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ABSTRACT

Violent gas outbursts are one of the most severe hazards in underground mining. When
outbursts occur, a large amount of coal and gas is suddenly and violently ejected into thg roadw
and working area with the possibility of serious hazard and injury. Recent studies have shown
that the physical behavior responsible for the energetic failure of coal is entirely consistent with
coal viewed as a dual porogitjual permeabilitydual stifness continuum where strength is
proportional to effective stresses, and where effective stresses are controlled by both the pore
pressure and varying stress field. Gas desorption driven by overstress is highlighted in this study
as the key factor respahke for the increase in pore pressure close to the working face, and
implicated together with elevated stress level, permeability evolution and drainage conditions in
the triggering of outbursts. In this work, we incorporate the likely mass rates ofti@salriven
by an increase in abutment stress and mediated by permeability evolution to define the rates and
distributions of gas pressure changes. The changing pattern of pressure redistribution is identified,
and parametric studies are then performedvestigate all the key factors that influence the
redistribution of pore pressure with respect to the deformation of the coal seam. Permeability
evolution in the overstressed zone is determined by the evolution of porosity, which is attributed
to both the change in effective stresses in the abutment and seiptioced strain. Considering
the weakening effects of desorptimuced pressure increase, energetic failure may be triggered
from the pillar as defined by the Mefloulomb failure criterion. Acading to this analysis, the
pore pressure adjacent to the mining face may be lowered by drainage in a measurable way to
reduce the likelihood of an outburst. This model is capable of predicting the potential risk ahead
of the working face during mining amméin be adapted to different conditions in terms of varying

mechanical factors, coal properties and mining methods
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Chapter 1

Introduction

Gas outbursts in coal mining are defined asrie@ntaneouand violent ejection of
brittle coal, rock and a massive volume of gas, potentially damaging nmraolginery
undergroundupport and causing physical injury to personnel. It has tesegnizeds one of
the most severe hazards in underground mining since its early reporting in the 1850s. More than
30,000 outbursts have occurred historically, of which reportedly thedisastrousaccident
caused 187 deatls the Piast area d¢foland in thé&NowaRuda Colliery in 1941(Lama &
Bodziony, 1998)Nineteen outbursts driven by both of methane and carbon dioxide have been
recorded in th€ollinsville area Australia since the first case killing seven men in 1@%tvey,
2002) Althoughthefrequency of occurrence of outburbtss reduced in recent years with the
development of technology and improved mining methods, outbursts reiaiyarous
phenomenon in the globahdergroundnining industry.

The mechanism of gas outbursts is known to be a complex integration of estyigss
gas content, permeabiligvolutionand geological structure. As a porous medium, the basic
hydrauliccharacteristicef a coal seam amepiced in Fig 1-1 where the mehanical and
transport properties may be interlinked through the theory of poroelasticity, viewed either as a
single porosityBiot 1941)or dual prosity (Warren & Root, 1963EIsworth & Bai, 1992Bai et
al., 1999)medium. The initial vertical hsitu stress state of the coal seam is determined by the
weight of the overlying strata. The process of excavation will shed stresses from the excavated
area onto the adjacent pillar or (Richards, 1984)With this elevated effective stress, the
adsorbed gas is potentially expelled from the coal masriftee gas into the pore spgklel et

al., 2011) Theaggregatiorof this freephase fluid leads to an increased pore pressure in the
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limited pore volumeyhile permeability simultaneously declines due to the compaction of the
fracture system prior to failu&omertoret al, 1975; Wanget al, 2012) Due to the abnormal
stress distribution and mechanical properties, typical geological structures have hééadde
be liable to outbursts such @sformed zones of strikdip, thrust, reverse, and normal faudtsd
rolls, and slipgCaoet al, 2001; Lama & Bodziony, 1998; Shepheitcal, 198L; Wang et al.,

2012)

» Desorption
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Figure 1-1. Schematic of a fractummatrix model for coal. (a) A coal block with random fractures
and gastranspot occurring in the fracture and matrix; (b) A coal block lackinghofizontal
fractures and a simplified-2 model.

Numerous models have been proposed to explain the memhaingsitburst in the past
160 yearsRarefactionwave theorysuggests the impact of tensile waves receives their energy
from tensile failure wheoutbursts aré¢riggeredby a variation in streq¥hristianovichet al.,
1953) The gas pressure gradient ahead of the working face was proposed to be the trigger of
outbursts and studied usingnamerical model for gas flow in coal seamrmnlinear finite
elementmethodqPatersoret al.,1986) Thevariation with distance in the abutment stress which

drives gas desorption have also been investigated threDghuZnericalmodelingfor the goaf
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(Thinet al, 1993)and longwall panglMukherjeeet al, 1994. Coal seams with low permeability

and high desorption rates are noted to be prone to outldrstsmining towards certain

geological structure@Villiams et al., 1995 Notably, existing theories of outbursts may be

classified into two broad categories: the pocket model andythamic modg|Chenet al.,2012)

In the pocket model, it is assumed that pockets ofighscrushed coal exishicertain area

within the coal seam, which trigger an outburst by the rapid liberation of condensed gas. The
dynamic model attributes outbursts to tensile/shear failure, caused by the stress excess to strength
ratio of the coal body.

Plenty of models havieeen proposed to explain the mechanism of outburst in the past
over 160 years. The crushing wave theory suggested the crushing waves received their energy
from compressed gas and destroyed the successive layer of coal body when outbursts are
triggeredby variation in stresgKhristianovichet al., 1953). The gas pressure gradient ahead of
working face was proposed to be the cause to trigger outbursts and studied using a numerical
model for gas flow in coal seam bpninear finite elemeniethod(Patersoret al.,1986) The
variation with distance in abutment stress which drove gas desorption were investigated through
2-D numericalmodelingfor goaf(Thin et al, 1993)and longwall panglMukherjeeet al, 1994)

The coal seam with low permeability and high desorption rate was pointed out to be prone to
outbursts when mining up to certajaological structure@Villiams et al., 1995. It was
summarized that the existing theories of outbursts could be classified into two categories: the
pocket model and the dynamic mo@@henet al.,2012) In the pocket model, it is assumed that
gasrich crushed coal pockets exist in certain area within the coal seam, which triggers an
outburst by a rapid liberation of condensed gas. The dynamic nitriteites outbursts to
tensile/shear failure, caused by the excess stress to strength of coal body.

Gas adsorption/desorption, as a factor for the generation of gas outbursts, was initially

studied by Russian investigators in the 19%@snaet al, 2002) Recently, the sorptive behavior
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of coal has been extensively investigated both theoretically andreep¢ally, as related to the
impact of sorptiorinduced swelling/shrinkage resulting from £$@questrationrenhanced

coalbed methane (CBM) production and the prevention of outl{nstst al, 2014; Hol et al.,

2011; Holet al, 2012;Wu et al, 2011) However, fewstudies relate the contribution of the rapid
stressdriven desorption with the redistribution of pore pressure in coal seams during excavation
(Wanget al, 2013a.

Recenly characterizations are available to define the influence of applied stress on the
desrption of gas from coglPoneet al, 2009 Hol et al., 2011 The sorptive behavior of GOs
reversible in preeompacted aggregates of coal grains as a coesequf effective stress,
accompanied by reversible deformation. The difference in the amounts of expelled gas between
stressed and unstressed condition also demonstrates a reductiorsior@iOn capacity of coal
with respect to the elevated effectiteess. 8quentiaktress desorption experiments were
conducted on high volatile bituminous coal have illustratech&aelinear trend of desorption
rate and effective streg¢ldol et al., 2012)

The permeability of coal is strongly stredspendenfHarpalani & Schraufnagel, 1990;
Robertson & Christiansen, 200&jth a decrease of 1 to 3 orders of magnitude in the
permeability for changes in effective stress of the order of 10(8&aerton et al., 1975
Durucanet al, 1986;Chenet d., 20129. A series of experiments were conducted to measure
permeability evolution during the progressive axial compaction, in whiglpermeabilities fell
to minimum ranged from p m top p T n?as effective stress increasi@sngeet al.,
2011Wanget al, 2013b) In the fragmentation experiments to simulate the energetic failure of
coal after rapid degassing, the degree of fragmentation was negatively correlatibe with
permeability of the coal specime(Wanget al, 2015) These experimental efforts are
fundamental to understand the magnitude of permeability evolution and its influence on the

redistribution of pore pressure in coal seam and the generation of gas outburst.
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In addition to the effect of mechanical stress, sorptive behavior influences permeability
evolution as well. A series of mod€Seidle & Huitt, 1995Palmer & Mansoori, 1996hi &
Durucan 2005;Cui & Bustin, 2005Robertson & Christiansen, 200Fased on the Langmuir
isotherm lave been proposed to investigate sorptimuced strain and its influence on absolute
permeability and its anisotropy. The energy balance approach has been used in theoretical models
to investigate adsorptiemduced swelling, where the change of surfaergy induced by
adsorption is assumed to be equal to the elastic energy change of tiaogéaCpnnell, 2007
Liu & Harpalani, 2013 Considering both the mechanical deformation anddhatisninduced
strain, thedual porositydual permeabilitydual stiffnessnodel has been developed to represent
permeabilityevolutionand gas transport in coal seafhi! et al, 2011; Wu et al., 2011)

As a result of these process interactionsp@umeability cobseams with high pore
pressure and low strength are considered to be most prone to energetic oflidonaes al,

2002; Wang et al., 2012 he role gas desorption plays in such energetic éaflas been
investigated in the laboratofyWanget al.,2013h 2015) The weakening effects of high pore
pressure on residual shear strength and residual stress are observedrimpirésorbetween
overpressured and underprasslicoal samples. The degree of fragmentation correlates inversely
with coal sample permeability, suggesting that the more energetic faditeetiallyoccurs in
low-permeability coal seam with high pore pressure. This may be an important underlying
mechaism that controls the stability of coal failure.

Despite abundant studies on gas outbursts in underground mining, the triggering
mechanisms remain unresolved. This is due to the difficulty in observingtherencef
outbursts irsitu, and in recraang all phenomenologies and lengthscales in the laboratory. In this
study, the role of gas desorption as a mechanism of gas outbursts is investigated by scaling

analysis.



Chapter 2

Mechanistic Model

In this model he coalis represented as a dual porosiyal permeability dual stiffness
continuum where abutment stresses are applied to the soliduméffacture and matrixjThe
resulting desorptioinduced gas pressures and evolution of permeability are used to follow the
path to failure and parametric studibat areused to define key variables.

The analysis is based on the following assumptions:

1. Coalis an homogenous, isotropic and elastic continuum, and the system is

isothermal.

2. Gas within coal seams is a real gas (rather than ideal) with compressibtiiy fa

governed by pressure but with constaistosityand undersothermal conditions.

3. Gas flow through coal body obeys Darcy's law.

2.1 Governing Equation for GasFlow

Considering theompressibilityfactor Z, the equation fanonideagas is

p6 1 24 1)

where p ighe absolutgas pressure, V is the volume of gas, n is the molar amount of gas,
R is the universal gas constant, and T is tlemlaibe temperature of the gas.

Thus, the fluid concentration is defined as:

#o— 2

and the fluid density as

m  — (3)

where MO represents the molar mass of the fluid.



For a unit volume, the mass of fluid in the pore space is expressed as
i —BNn 4)
wheren is the porosity of the coal.

Since the overstress triggers changes in both pore pressure and volumetric strain, the

expression for change of fluid mass is written as
3 — n3D Ben (5)

wheres represents a finite derivative. Assumihgtthe fluid flow obeys Darcy'aw

then
N -nB (6)
where k is permeability, is the dynamic viscosity dhefluid, andnbis the pressure
gradient.
Hence, considering gas source £Xhen yietls
— 1 Rom 1 (7)
which is a timedependent equation based on mass balance for gas ftbegdarous
medium.

2.2 Governing Equation for Coal Deformation

Thestressstrain relationdor an isotropic linear materiareexpressed as:

R —Ak -1 A K K (8)

where E ad 4 areYoung's modulusindPoissorratio, respectively) is the Kronecker
delta, defined so that  pifi=j, and) Tt otherwise.

The volume strain is given as



R R R R 9

The bulk modulus K is defined by writing

R — (10)

where the bulk modulus (e , and the elastic shear modulus

From these, the deformation relation is represented as

R —K — — £ (19
whereA A A A

and the inverse relations are

A ¢ R + -"'1 R R R (12)
Considering pore pressure p, then

A ¢ R + -'"' 1 R R R 11 P (13)
where the Biot coefficient=K/Ks.

Hence the relation between effective stress and strain is defined as

R —A — — A —b (14)
Taking sorptioAinduced strain into consideration, the constitutive stsessn relation

for the deforming coal seam is shown as
R~k — — k1 —B - as)
Then incorporating the sorptianduced strain into this stresgrain relationship, the
volumetric strain is expressed as (shrinkage is considered as positive)

AR — -M - —APR -A JAD R (16)
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Equation (16) defines the full suite of relationships to describe the net strain between the

mechanicatompression and the sorptive strain.

2.3 Govening Equation for Permeability Evolution

An isothermal Langmuitype equation is used to describe the sorptioliced

volumetric strain as
R R — a7

where the Langmuir volumetric stram,, represents the volumetric strain at infinite pore
pressure and the Langmuir pressure consiantrepresents the pore pressure attwaié of the
Langmuir volumetric strain.

An isothernal Langmuirtype equation fosorptionis defined as

6 6 — (18)

where the Langmuir volume constafit, represents the adsorptioolvme of gas at
infinite pore pressure and the Langmuir pressure conflantiepresents the pore pressure at

onehalf of the Langmuir volume.

v

6 6 6 6 — — (19)

rearrangingequation (19) yields

y

o — (20)

andsubtracting Precovers the resulting swelling strain as

v

YR OR——M— (21)

The Coupling of Equations (20) and (21) defines the relationship between the expelled

gas volume¥6 and the sorptive stra¥r based on the wildly applied Langmuir models.
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A dual porositydual permeabilitymodel is implemented by introducing porosities for
fracture and matrixespectivelywhose basic scheme is shown as Fify. The initial fracture
porosityn is defined as 3b/s, where b is the fracture aperture and s is the Sppankgvo
parallelfractures. The initial matrix porosity is equivalent to the ratio between the matrix
void volume and total bulk volume. The total porositis the result of addition of these two
types of porosities.

In this study, we assume thitae normal closure and opening of fractures are elastic and
fully reversible which are the predominant causes for changes in porosity. Considering that the
coal matrix ishomogeneouand isotropic, sorptive strain is isotropic. Based on these
assumptios, the change in fracture porosity can be expressed as

A 0 A— 66— O— (22)

Because the mechanical strairthiefractureisar ~ 3:AfAand the change #n

n 3R,
3R -p 2 p 3R -— (23)

M owr p 2 3R (24)
where R, is theelastic modulus duction ratig which is eqgivalentto E/E,. E and E,
areYoung's modulus for the coal body and coal matespectively Similarly, the change in

matrix porosity can be expressed as
Yn — —— 3R 22 (25)
Considering the cubic relatidretween porosity and permeability
- (26)

the change ah fracture permeabilit can be written as

<

(27)
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Substituting equation (16(21) and (24) into (27) then yields

o, I (28)

Similarly, change in matrix permeabiliy can be written as

— p 2 p —— (29)

Therefore, combining thehanges in the two systems, the resultalainge in
permeability can be expressed @lf-Rachf 1982;Liu et al., 2011)
E E E (30)

— (31)

Substituting Equation@8) (29) into (31) gives

(32)
Equation (32) represents the constitutive refediop between the pesind pre
excavatiorpermeabilities due to the combination of mechanical strain and seiptioced

swelling/shrinkage.
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Chapter 3

Numerical Solution

The abovegoverning equations anecorporatednto amodified modelwhich is
designed to represent a coal seam undergoing mining. This model focuses on the redistribution of
pore pressure, alteration in effective stress, evolution of porosity and permeabilityesnd
relationships coupled with the initiation of outbursts. Due talthersity of conditions
underground and the difficulty in observirlge occurrencef outburss, theseorrelated
propertiesare used for a parametric evaluation of their importamagggering outburstsThe

coupled equations are implemented in and solved using COMSOL Multiphysics.

3.1 ModelDescription

As a result of the miningnduced change in stress, there exist four different zones
inboardfrom the pillar. There are the froabutment zone, crushed zone, stresief zone and
the recompaction zor{®urucan & Edwards, 1986%imilarly, based on the distribution of pore
pressure, the coakam is divided into a zone of coal gas abundance zone, a low permeability
zone and a pristine zoif&n et al.,2014) As shown in Fig3-1, the model in this study consists
of four parts:a fracturedzone,an overstressed zone, an un disturbegifu) zoneand a goaf
zone The basic parameters in this model are péytigted in Table3-1.

1. The facturedzone hasn initial permeabilityof 1000k, and its abutment stress

decreassrapidly until reachingheworking face.
2. The key component in our analysis, the overstreasee hasninitial permeability

determined b¥ki/km, subject to a linearlincreasing abutment stress
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3. Thepristinein-situ zone haghe saménitial permeabilityas the overstressed zone

and is subject to the initial state of stress

4. With the roof and the upper strata collapsing, the overburdessss reestablished

in the goaf zone. A gaaccumulatiormay occumithin the caved waste after a

period of time, buthis consideration is beyortide range of this study

Table 3-1. Modeling parameters for the numerical slation

Parameter Value
Young's modulus of coal (E,Fa) 2.71
Poisson's ratio of coaby) 0.34
Density of coalm, kg/m3) 1250
Gas dynamic viscosityt (Pa*s) 1.84E05
TemperaturgT, K) 313.14
CH4 desorptionrate for unit volume of cogkg/MPa) 0.03156
CH4 Langmuir volume constarf/, m’/kg) 0.0191
CH. Langmuir volumetric stin constantg ) 0.0128
CH. Langmuir pressure constari® (, MPa) 247
CH. Langmuir pressure constari ¢, MPa) 4.15
Initial matrix porosity(n ) 0.03
Initial matrix permeability(km, n?) 5.00E19

In aporousmedum, permeability is th&ey feature describinthe capacityof fluid to

migratethrough it.Typically, in adual permeabilitfracturematrix systemthe natrix

permeability k is very low andhefracture permeabiliti: varies as a result dfie fracture

orientatiors and the dilation of those fractur@ermeability is evaluated by the change in

porosity, which is stresgependent. Porosity plays a pivotal role in transferring the impact of
mechanial stress to permeability. On the one hand, gas flow is obstructed since the permeability

decreases due to the change in porosity. On the other hand, the reduction in porosity induced by
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effective stress results in less pore space leading to a rise iprpsseire. The boundary
condition at the longwall mining face is assumed to atmospheric pressure, wherelibd coal
methane dissipates naturalhroughcoal body intaheroadways and workinace arealue to

the pressure gradient following the Darcyls.la

A

Distance

e
@@ Q% Abutment Stress

D Fractured Zone . Overstressed Zone

. In-situ Zone % Goaf Zone

Figure 3-1. Three partitions of coal seam model: (1) Fractured Zone with high permeability; (2)
Overstressed Zone with gas desorption and the changing abutment stressit(3idme with the
virgin permeability and thanitial stress condition.

The dutment stress, including the vertical and horizontal abutment stress, are the
resultant othe initial stress field and miningnduced stress field-he incremenin abutment
stresgsaheadf working facedrivesgas desrption,resulting in theaccumulatiorof free fluid
with elevatedpressureThecompetition between gas dissipation and gas accumulatiacipally
determines the evolution tiegas pressure. Furthermoes, mentioned above, tivecreasing
abutment sessresults incompressive strain, lowers the porositytle# coal searand
consequently decreases the permeabllifiengas is desorbed frothe matrix, thesorption
induced strain i®ne part component of tmet volumetric strain. Ipre-drainage is pgormed,

the initial pressure ne#ine workingfacewill be reducedTherefore, ashown inFig. 3-2, the
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change in pore pressure within coal seam tieaworking faces influenced by not only gas

desorptionbut also gas dissipatiomplumetric straindrainage and their interactions.

Sorption-induced 5 ;
P Mechanical Strain

v Strain
‘ a o
Gas Desorption ‘ Volumetric Strain
R »
Change in Pore Pressure
v »
Gas Dissipation ]4 i Drainage Conditions

Figure 3-2. Schenatic of factors influencing the&hange in pore pressuvdgthin a pillar. The
evolution of pore pressuravithin a coal seam is determined by tkempetiton between the
desorptioAinduced accumulation dfee gas andnd its dissipation due to the evolution (increase)
in permeability The mechanical strain occurrinigp coal searsreduceshe volume ofthe pore
space, whilethe sorptioninduced shrinkage partly compensafes this reduction. Drainage
conditions, like methane extraction ahgdraulicfracturing, also influence the fluctuation of pore
pressure.

Fig. 3-3 shows the results of permeability evolution using the current model in
comparison with the experimental data obtained from the gas sorptiennegpts(Robertson &
Christiansen2007 Harpalani & Schraufnagel, 1990jhe CQ and CH sorption experiments
were conducted with the varing effective stress to investigate the relationship bdteveen t
sorptiorinduced strain and mechanical compaction, whiletN Helium were used to exclude
the sorptive effect as a control group. The experimental results showsetiparineability stast
to decrease dhe onset opressuréncreasingdue to the sgtion-induced swelling but increase
at higher pore pressure as a resuli lelss effective confining stress attributing to the opened
fractures. The properties of the coal sample obtained from the reference and the presumed
parameters are listed in Fig;3. The fits between experiment and model show that our modeling
results match the experimental de¢asonalyl well, proving the validity of this model depicting

the sorptive behavior of coal under a varying effective stress condition.
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Figure 3-3. Comparisons of modeling results with experimental data of different gases {20
CH4, He) under varied confining condition.

3.2 Parametric Sudy

As discussed previously, stress state, desorption rate and permeabilitjonall
influence the evolwin of pressure distribution during coal excavation. The most important
parameters that influence the occurrence of outbursts cgmobpednto three categories: (1)
mechanical factors, including depth of coal seam, stress concentration facttastiodhedulus
reduction ratip (2) coal properties, including permeability ratio, desorption rate and fracture
porosity; and (3) the impacts of mining method, including émgth ofthe overstressed zone

reduced initial pressure ratmd mining rate. A comphensive parametric study is conducted
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using the controlled variable method. Complex geologic structure is excluded in this study, but its

influence ismanifestin other key factors. All these parameters are listéthisie4-1.

Figure 4-2. Variablemagnitude ranges used in the parametric studies

Parameter Value

Depth (D, m) -200,-400,-600*, -800,-1000
Reduced modules ratio (R 0.1, 0.3, 0.5%, 0.7, 0.9

Stress concentration factor (C) 1*,1.25,1.5,1.75

Ratio ofdesoption rateRge 0.6,0.8,1.0%,1.2,1.4
Fracture porosityn 0.01, 0.015*, 0.02, 0.03, 0.05
Ratio of fracture and matrix permeability:{i,) 1,10*,100,1000

Length of overstressed zoneyfLm) 60,80,100%,120

Reduced initial pressure ratiofR 0.4,0.6%,0.8,1.0

Mining Rate (m/day) 5,10%,15,20

(The values denoted with an asterisk are used as default values unless otherwige noted.

Depth of coal seam (D)This is one of the most important factors adeitermines the in
situ stress fieldhcluding an influence otthe initial vertical and horizontal stresses. The initial
vertical stress is estimated from the overburden dépibr. studies interpreted that the horizontal
stress is high at shallow depth but decreases with depth incréghamey, 1994)The
horizontal stress/vertical stress ratio is setriidy for simplicity in this study. The initial pore
pressure within the coal seam is controlled by the underground water level, which is regarded as
equivalentof static water column at the sameight

Stress concentration factor (C)During miningthevertical abutment stress
concentratd close tathe working faceThis phenomenotas been widely observéothin situ
and in computational studieSpecifically,this vertical abutment stress gradually increases from

thefar field andreaclkesa maximumclose tothe working facewhereafteit then reducsto null.
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The peak value can be estimateafihe order ofwice the initial stressA stress concentration
factor C is defined as the ratio betwela excess stresé peak abutment stressdathe nitial
gravitational stressyhich is widely suggestett be unitywhenundergoing periodic roof
weighting(Thin et al., 1993)This ratiocan also be influenced llye geological conditiosand
by mining method. In an isolated panel, for instandee stress concentratidactor can be
higher when zones of influence from adjacent panels ovértapdistance frorthe working face
to whereabutment stress reachesiieakis predictedo bel to 5 metergRichards, 1984)
Meanwhile, the change in horizahtabutment stress is relativedgnall compared with the
vertical stressApproximatdy 2% to10% increments itthe horizontd abutment stress is inferred
from field monitoring(Zhanget al.,2013)and numericasolution(Yang et al., 2011)
respectivelyln this studyanincrement of 10% ithe maximum ofthe horizontal stress is
adoptedFig. 3-4 shows a typical distribution of the abutment stress for a depth e8@3m and

C=1.

—=Vertical Stress

(MPa)

——Horizontal Stress

w
o

Abutment Stress
N
(&)

-
o
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Distance ahead to Mining Face (m)

o

Figure 3-4. Mining-induced changes in vertical stress and horizontal stress at a dBptf600m

and C=1. The vertical stress is controlled by a stress concentration factor (C), which is generally
considered as unity. An increment of 10% in the maximum of the horizontal stress is adopted in
this study.
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Elastic modulus reduction ratio (Rn). Considering the dual stiffnesses of the dual
porosity medium, different mechanical responses exist in both fracture and matrix. The elastic
modulus reduction ratio is defined as g/B/here E is the Young's modulus for the dry coal
aggregate andqHs theYoung's modulus for the coal matrix. The variation mrBpresents
different contributions of the fracture and matrix to the volumetric strains If EE, Ry is close
to zero, which means the deformation is predominantly in fractures and cracks. Othehgise
Rm approaches 1he coal body can be considered as unfracturedrenelumetricstrain is
determined by the matrix modul( Liu et al., 2011)

Fracture Porosity ( -). N is defined as the fracture void volume/the total bulk volume
andin is defined as the matrix void volume/tteeal bulk volume. The conception of double
porosities plays a significant role in the estimation of pehifigaevolution and gagransporin
coal. The virgin value afi is modulatedoy the quantity and the orientation of fractures existing
within the coal seam. However, its variation during excavation is not only dependent on
mechanical strain, but alsafluenced by sorptioimduced swellinghrinkage Generallyjy is
less sensitive to changes in stress than

Permeability ratio (k+/km). Typicalin-situ matix permeabilities are of the orderwf
p ™ m?(Wang et al., 2013and vary little Conversely, fracture permeabilitieary
significantly as a result dfacture orientatiomnd stress dependent apertutiee [bngitudinal
fracture permeability is determined by permeabiiitiio k/km with fracture permeability
determined from the bulk deformation of the rock mass.

Desorption Rate (Ri). CO; desorptionresults ina nearly linear relationship between
theexpelled mass of C{and high effective stregblol et al., 2012) However, the predominant
composition of gas in coalbet methaneAdsorptionexperiment®f different gasesn coal
sample fronwells (Joppel) suggests thahe sorption capacity of methaize~0.6 times of that

of CO, atapressure oft MPa and tempetare of 403 (Krooss et al., 2002Besideghetypes of
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gas,thesorption capacity is also ilnenced bytemperaturemoisturecontent volatility and other
physical properties of coalhese variation in typical sorption isotherm can be described by
experimentallymeasured Langmuir parametérarpalani & Mitra, 201Q)which are adopted in
this study.Thus, by scaling, théesorption rate of methane is considemedep8oy | D

- 0 A for aunit volume of coa(l n¥).

Length of over-stressed zone (k). Theform of the abutment stresses is scalethiey
length ofthefractured zone tand length of the ovstressed zonegk L, is usually estimated as
a smallmagnitudg~5m in the proposed modelyhereaghe decay length,, varies
considerablyL,; is the neededlistance fothe abutment stress to returnttee original
overburden stress from its maxim@amdhas a strong influence ehe dynamic distributiorof
fluid pressureas a result of gas desorptidfarlier studies suggested that ils not only related to
thedepthwherethe coal seanis located butalsoseam thickness, height of caving and
mechanical properties ttieroof (Thin et al., 1993)

Reduced initial pressure ratio (R). In reality,theinitial pore pressure is usually less
than expectedue to the drawdown condition as ghssipatesReduced initiapressure ratio R
is defined ashe ratio between thaitial equilibrium porepressuravithin the pillarprepared for
mining and the initiahydrostatic pressur@eforethedrivage of prepared roadway starts, gas has
been dissipating intthe adjacenéxcavated spaceonnected téheatmospheripressure via
ventilation equipment. Meanwhilthedispersedjasis partially compensatetly theintact coal
seam connected with thésea ashe whole seam is considered asrdinite gas reservoitRi is
alsocorrespondetb the effect of the prdrainage. The parameter determines the initial pressure
level and the boundary condition in the model.

Mining rate (M) . Forlongwall miningconsideredhere,mining rateis defined ashe
distance thathe working fae advances per dayithoutintermissionFor a static location, if the

abutmenstress is considered uniform to migrate at the mining advance rate, this determines the
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rate of stress increase within the pillaaind therefore the desorption rate which esdihearly

with the change of effective stress
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Chapter 4

Results and Discussion

With a model and its dependencies defined, we apply it to examine the anticipated pore
pressure distribution as a result of miniBgecifically we examine the irapts of initial stress
states and theirariation material properties of permeability evolution dhd influence of
mining methods We examine pore pressure distribution asgeak magnitudes and compare
these with dimensionless controlling values. Wen used these characterizations to explore the

stability of the pillar against failure

4.1 Pressure Redistribution

Fig. 4-1 showstheresultsof the numerical simulation for thedistribution of pore
pressure induced kille mechanicaloadingin coal £am during mining works. It isvidentthat
thedistribution of pore pressuressrongly controlledy the depthof the coal searmi greater
peakpore pressurgesults with an increasing in depth and overburden sindgsh isconsidered
as hazardous ahdof the working faceThis increasing pattern of pore pressure in overstressed
zone gradually diminishes in the shallower underground mines. The reduced nmatialRs
has a strong influence on permeability alteration,saridequently influencethedistribution of
pore pressurdts influence is clear for the higbermeability case to the large contrast in the two
types of permeabilitie$?eakpore pressurincreases with karger stress concentration factor C,

shown in Figd-1(c).
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Figure 4-1. Simulationresults for pore pressuredistribution induced by mechanical factoa)
Depth D; (b)Elastic modulus reduction ratRy,; and (c) Stress concentration factor C
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Theresults forthedifferentpore pressureedistribution induced byhe changes inoal
propertiesare shown in Figd-2. A largerfracture porosityn results in a reductiom pore
pressuralue to the larger receptor voluritg the desorbed gas the coal. As the fracture
permeabilityks increasesgasdissipationgradually dominates oveiccumulatiorcaused by
desorption. When#kn, rises upto 1000,the pore pressuris maintairedat approximatelyts
initial value. A higher desorption raR.results in higher pore pressure alongltmgitudinal

section ofthepanel due t@ greater amount of gagpelled gas frorthe matrix.
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Fig. 4-3 presents theesults forthe ralistribution of pore pressure inducedthg
differentmining method. Pore pressure slightly decreasgwithin theoverstressed zone if its
length s shorter shown in Figd-3(a). It is worth noting thahe abutment stress increases more
rapidly whenthelength of overstressed zoneaétluced Fig. 4-3(b) suggests that thegidual
initial pore pressure ratio; Betermines the magnitude of distrilmrtiof pore pressure at a
specified depth. It can be inferred from HgB(c) that a faster mining rate cassegreatepeak

pore pressure aheadtbe working facealthough the effect is small
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4.2 Study of Peak Pressure

The peak pressure is the maximum pore pressure inducttelputment stress icoal
seam dung mining advanceThis parameter is once key variable to be usetinatethe risk
of gas outburstfor coal mine safety. Figl-4 shows howthelocation of peak pressure ahead to
the working faceandthe peakincrement ofporepressure @ influenced byhe corelated
parametes discussed irsection 3.2The dstanceto the peak pressure fraitme working faces
positively correlatedo thedepth ofthecoal seam (D), reduced modsiRatio (R,), permeability
ratio (k/km), thelength ofthe overstressed zone £) andthereduced initial pore pressure (Ri)
However,it is negativelycorrelated tasstress concentration (GJesorption rat€éRqe) and mining
rate (M). Especiallythe peak pressureccuss far fromthe working face in higipermebility coal
seams, for instance witky/kn = 1000. Considesdas the mosinfluential parametera higher
permeabilitysignificantly offsets the locatioof peak pressuraway fromthe working face
significantly reducingutburst risks. Additionallythe fracture porosityii ) only hasa slight
impact onthe position of peak pressure. Taking the lengttheffractured zone into accourhe
locations of thexccurrencef peak pressumange from 15m to 25m aheadtbé working facen
low-permeability coal seasn

The incement of peak pore pressure accordingly increagbsigherD, C, R4 Loz and
M. Converselyit drops with higher #km, N and R Moreover the magnitude ahepeak pore
pressure ifittle influenced by Rand L. It can be inferred that at leasB80% incremenin
initial pressure is induced likie abutment stres# smaller incremenin pore pressure exists only
for conditions of higher fracture porosity and higpermeability

Based on their effects, D, Q,, kikm, Ree and Rare summaried to be the firsorder

influential factors and R Lo.; and M the secondrder influential factors.
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Figure 4-4. The location and value of peak pressasanfluenced by(a) Depth D, (b) Reduced
modulws ratio R, (c) Stress concentration factor C, Faqicture porosityr , (€) Permeability ratio
ki/km, (f) Desorption rate R, (g) Length ofthe overstressed zoneyl- (h) Residual initial pore
pressure ratio Rnd (i) Mining rate M.

4.3 Permeability Evolution

With anincreasing abutment stresise aperturs of fractues gradually close and the pore
space irthecoal seam decreasésadingto a declines in both dfacture porosity and matrix
porosity.The estimation of permeability evolution is basedtbachange of porosity vithe

cubic law.The change inqrosityis mainly determined byhe effective mechanical streds via
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the reduced moduduratio2 . Fig. 4-5 showsthe change ifracture porosity charmgwith
different R, values The net strain applied to the fractisehe resultant othe mechanical strain
and sorptiorinduced strainFig. 4-6 shows how facture porosity, matrix porosity, overall
porosity and overall permeability changetie overstressed zorfer Rw=0.1and 0.9 The overall
permeabilitychangds estimatedy the permeability ratio k/k where k =kmgtkso. The reduction
in fracture porosy and matrix porosity determinésefracture and matrix permeability in a
mutually independent way.

The external mechanical stress contributes the most to the compression in the coal seam,
though the desorptieimduced shrinkage compensates a portictheiegative strain. Fig-7
shows how the total permeability changes with the effective stress at different desorption rates.
Higher desorption rate causes larger sorptive shrinkage in matrix, which would decrease the
closure of the fracture system. Caanpd with a single porosity linear elastic model, the reduction
in permeability is 40%~60% larger in the dual porosity model.
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Figure 4-5. Contributions to the change in fracture porosity for different valuesnofTRe net
strain in the fracture is thresult of the combined effects of mechanical strain and sorjpittuted
strain.

Figure 4-6. Changes inrlicture porosity, matrix porosity and permeabilityhia overstressed zone
at Rn=0.1 and 0.9.
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Figure 4-7. The permeability ratio kikversusthe effective stress at different desorption rates.
Compared with the simple linear elastic model, the-goabsity dualpermeability dual stiffness
model yields a 40%~60% larger estimation of the reduction in permeability.






























