
levels. However, this method cannot always deal with the rate of methane in-
flow and methane drainage may become an essential method of alleviating

methane emission problems to improve both safety and productivity.

The ignition or burning of methane depends on the composition of air [3].

Either a lowered oxygen or a high carbon dioxide content will make the ignition
or burning more difficult. Investigations have shown that methane ceases to
ignite at an oxygen content below 12 % (see figure 1.1). The explosibility
limits of the air/methane are also affected by the existence of combustible gases

and materials such as ethane, hydrogen and coal dust.
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1.3 The Retention of Methane

Methane or firedamp, as it is called in many coalfields, is formed together with

the coal material during a transformation process called coalification [4], During
the early stages of coal formation, there is only a thin and permeable covering
over the deposits and most of the gases formed escaped. As a result little gas is
found in most low-rank coal seams. However, most of the methane is retained
in higher rank coals since they have been buried more deeply and enclosed by
more compact rocks. The process of methane retention is called sorption and
when the gas leaves the coal it is said to be desorbed [5:6]. Sorption is sub-

classified into two basic categories:

1. Absorption describes the uniform penetration of one substance into the
molecular structure of another and is not considered to play a

significant role in the flow of methane from coal [7.8],

ii. Adsorption explains a reversible surface effect whereby one substance is
physically held onto the surface of another. The adsorption of

methane gas onto the surface of coal is a good example.

Some methane is retained by coal as a free gas within the internal structure of
coal, however at normal coal bed pressures most of the gas is adsorbed onto the

surface of coal . At 20 atmospheres the adsorbed methane is ten times greater

than methane as a free gas in some US coals 9. The high methane adsorption

capacity of coal is due to the very large internal surface area of coal which could

be as high as ~200 m2/g (8],



Most of the adsorbed gas on the internal surfaces of coal is present as a mono-
molecular layer (8], Many models have been proposed to describe the process
of adsorption onto the coal surfaces. Langmuir [10] relates the quantity of gas
adsorbed per unit mass of solid to the partial vapour pressure of the gas, and

describes the mono-molecular layer adsorption of gases with the following

equation:
Vo, b'P
V=0 .o+ [1.1]
1 +b'P
where
V = volume of gas adsorbed,
P = gas pressure,
Vm = maximum volume of gas adsorbable,

b' = desorption coefficient.

Langmuir's theory gives the fraction of the adsorbent surface that is covered by
the molecules of adsorbed gas. If the maximum sorption capacity of the

surface is known, then the volume of gas that can be adsorbed may be

determined.

Brunauer, Emmett and Teller [11] have given another equation, the (BET)

equation, which is an extension of the Langmuir equation for multi-layer
adsorption, whereas Langmuir considers only mono-layer adsorption.
However, Keen [12] states that the secondary layer of adsorption is not apparent

in coal under normal mining conditions (at pressures of less than 50

10



atmospheres) and therefore, Langmuir's equation is considered to be

sufficiently accurate to apply to the adsorption process.

The adsorptive capacity of coal increases with coal rank [3), Pressure is the
critical parameter affecting the adsorptive capacity of coal. In general, the

greater the pressure the greater the adsorptive capacity of coal. Increased
temperatures reduce the adsorptive capacity of coal. The presence of water has
a considerable effect on the adsorptive capacity of coal. 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. Methane sorption capacity of coals, at a
given pressure, decreases with increasing moisture content to a certain
percentage of moisture which is a characteristic of each coal. Thereafter no
further reduction of methane capacity occurs despite increasing moisture

content.

Methods of determining the methane content of coal seams can be classified as
'direct’ and 'indirect’. The direct method involves the direct sampling of coal
underground followed by the measurement of gas in the laboratory 13], The

indirect, methods calculate the methane content from measurements of the in-

situ gas pressure with a knowledge of the relevant ‘adsorption isotherm' of the
coal which is the plot of the volume of gas adsorbed against pressure at a

constant temperature [14],

11



1.4 The Release and Flow of Methane

The methane, which is present in coal after the coalification process both in

adsorbed or free gas state, eventually reaches a stable equilibrium. However,
underground mining operations disturb the strata and upset this equilibrium of

adsorbed gas in strata. These activities also cause relaxation of strata and the
resultant fracturing provides flow paths for the gas to migrate into mine
workings. In the original state gas in coal is at high pressure. Mine workings,
containing air at near atmospheric pressure, provide a 'pressure sink' into
which methane flows from the zone of gas emission surrounding the working

[15,16], The flow of methane is considered as a two-step process [8,17];

1. diffusion through the micropore structure of the coal,

il. flow along interconnected fissures in the coal bed.

Methane moves by diffusion through solid coal from the desorption site until it

Intercepts a fracture in the coal. The diffusion process is governed by
concentration gradients, and is given by 'Fick's Law' [3). Methane flow,
described by '‘Darcy's Law' [18], along the fissures within coal is caused by the

pressure differences between the in-situ gas pressure and atmospheric pressure

of mine air. Although, both diffusion and laminar flow occur simultaneously

during the gas emission process, the volume of methane entering mine

workings by flow through fissures is generally far greater than that by diffusion

alone [19],

12



Flow within the fissures is considered to be laminar in accordance with Darcy's
flow equation [8], Darcy's Law also requires fluid flow to be viscous where

fluid flowing over a solid surface adheres to that surface. However, in the case

of gases this does not happen and slip occurs along the fracture walls [20.21],

The occurrence of slip results in a higher flow rate than calculated using Darcy's

equation, a consequence of the apparent dependence of permeability on gas

pressure which is described by the 'Klinkenberg effect’ which will be discussed
later in this chapter. From the literature reviewed [12.22], it was decided to
ignore the Klinkenberg effect to simplify the model developed in this thesis.
The error due to ignoring the Klinkenberg effect would be very much less than

that caused by the definition of strata permeabilities after stress redistribution.

The release of any strata gas from source beds and its subsequent migration
towards the working areas is dependent upon geological, physical and mining

factors, some of which are [23]:

1.  the gas content and the thickness of the coal seam,
11.  the pressure at which the gas is held,

iii. the permeability of the virgin coal seam and the surrounding strata,
iv. the modifications of coal seam and strata permeabilities by mining,

v. the subsidence of the overlying rock,

vi. the method of mining and roof control,

vii. the method of ventilation,

viil. depth of working,

ix. presence of other source beds in the vicinity of the seam worked,

Xx. barometric pressure,

xi. rate of coal production.

13



Permeability is considered to be the principal factor controlling gas emission
into mine workings. The release of methane from coal and its flow through
strata towards the workings is controlled mainly by the permeability of the
formations concerned. Stress disturbances created by mining operations affect
the permeability of both the seam being worked and that of adjacent strata and

therefore determine the pattern of methane emission [24),

1.4.1 The Source of Methane Flow

Methane entering coal mine workings may originate from the seam being
worked or adjacent seams or strata. Methane from the seam being worked 1s
called ‘coal front gas' and can flow through the seam to the coal face or can
migrate through adjacent strata to the relaxed zone behind the moving face.
Methane from the source beds of carbonaceous material above and below mine
workings migrates into the roadways from the roof and floor and is termed
'strata gas' [25.26], Methane which is desorbed before coal reaches the face

may be released when the coal is cut. The remaining gas will gradually desorb
from the coal as it is transported from the mine but this desorption may not be

complete when the coal leaves the mine [5-27], Itis generally accepted that there

are three main sources from which methane is emitted;

1.  the actual seam being worked,

ii. the waste area behind the face,

iti. the source beds of carbonaceous materials above and below the mine

workings.

14



It is clear that the emission of methane into mine workings is a complex
combination of processes. However, in general mining practice it is suggested
that the main part of methane emission is comprised by strata gas and therefore,
the research topic was focused on the study of strata gas. The references in

~ later chapters to gas emission will be taken to mean strata emission rather than
emission from the worked coal seam. However, for a comprehensive

simulation of methane flow around a working longwall coal face, account
should be taken of both coal front gas emission and strata gas emission as well

as emission from coal in conveyance.

1.4.2 Single-Phase Flow

The permeability of a coal seam to methane, and therefore the flow of methane,

is also dependent on the presence of water. In some situations the pores and
fissures in the coal and coal measure strata can be filled by water and methane

can only exist in the adsorbed state which makes gas flow impossible [28],
With high strata pressure the permeability of coal to water is less than or equal
to the gas permeability. However, at low strata pressure the permeability to

water can be greater than the gas permeability since the coal tends to fracture

internally under the shear stress of the flowing water [2%],

In strata with a large amount of water, the assumption of single-phase flow may
lead to inaccurate results. However, for normal mining conditions it is
reasonable enough to assume that the gas flow 1s single-phase in order to

simplify the simulation.
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1.4.3 Temperature and Compressibility Effects on Gas Flow

In the course of gas flow, temperature differences can change the density and

viscosity of a gas, which in turn affect the flow rate. However, for mining

purposes, the flow rates of gases are relatively low and the change in gas

temperature may be up to 15 %C. This change would correspond to variations

in both density and viscosity of about 5 % [22],

It has been shown in the USSR that there is a drop in temperature of between
10 °C and 30 °C at the coal surface, when methane is desorbed, due to the heat
requirements of the desorption process. This temperature change is not
considered to have a significant effect on the flow mechanism of methane
through coal [29.30), It was therefore decided to assume isothermal flow

conditions, in order to simplify the differential equations in the model.

Another assumption made, was that methane obeys the perfect gas law. This
requires that the gas should not exhibit high compressibility. Keen [12]

discussed the problem of the compressibility factor, and concluded that any

compressibility effect can be ignored.
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1.5 The Theories of Fluid Flow in Porous Permeable Media

The fundamental theory of laminar flow through homogeneous porous media is

based on experiments originally performed by Darcy in 1856 (18311, He
conducted a series of experiments on the flow of water through filter sands by

varying the different quantities involved and finally arrived at the relationship:

Q = -K'% (hy-hy) ... [1.2]

where
Q = total volume of fluid flowing through the filter sand in unit ime,
A = cross-sectional area of the filter sand,

ha-hy = difference in the head of the fluid across the filter sand with length L,
K |

a constant depending on the properties of the fluid and of the porous

medium.

The negative sign indicates that flow is in the opposite direction to increasing L.

This relationship is known as Darcy's Law and literature is available for more
detailed discussion of Darcy's work [32], For the case of one dimensional,

non-compressible fluid flow equation 1.2 takes the forms (311;

dP
= - K' A — * & & 1.
ix [1.3]
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where
dP

q, — pressure gradient.

Q=-k AL 4]

In order to increase the applicability of Darcy's Law, Nutting [33] proposed the

following relationship:
J
T
where
B = fluid viscosity,
k = permeability of the material.

Substituting k/pt for K', Darcy's equation for steady-state non-compressible

fluid flow through porous media can be written as [31];

k A

for compressible fluids,
k AAPP
Q2= u L P2 -..[1.6]
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where

Q, = volume flow measured at pressure P,
P = mean pressure,
AP = pressure difference.

1.5.1 Slip Flow in Porous Media

Flow experiments using Darcy's equations have shown that air permeabilities
are higher than liquid permeabilities when using the same porous medium. In
the case of compressible fluids, the fluid velocity at the capillary walls does not

reach zero, this eventually gives an increase in the flow rate. The phenomenon
is called 'slip' and it is considered that Darcy's Law gives results of limited
accuracy under this condition. For slip to occur, the necessary condition is that
the pore diameters become comparable with, or less than, the molecular mean

free path of the flowing gas [31],

Adzumi [20) and Klinkenberg [21] studied the anomalies observed in gas flow
through porous media using molecular slip theory. Adzumi's approach to the
problem was mainly theoretical. However, Klinkenberg based his theory

mainly on experiments.
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1.5.1.1 Semi-Empirical Adzumi Theory

Adzumi [20] ysed the theory of molecular slip in order to explain anomalies
observed in gas flow measurements through porous media. His theoretical
model was represented by a bundle of parallel capillaries with different lengths
and diameters. He eventually derived an equation for gas flow through a
porous medium using Knudsen's Law of slip [34] flow through a single

capillary on his theoretical model. This equation is given as follows:

Q2=58A—-ﬁee%+v§- 2NRT1(4P—,E- ... [1.7]
where
vV = Adzumi constant and is suggested to have a value of about 0.90 for
single gases and 0.66 for a gaseous mixture,
n = number of pores in the cross-section of the porous medium,
R = average radius of the pores,
L. = thickness of the porous medium,

€, X = constants, as given below:

nR4
e =17
and
R3
k= [°L-]
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1.5.1.2 Semi-Empirical Klinkenberg Theory

Klinkenberg [21] 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 applied pressure and the type of
gas. In order to explain these discrepancies, he used slip theory and suggested

a correction to Darcy's equation as follows:

AAPP ... [1.8]

where kg gives apparent permeability for each different type of gas and applied
pressure. This value can be defined by the following equations:

ky=k (1+2) ... [19]
p
ky =k +k ba ... [1.10]
p

where
ki = liquid permeability,
b = Klinkenberg constant which is different for each material depending on

the structure of the pore system.
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As seen from figure 1.2, when kg is plotted against the reciprocal mean

pressure, 1/P, it should yield a straight line with intercept equal to k; and

gradient kb from which the Klinkenberg constant , b, can be obtained.

5.0
g
E 45
Z
4.0
>
=
S 35
:
¥
§3 - @ Hydrogen
§ ¢ Nitrogen
S a  Carbon Dioxide
2.0

0.0 0.2 0.4 0.6 0.8 1.0
Reciprocal Mean Pressure, (atm)"'1

Figure 1.2 Permeability Constant of Core Sample 'L’ to Hydrogen, Nitrogen,
and Carbon Dioxide at Different Pressures (after Klinkenberg [21]).

Sowier [35] re-examined Klinkenberg's findings on the flow of different gases
through porous media and concluded that liquid permeability was changed for
different types of gas. He finally suggested the following equation for the
apparent permeability of a medium:

Kd=KI(1+';IS;) .+ [1.11])
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where

K; = coefficient of gas conveyance which changes for different gases,

S = aconstant that varies with temperature.

1.6 Summary of the Assumptions

The main objectives of this research are to develop a reliable prediction method
based on a mathematical approach to calculate strata methane flow into mine
workings around a moving longwall face. Therefore, emphasis has been
placed on the development and applicability of a prediction model to
underground longwall mining rather than a more complex mathematical
approach. The main reason for this is to show that the accuracy of such a
prediction method is very much dependent upon the reliability of field data and
applicability of the method rather than the degree of mathematical perfection.
The gas flow simulation model to predict strata methane flow around a moving

longwall face discussed in later chapters was based on the following

assumptions:;

1.  Gas emission is mainly comprised by the strata gas.

ii.  The effect of adsorption is ignored.

iil. Flow is laminar.

lv. Darcy's Law is valid.

v. Klinkenberg and Sowier effects (slip effect) are ignored.
vi. Flow is single-phased.

vii. Isothermal conditions exist.

viii. Methane obeys the perfect gas law (shows no abnormal compressibility).
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1.7 Review of Mathematical Models for Methane Prediction

Since 1958 over thirty five distinct mathematical models for predicting methane

flow from coal seams have been developed [36], Most of these models were
designed for vertical and horizontal degasification wells to predict methane flow
from coal strata. Only a few of them allow full scale mining application.
These models differ by the assumptions used in the formulations, the degrees of
rigour used in the solutions, and finally, the capabilities considered by the
models. The models are formulated either empirically or analytically and were
solved by both analytical and numerical techniques. The numerical techniques

include traditional finite difference, as well as method of lines and finite element
methods. However, all these models can be classified by the treatment of the
gas sorption (desorption/adsorption) process such as empirically based models,
equilibrium (pressure-dependent) sorption models, and non-equilibrium

(pressure and time-dependent) sorption models.

The most simple models are the empirically based models. These models are

based on simple mathematical descriptions of observable physical phenomenon.
Examples of empirically based models include Airy’s first model, decline
curves, Lindine’s model, and the model of McFall et al. [36], Although the

empirical based models models are relatively simple, requiring few input

parameters, they are limited by the assumptions and observations used in their

development.
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1.7.1 Equilibrium Sorption Models

Equilibrium (pressure-dependent) sorption models are theoretically derived
models which account for the physics of the adsorption/desorption process. In
this approach, it is assumed that gas desorption from coal surfaces and
diffusion through the micropore system is sufficiently rapid, so that equilibrium
with the gas phase pressure is continuously maintained. Consequently, these
models are single porosity reservoir models. An approach of this type does not
account for the time lag (time-dependence) incurred during transport through the
micropore system. Non-equilibrium sorption models (pressure and time-
dependent) take this transport into consideration. Examples of equilibrium
sorption based models are given in figure 1.3 and a full discussion on these

models can be found in King and Ertekin’s comprehensive survey of

mathematical models related to methane production from coal seams [36],

Of the models given in figure 1.3, Owili-Eger’s model, from the Pennsylvania
State University, was the first which use numerical techniques for the prediction

of methane to full scale mining activities (14, The model they developed
assumed steady-state, single-phase, isothermal, and Darcian type of flow.
Keen [12] and O’Shaughnessy [22), from Nottingham University, sought to
apply numerical techniques to longwall mining by developing transient
solutions for methane flow. Their research made use of equilibrium sorption
models which are based on the assumption that adsorbed gas is in a continuous
state of equilibrium with the free gas pressure. Keen used the finite difference
method while O’Shaughnessy prefered the finite element method due to the

inflexible nature of the finite difference method, particularly in the vicinity of

boreholes.
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Figure 1.3 Relationships of Equilibrium Sorption Models (after King and
Ertekin [36]), |
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1.7.2 Non-Equilibrium Sorption Models

Non-equilibrium sorption formulations are essentially modified forms of

conventional dual porosity models [37). These modifications to the

conventional dual porosity models arise because;

i.  incoal seams methane is considered to be compressible,
1.  methane in the micropore structure of coal is in adsorbed state,

1il.  gas transport through the micropore system is a diffusion process.

As with conventional dual porosity models, two approaches have been used to
formulate coal seam models. Pseudo steady-state formulations use a
discretized form of Fick’s First Law to describe gas transport through the
micropore system, while unsteady-state formulations use Fick’s Second Law.

The assumptions which are common to all non-equilibrium sorption models are

given below:

i.  Coal has a dual porosity (micro and macro porosity) system.

ii.  Water is regarded as a slightly compressible fluid and water flow in macro
pores obeys Darcy’s Law while gas transport through macro pores can

obey Darcy’s Law, Fick’s Law or a combined form of these laws.

iii. Flow is isothermal and free gas behaves as a real gas.
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iv.  Gas transport through micropore system is a diffusional process. Pseudo
steady-state transport is governed by Fick’s First Law, while unsteady-

state transport is governed by Fick's Second Law.

Examples of non-equilibrium sorption based models are given in figure 1.4 and

figure 1.5, whose formulations and discussions also appear in the literature [37],

Among the models given in figure 1.4 and figure 1.5, those of Federov et al.

and Kovaley and Kuznetsov include application to longwall mining. Federov
used a single-phase pseudo steady-state flow model for simulating gas emission
into a stationary mine face [38]. Kovaley and Kuznetsov's unsteady-state
model calculated the rate of methane emission into an advancing longwall face
1391 while the others were mainly designed for the prediction of methane flow

from either single or full-field scale degasification wells.

Although non-equilibrium sorption models provide a better description of
methane flow from coal, the equilibrium sorption approach was chosen due to
its simplicity. It was thought that this would adequately serve the purpose to

develop an applicable prediction model to underground longwall mining.
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CHAPTER TWO

DERIVATION OF THE TIME-DEPENDENT GAS FLOW
EQUATION

2.1 Introduction

Darcy’s flow equation for compressible fluids as derived in chapter one is as

follows:

k AAPP
& = W L P

This equation can be applied to a bed with constant thickness L and permeability
k being percolated vertically by a compressible fluid with viscosity M.

However, this form of definitions has very restricted use because it allows only
constant parameters. For more general applications it is necessary to write it in

differential form.

This chapter deals with the differential definition of Darcy’ flow equation given

above.
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2.2 Derivation of the Time-Dependent Gas Flow Equation

Consider an element of rock with anisotropic permeabilities ky, ky, k; with

respect to the x, y and z coordinate axes, as seen in figure 2.1, Darcy's Law

states that:
: dP
m, = «— — .o 2.1
X URT dx .
where
m, = mass flux in x-direction through an area A,
k = permeability of the surface of area A,
A = area,
B = viscosity of fluid,
R = gas constant,
P = gas pressure.
Applied to the element shown in figure 2.1, in the x-direction this gives:
. k,0y0 oP
m o= --ALZp X ... [22]

URT ~* ox

k
. G#ok)Oy0z b Lsp (%Ehaap" ... [2.3)

m, + Om, = URT -5;(—)
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Figure 2.1 Element of Rock with Variable Anisotropic Permeability (after
Keen [12)),
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Therefore, by subtraction of equation 2.2 from 2.3

. Oydz oP oP dP
S, = - -“-’-];—,f.- { ke { 8P (55) + P8 (5) + 8P, (53) )
X dx ox
BPZ
+ apxa( ) }} * o o [2.4]
ox
hence
. Oydz dP oP
8 —_— - — ——L -_._x..
my IRT { kxﬁpx ( » ) + kxPXS ( n )

+ 8k, Py (%I—}) +0(52) ) .. [2.5]

A similar result may be derived in the y- and z- directions giving:
dm = 8my +dmy +0m,

and
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L L SR
om = -p.RT{ Syﬁz[kxﬁpx(ax)+kxpxﬁ(ax)+8kxPx(ax)]

' p
+ BxBz [ kyBPy (23) +k,P,3 (%f) +8k,Py (2 ]

dy dy
oP dP oP
+ 5x8y [ k,SP; (321) +k,P;8 (—a;‘) + 3k,P; (-a—z‘) ]
+0 (6% } .« [2.6]

From the continuity equation, a small increase in the mass is given by the

product of the porosity, density and a small increase in volume, 1.€.

om = ¢ p Oxdyodz

SO,
Om = ¢ p Sxdydz
where
m = rate of change in mass,
p = density,
¢ = porosity, which is assumed to be constant.

and the element has volume dx8ydz. Dividing equation 2.6 by dxdydz and ¢

gives.
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. l 5P, 9P ) Ok, P
= - —— {[ky, 2 D) + kP —ip (—&
P ¢uRT{[ * 8x (8x)+ X s +8x x(ax)]
+[k 8_P¥(Q_P_x)+k P —J’—a(%&)+8—k¥P (‘El)]
Yoy dy” 77 8y &y Y 9y
OP, OP
+ [k, —8-: (g’ﬂ) +k,P;
+ 0 ) } ... [2.7]
In the limit where
0x, 0y, 6z — 0
oPx, 6Py, 6Pz — 0
Pyx,Py,P, P
then
P __L_y gvp
ot 2'-1¢RT '( ) ¢ oo [2.8]

where k is the permeability tensor and is given as follows:
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For a perfect gas,

where n 1s the polytropic index of the process (n=1 if the conditions are

1sothermal).

n-1

RT

Therefore, for isothermal conditions the following equations can be obtained:

p=0aP
_ 1
P = )T’
d 1 oP
_Bt[)-:ﬁ_ét_ .o [2.9]
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substituting equation 2.9 into equation 2.8 we have

l
L v.kvP? L2
5= e &P 12.10]
or
P _ 1y kvp . [210)
ot 2116

Equation 2.11 is the general time-dependent equation for a perfect gas with
viscosity |, flowing through an anisotropic porous medium with variable

permeability k and porosity ¢, In the absence of gravity.

2.3 Simplifications of the Equations

Depending on the physical circumstances in which gas flow is believed to

occur, equation 2.11 may be simplified. For the simulation of methane flow

through underground strata the equation to be applied should be the one which

considers transient gas flow (dp/dt # 0) through an anisotropic media with

variable permeability (k is not constant). If there are circumstances, where

these assuptions do not apply, equation 2.11 can be simplified accordingly.

For example:
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: . e . OP
In this case, the gas pressure remains constant with time, 1.e. — = 0, and strata

ot

permeability does not vary directionally in the flow area, i.e. kx=ky=k; =k.

k
0 = —V2(P2)
2u¢

where k 1s a constant scalar. Hence

V2({P2) =0

ii.  The steady-state approximation with variable permeabili

The same conditions as above apply but the gas flow area has variable

anisotropic permeabilities, kx,ky.kz = functions of X, y and z.

0 = —V.(kVP2)
2u0

Oor

V.(kVP2) = 0
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ith isotropic permeabilit;

111

In this case boundary conditions are not constant and ‘gas pressure varies with

time whilst media permeability remains isotropic, ky=ky=k; = k.

dP k
ot 219
iV. Lhe tra 1€ !'J-.llll !_..1."

In mining situations gas pressure boundaries are subject to continuous changes
and permeabilities are also differing throughout the mining area. Therefore,

equation 2.11 should be used without any simplifications as given below.

B _ 1y (kvp

n 2M0
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CHAPTER THREE

NUMERICAL SOLUTION OF THE TIME-DEPENDENT
METHANE FLOW EQUATION

3.1 Introduction

The time-dependent gas flow equation for variable anisotropic permeability

which was denved 1n the previous chapter can also be expressed as:

op _ 1 (o o2 9 . 92 3 . 3p?
ot 2p.¢ {axl [kl axl]+ax2[kzax2]+ax3[k3ax3]} > o o [3-1]

The solution of equation 3.1 is the key to a greater understanding of strata gas
flow around mine workings since it was derived from Darcy’s law, which is

considered to be valid in the type of flow concerned under the assumptions

made in chapter 1.

Equation 3.1 will therefore be taken to describe the transient methane pressures
around the longwall in the model. The solution of time-dependent gas
pressures will be used for the calculation of methane flow through strata into a

roadway or borehole system.
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3.2 Possible Solution Methods for the Gas Flow Equation

In the solution process for equation 3.1 two approximation techniques are

available to model the differential equations, namely 'finite difference' and
'finite element’ methods. Fundamental to both methods is the concept of

discretization wherein a mesh of points, termed nodes, is specified, enabling a
continuous domain to be represented as a number of contiguous sub-regions.
The finite difference method defines approximations to a continuous solution at
1solated nodes, whereas the finite element method is used to provide an
approximate solution over the entire domain (40). Consequently, when using
the finite element method, it is not necessary to apply additional interpolation
schemes to obtain a solution at an arbitrary point in the domain. Keen [12] used
the finite difference method to solve the gas flow equation, but several
problems, due to the inflexible nature of the finite difference method,
particularly in the definition of the borehole boundaries, were encountered. In
addition, there are a number of other difficulties pertaining to the computational

techniques required in the solution process and Keen concluded that the method

was completely inadequate as a solution technique for the gas flow equation.

The next solution technique to be considered is the finite element method which

is widely used in the solution of a large number of engineering problems [41,42],
Keen and O'Shaughnessy [22] were successful in using the finite element

method to solve the gas flow equation and therefore, it was decided to use
finite element techniques for the prediction of gas flow around a longwall

working,
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3.3 Solution of the Time-Dependent Gas Flow Equation

Equation 3.1 can be reduced to a linear form for problems of practical interest,

employing ¢ (= P2), which will later be called field variable, as given below:

d,, 900, 9, db. 9., 0¢. b
g 9 b 4 B & it &b [Pk AP y)
ax[kxax]+8y[kyay]+az[kzaz] cat 1321
where
C = (see equation 2.11),
Ko
kx.Ky,kz = directional permeabilities.

The general solution of this type of differential equation is found by using a
variational principle valid over the whole region [43), The correct solution

minimizes a functional which is defined by the integration of a function of the
unknown quantities over the whole domain. The general functional for

equation 3.2 which will be minimized, 1s given as:

- 1[5 [k [S2P+ky (21 + kg 152 P+ 520 ] axdydz. 133)

The true minimization of ¢ would require that
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If the field variable ¢ is defined element by element as given below:

0= (N}T{¢]€ ... [34]

where
{N}T = shape function,
{6}€ = listing of the nodal field values.

Then, differentiating equation 3.3 and employing equation 3.4, the following

set of minimizing equations for the whole region is obtained [22l:

ox _ 9, _ 3.5
a¢-[51{¢]+[M]lat} {0} .o o [3.5]

where
{S} = matrix representing spatially-dependent terms,
(M} = matrix representing field variables.



3.4 The PAFEC'75 Program Package

Finite element programs have been written by many researchers and it is
common practice to use existing generalized routines for the solution of

equations. This, of course, reduces the amount of work required of users.

The PAFEC program package contains thermal routines for the solution of the

time-dependent equation for a temperature distribution [44.4),

d ,dT. 9., 0T, 9., 0T oT
— L i A esiegls upbiy— - ST = «c v .6
Bx[kax]+8y[kay]+az[kaz] “at 0 3.6

This equation has certain similarities with the time-dependent gas flow equation,

equation 3.1, if ¢, the field variable, is set to T, the temperature, and kx=ky=k;

to a constant k, the thermal conductivity. When the appropriate region has

been discretized there will be only one parameter to be determined, namely the

temperature, which is the equivalent of the square of the gas pressure from the

gas flow equation.

After minimizing equation 3.6, the following system of equations can be

obtained;

[S]{T}+[M] (T} = {Q) ... [3.7]
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where

(T} = vector of temperatures for each node,

[S] = square symmetric matrix containing spatially-dependent terms,
[M] = square symmetric thermal mass matrix,

(T} = vector of temperature derivatives with respect to time,

{Q} = vector of heat fluxes which enter the structure at the nodes.

If {T} 1s partitioned to give,

in which {T,} are the unknown temperatures and {Ty} are the known
temperatures, and since the time-dependent temperature derivatives, {T}, are

constrained to zero in the steady-state case, equation 3.7 becomes:
[S]I{T} = {Q}

If [S] and {Q} are partitioned appropriately then the resultant system of

equations becomes:

Sa S T, Q
{s'gs:} B {Tb Q,}
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From the uppermost partition:
(Ta) = [Sa] P [{Q) - [Spl{Ty}] ... [3.8]

To obtain the unknown temperatures, {T,}, it is required to know the
components of {Q,} which are specified by the package program itself. Having
obtained {T}, the time-dependent temperature gradients, {T} can be calculated.

If equation 3.8 is partitioned one has the uppermost partition as given below:
(Mgl {Ta} = {Qa}-[Sal{Ta}-[SpI{Tp}-[Mp1{Tp} .[39]

Now, at time t=0 the initial temperature distribution {T, },—gand {Ta}-q can be

found from equations 3.7 and 3.8. In the PAFEC'7S package the subsequent

temperature distributions are found using the 'Crank-Nicholson' finite

difference scheme which makes the approximations:

AT hH+{T heat
{T}—[{ }+2{ }+]

— [T}+A"{T]
(T} [———‘—J——iAt ]

where

At = the time step.
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As noted previously, the gas pressure (¢=p2) obeys the same equation as the
temperature, T, and therefore the same scheme can be used for a gas pressure

distribution with appropriate mapping as given below:

p=+V T
aT _ dp’
X - o
dar _ , dp
% - Py

Substituting the above relationships into equation 3.2 and minimizing the

appropriate functional gives a system equation:

[S] {P2} + [M] {P) = {0} ... [3.10]

Pressure derivatives with respect to time other than t=0 can be obtained by

employing the ‘Crank-Nicholson' method which makes the approximation:

2 2

AP hya- (P
(P} = L ]
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If the above approximations are substituted into the equation 3.10 then,

P -{P
[M]E'{__]—t%:__{—_}l]‘*'[slllpz}t"'{f’z]HAt] = {0} .[3.11]

Solution of this set of non-linear equations can be computationally time
consuming, therefore a simple alternative approach suggested by

O'Shaughnessy [22], can be used by employing the following:

(P}

{ P}
and

1 (P2} a- (P2
(P} =71 {;}lAt ]

Incorporating the above equations into equation 3.10 and re-arranging:

2 _ 2
(M] [—‘—P——“;ft—‘—u‘] + (PT),[S1{P2), = {0}.[3.12)

hence

M M
_[_2_51{[)2 honr = I—2§1{P2 be-{PT L, [S]{P2), ...[3.13]
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From equation 3.13 {P2},,4( can be evaluated to give the time-dependent
pressure distribution, after modification' of the relevant routines of the
PAFEC'75 package program. From now on, all references to the PAFEC'75
thermal solutions or routines will be taken as analogous to gas flow solutions,

and the analogy of temperature for this will be gas pressure.

The modifications required for the solution of the time-dependent gas pressure

distribution when using the thermal routines will be explained in chapter 6.
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CHAPTER FOUR

STRESS-PERMEABILITY RELATIONSHIPS OF STRATA AND
STRATA MECHANICS

4.1 Introduction

Permeability may be defined as the fluid conductivity of the strata under
consideration, and can be subdivided into micro and macro permeability [28].
Micro permeability may be considered as the permeability of pores, whilst
macro permeability can be defined as the permeability of the fissures in coal.

Permeability should not be confused with porosity which governs the free

methane storage capacity of coal (9,

The measurement of the permeability of coal or coal measure strata to methane

flow is a difficult task. Ideally laboratory tests will give the original matrix

permeability of the rock. However, to predict methane flow the in-situ strata
permeability is required. This may be orders of magnitude greater than the
matrix permeability [46], Therefore, greater importance should be attached to

the determination of strata permeability.

There is no doubt that the permeability of coal seams and adjacent strata has a

considerable effect on the flow of methane. Research [47,48,49,50,51,52] has

emphasized the significance of the effect of stress on permeability and gas

51



release from coal. Therefore, any attempt at simulation of methane emission
through strata adjacent to a working coal face, should consider the question of
permeability, since this is of the greatest importance to the ultimate reliability

and accuracy of such a simulation.

4.2 Review of Stress-Permeability Relationship of Strata

The earliest inquiry into the effects of stress on the permeability of rocks was

made by Fatt and Davis [48] in 1952. They studied the effect of overburden
pressure on the permeabilities of eight different sandstones upon which

hydraulic pressure was applied. Measurements showed that the specific
permeability of sandstone decreased with increases in hydraulic pressure. Ata
hydraulic pressure of 20.70 MN/m?2 the permeability of the sandstone cores
ranged from 59 % to 89 % of their permeability at normal pressure.

Patching [49] studied the effects of confining pressure on coal, and found that

the permeability of the coal specimens was reduced by more than three orders of
magnitude as the confining pressure was increased to 20.70 MN/m2. He also
examined the hysterisis of permeability as a specimen was loaded and unloaded
and concluded that the permeability of coal was dependent upon its stress

history.

Mordecai [90] carried out some laboratory tests to investigate the changes in the
permeability of samples of coal measure strata which were triaxially stressed.

He concluded that, on first applying a hydrostatic state of stress, permeability

52



markedly decreased (figure 4.1). Further stressing by means of increasing
vertical load led to a further reduction of permeability until 2 minimum value

was reached. Permeability then rose until the specimen failed.

He suggested that the application of stress first closes up permeable channels,
then fractures begin to propagate leading to a rise in permeability. He also
remarked that the magnitude of the confining pressure has a great effect on the
stress-dependence of permeability. That is to say, the higher the confining
pressure the greater the resulting decrease in permeability will be from the first
application of a hydrostatic state of stress. It was a general observation from
all the tests conducted on the various rocks, that the more impermeable the rock,

the greater was the sensitivity of its permeability to stress.

In 1975, Sommerton et al. [31] studied the effect of stress on the permeability of
coal by passing nitrogen through it axially, under various conditions of applied

axial and radial stress. They also investigated the effect of flow direction on
the permeability. Permeabilities were found to be strongly stress-dependent,
decreasing by more than two orders of magnitude in the stress range of 9 to 70
MN/m2. They concluded that the permeability of fractured coal was highly

dependent on its stress history, decreasing in magnitude with each loading cycle

except in cases where the applied stress caused further fractuning.

Recent research into the effects of triaxial stress on coal permeability was
carried out by Gawuga [52], in 1979 , and Durucan [47], in 1980. Gawuga
studied the effects of applied stress and gas pressure on the permeability of

coal. Durucan investigated the stress-permeability relationship of coals and the
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flow of methane around working longwall faces. He suggested that the axial

permeability of coal, after failure at face stress conditions, would increase by a

factor of 100-500.

It was recognized by Durucan that the permeability of coal was a controlling

factor in the flow of methane around working longwall faces. It is therefore,

necessary to determine the permeability changes under stresses which simulate
the actual conditions created underground by mining operations (figure 4.2).
In order to achieve this, an understanding of the stress disturbances in the strata

around a working longwall face is required.

The latest study into the changes of stress and release of methane from longwall

coal faces was carried out by Riley [28] in 1986. He attempted to explain the
behaviour of a coal seam affected by mining-induced stresses, using a borehole
monitoring system within the pillars, both on advancing and retreating faces.

He concluded that the advancing face investigations were more closely related to

the general behaviour of coal seams under stress. The nature of in-situ gas

emission from coal and changes in stress were found to be more complex than

had been indicated by previous laboratory measurements. In the field, the
measured changes in the parameters of stress, gas pressure and gas flow were

found to be rapid and dramatic, indicating a more dynamic process than

previously considered.
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4.3 Post-Failure Stress-Permeability Relationships of Strata

As explained, previous research into the stress-permeability behaviour of coal

seams has shown that the permeability of coal is mainly dependent on the state
of stresses acting on the coal mass. It has also found that the extent of changes

in the permeability of coal due to increasing or decreasing stresses varies from
one coal seam to another depending on their inherent properties such as
mechanical strength, elastic behaviour, rank etc [53], It is therefore, important
that the stress-permeability behaviour of strata should be studied in depth (in
both in-situ and laboratory investigations) to achieve an understanding of

methane flow through them.

This simulation model of methane flow considers the strata gas as the main

source of gas entering the mine atmosphere other than the coal seam being
worked. It is obvious that many parts of the mining area, especially the roof of

the working level, are subject to some degree of failure, and most of the gas
flow occurs through this failed area. The permeability of the strata to this gas

flow is of course, quite different from its virgin or pre-failure values. There 1s
the likelithood that fracture permeabilities are more dominant than strata
permeabilities in this area. In any geological cross-section, the thickness of coal
measure strata through which gases pass is much larger than the total thickness
of coal seams. The above points indicate the need for further knowledge on the
post-failure stress-permeability behaviour of coal strata (and coal) for such a
simulation model. In fact, there has been some research showing pre and post-
failure stress-permeability behaviour of different coal seams [53.54], and some
for coal measures up to failure [48:49:50], However, hardly any reliable data has

been found for post-failure permeability behaviour of coal measure rocks [55),
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4.4 Strata Mechanics Around a Longwall Coal Face

The concept of permeability, which 1s highly stress-dependent, is considered to
be the most important factor in predicting the methane flow from strata.
Permeability is also the main variable of the gas flow equation, equation 3.11,
which was derived in the previous chapter. In order to obtain better results
from the solution of the gas flow equation the main vanable, the permeability of
the strata, must be given as close to real in-situ values as possible. It is
therefore, necessary to achieve an understanding of stress fields around
working longwall faces and to evaluate the induced-permeability values under

these stress conditions. The results obtained from the solution of equation 3.1

can then be more representative and a comprehensive simulation of methane

flow may be achieved.

Before mining commences, underground formations are loaded by the weight

of the overlying strata, and the stresses are thus uniformly distributed. As coal
is extracted, stress conditions on the longwall panel are readjusted and, at some

stage, a new equilibrium is reached in the form of ‘high' and low’ pressure

zones around a longwall face [56), The high pressure zones are called 'pressure
abutment zones' and are shown in figure 4.3. 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 the permeability of the strata by the forward movement of
the face. Whittaker [56] suggested that, in general, the magnitude of the peak
abutment pressure would be 4-5 times the cover load. As seen from figure 4.3,
in the vicinity of the face, where the roof is totally destressed, the vertical

pressure would be reduced to much less than the cover load. Towards the waste
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pressure gradually builds up on the cover load at a distance between 3/10 and
4/10 of the overburden thickness behind the faceline.

4.5 Principal Stresses Around a Longwall Face

The stresses on an element of material situated underground may be resolved
into three principal stresses [97), These stresses are at right angles to each other
so that each of the principal stresses may be visualized as being on two opposite
sides of a cu*be as shown in figure 4.4. When the three principal stresses are
unequal then shear stresses are induced. These are given by a function of the

difference of two principal stresses on the same plane.

Figure 4.4 Principal Stresses on an Elementary Volume (after Hoek
and Brown [37],
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Stress systems likely to be experienced around a working face can be

summarized as follows [47.58];

[61] > [02] = [03]

where
C; = maximum principal stress,
C3 = minimum principal stress, (G = G3).

11. A complex stress svstem at the face in which two of the stresses are

compressive and the third is tensile

o3 >0 >0 > O

Coal seams will behave differently under the above stress conditions, and the

structural changes occurring during these stages will dictate their permeability to

gas. Generally, two types of fracturing and failure of coal can occur under

these stress systems:

i.  Triaxial compression or induced shear failure.

ii. Uniaxial compression or induced tensile failure.
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4.5.1 Triaxial Compression or Induced Shear Failure

This type of failure occurs when the maximum principal stress becomes

excessively high [58], The maximum principal stress at failure, 6, can be

given as:
1 + sin
Op = Oy + —————9 O3 ... [4.1]
1 - sind
where
Oy = maximum principal stress at failure,
O3 = Compressive stress,
Gy = uniaxial compressive strength of the matenal,
¢ = theinternal friction angle of the matenal.

4.5.2 Uniaxial Compression or Induced Tensile Failure

Griffiths [59] was the first to show that the presence of cracks in a medium
would serve to generate tensile stresses, even if a unifonﬁ compressive stress
was exerted at the boundaries of a sample, as experienced in the crushing
zone. Coal has three prominent crack systems, along the bedding planes,

and the two cleat planes perpendicular to the beddings. When subjected to a
uniaxial compressive stress, it is likely that one of these systems, parallel to

the applied stress, will be affected by induced tensile stresses, and failure can
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