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ABSTRACT
Fractured coal exhibits strong and dynamic coupling between fluid transport and
mechanical response especially when the pore fluid is a sorbing gas. This complex interaction is
due mainly to (i) coal behaving as a dual porosity, dual permeability and dual stiffness medium,
(ii) more than 90% of gas being sorbed into the coal matrix, and (iii) cleats providing the
principal pathways for transport together with their important control on the strength and stability
of coal according to the principle of effective stress. Part I of this dissertation (Chapters I-II)
explores the enigmatic role of strains developed in unconstrained sorbing and swelling media and
their role in either staunching or enhancing permeability. This is of particular interest in
understanding to the behavior of CO2 when injected into sequestration sites, its interaction with
caprocks and in the CO2-enhanced recovery of coalbed methane (CBM). Part II (Chapters III-V)
examines the role of gas desorption in influencing the mechanical behavior, and in promoting
energetic failure in sorbing media. This is of particular interest in understanding the failure
processes of underground coal seams (e.g., coal and gas outbursts). Through experimental
observations and mechanistic interpretations, process-based models are developed for predicting
the fluid transport, sorptive and mechanical response of fractured coal.
Chapter I reports laboratory experiments that investigate the permeability evolution of an
anthracite coal as a function of applied stress and pore pressure at room temperature as an analog
to other coal types. Experiments are conducted on 2.5 cm diameter, 2.5-5 cm long cylindrical
samples at confining stresses of 6 to 12 MPa. Permeability and sorption characteristics are
measured by pulse transient methods, together with axial and volumetric strains for both inert
(helium (He)) and strongly adsorbing (methane (CH4) and carbon dioxide (CO2)) gases. To
explore the interaction of swelling and fracture geometry the evolution of mechanical and
transport characteristics for three separate geometries are measured – sample A containing
multiple small embedded fractures, sample B containing a single longitudinal through-going
fracture and sample C containing a single radial through-going fracture. Experiments are
conducted at constant total stress and with varied pore pressure – increases in pore pressure
represent concomitant (but not necessarily equivalent) decreases in effective stress. For the
samples with embedded fractures (A and C) the permeability first decreases with an increase in
iii

pressure (due to swelling and fracture constraint) and then increases near-linearly (due to the
over-riding influence of effective stresses). Conversely, this turnaround in permeability from
decreasing to increasing with increasing pore pressure is absent in the discretely fractured sample
(B) – the influence of the constraint of the connecting fracture bridges in limiting fracture
deformation is importantly absent as supported by theoretical considerations. Under water
saturated conditions, the initial permeabilities to all gases are nearly two orders of magnitude
lower than for dry coal and permeabilities increase with increasing pore pressure for all samples
and at all gas pressures. It is found that the sorption capacities and swelling strains are
significantly reduced for water saturated samples – maybe identifying the lack of swelling as the
primary reason for the lack of permeability decrease. Finally, the weakening effect of gas
sorption on the strength of coal samples is examined by loading the cores to failure. Results
surprisingly show that the strength of the intact coal (sample A) is smaller than that of the axially
fractured coal (sample B) due to the extended duration of exposure to CH4 and CO2. Average
post-failure particle size for the weakest intact sample (A) is found to be three times larger than
that of the sample B, based on sieve analyses from the samples after failure. The fracture
network geometry and saturation state exert important influences on the permeability evolution
and strength of coal under in situ conditions.
Chapters II presents a mechanistic model to represent the evolution of permeability in
dual permeability dual stiffness (DPDS) sorbing media such as coalbeds and shales. This model
accommodates key competing processes of poromechanical dilation and sorption-induced
swelling. The significant difference in stiffness between fracture and matrix transforms the
composite system from globally unconstrained to locally constrained by the development of a
“stiff shell” that envelops the perimeter of an representative elementary volume (REV) containing
a fracture. It is this transformation that results in swelling-induced permeability-reduction at low
(sorbing) gas pressures and self-consistently allows competitive dilation of the fracture as gas
pressures are increased. Net dilation is shown to require a mismatch in the Biot coefficients of
fracture and matrix with the fracture coefficient exceeding that for the matrix – a condition that is
logically met. Permeability evolution is cast in terms of series and parallel models with the series
model better replicating observational data. The model may be cast in terms of nondimensional
parameters representing sorptive and poromechanical effects and modulated by the sensitivity of
the fracture network to dilation or compaction of the fractures. This latter parameter encapsulates
the effects of fracture spacing and initial permeability and scales changes in permeability driven
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by either sorption or poromechanical effects. For a system following a Langmuir type sorption
isotherm, and where both poromechanical and swelling effects are individually large, a
turnaround in net permeability from decreasing at low (sorbing) gas pressures to increasing at
large gas pressures is expected. This new mechanistic model is capable of representing key
aspects of these changes in the transport parameters of fractured sorbing media to changes in
stress and pore pressure. This model is applied to well-controlled observational data for different
ranks of coals, and different types of gases, and satisfactory agreement obtained.
Chapter III reports measurements of deformation, strength and permeability evolution
during triaxial compression of initially intact bituminous coals. Experiments are conducted on
coal (Gilson seam, Utah) at effective confining stresses of 0.75 to 3 MPa and pore pressure of
0.5MPa. Permeability is continuously measured by the constant pressure differential method,
together with axial and volumetric strains for both water (H2O) and strongly adsorbing carbon
dioxide (CO2) gas. The coal is an initially elastic, brittle-plastic material with a strain-weakening
behavior. Strength and Young’s modulus increase with increasing confining stress and
permeability is hysteretic in the initial reversible deformation regime. As deviatoric stress and
strain increase, permeability first decreases as pre-existing cleats close and then increases as new
vertical dilatant microcracks are generated. Post-peak strength the permeability suddenly
increases by 3-4 orders-of-magnitude. During loading, the inflection point where permeability
begins to increase occurs earlier than the turning point of volumetric strain, which may be
explained by the competing processes of axial crack opening and closure of oblique and
transverse cracks. The generation of these vertical microcracks does not enhance gas migration in
the horizontal direction but will accelerate the rate of gas desorption and weaken the coal. Based
on this mechanistic observation, a process-based model is proposed for instability by bursting in
underground coal seams. Horizontal and vertical stresses redistribute ahead of the mining-face
immediately after the excavation and influence pore pressure, permeability, and desorption rate.
Due to this redistribution, the zone closest to the mining-face may experience tensile failure.
Interior to this zone a region may develop with gas overpressures induced by desorption and this
may contribute to the occurrence of coal and gas outbursts. And beyond this an overstressed zone
may initiate shear failure driven by gas pressures if the desorption rate outstrips the rate of
drainage. The implications of this on the instability of coal seams to CO2 injection and the
potential for induced fault slip are discussed.
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Chapter IV presents laboratory experiments to investigate the role of gas desorption,
stress level and loading rate on the mechanical behavior of methane infiltrated coal. Two suites of
experiments are carried out. The first suite of experiments is conducted on bituminous coal
(Lower Kittaning Seam, West Virginia) at confining stress of 2 MPa and methane pore pressure
in fracture of 1 MPa to examine the role of gas desorption. These include three undrained
(hydraulically closed) experiments with different pore pressure distributions in coal, namely,
overpressured, normally pressured and underpressured, and one sample under drained condition.
Based on the experimental results, the quantitative evidence that gas desorption weakens coal
through two mechanisms is found (1) reducing effective stress controlled by the ratio of gas
desorption rate over the drainage rate, and (2) crushing coal due to the internal gas energy release
controlled by gas composition,

pressure and content. The second suite of experiments is

conducted on bituminous coal (Upper B Seam, Colorado) at confining stresses of 2 and 4 MPa,
with pore pressures of 1 and 3 MPa, under underpressured and undrained condition with three
different loading rates to study the role of stress level and loading rate. Biot coefficient of coal
samples is found to be < 1. Reducing effective confining stress decreases the elastic modulus and
strength of coal. A conceptual model is proposed for the mechanical behavior of sorbing gas
infiltrated coal seams. This study has important implications for the stability of underground coal
seams.
Chapter V reports laboratory experiments to investigate the rapid decompression and
desorption induced energetic failure in bituminous coal using a shock tube apparatus. Coal
samples are recovered from Colorado at a depth of 2000 ft. The coal samples are saturated with
the strong sorbing gas CO2 for a certain period and then the rupture disc on top of the shock tube
is suddenly broken to generate a shock wave propagating upwards and a rarefaction wave
propagating downwards through the sample. This rapid decompression and desorption has the
potential to cause energetic fragmentation in coal. Three types of behavior in coal after rapid
decompression are found. These are degassing without fragmentation, horizontal fragmentation,
and vertical fragmentation. By comparing experimental results on coal and those on fragmenting
volcanic conduits it is speculated that the characteristics of fracture network (e.g., aperture,
spacing, orientation and stiffness) and gas desorption play an important role in this dynamic event
as coal is a dual porosity dual permeability dual stiffness sorbing medium. Then a shock wave
model is applied to analyze how the fragmentation speed and the ejection velocity of gas-particle
mixture change with a variety of parameters, (e.g., coal properties, Langmuir constants). This
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study has important implications in understanding energetic failure process in underground coal
mines such as coal gas outbursts.

The five chapters of this dissertation correspond with a series of five papers either
published or in-submittal. By order of chapter appearance, these papers are:
Wang, S., Elsworth, D., and Liu, J. (2011) Permeability evolution in fractured coal: the
roles of fracture geometry and water-content. International Journal of Coal Geology, 87,
13-25 [
Wang, S., Elsworth, D., and Liu, J. (2011) A mechanistic model for permeability
evolution in dual permeability dual stiffness sorbing media. Manuscript submitted:
Journal of Geophysical Research.
Wang, S., Elsworth, D., and Liu, J. (2011) Permeability evolution during progressive
deformation of intact coal: implications for instability in underground coal seams.
Manuscript submitted: International Journal of Rock Mechanics and Mining Sciences.
Wang, S., Elsworth, D., and Liu, J. (2011) Mechanical behavior of methane infiltrated
coal: the roles of gas desorption, stress level and loading rate. Manuscript submitted:
Rock Mechanics and Rock Engineering.
Wang, S., Elsworth, D., and Liu, J. (2011) Rapid decompression and desorption induced
energetic failure in coal. Manuscript submitted: International Journal of Coal Geology.

My co-authorship in the following papers implies the principal role in conducting
experiments and data analysis and collaborative role in developing mechanistic models.
Izadi, G., Wang, S., Elsworth, D., Liu, J., Wu, Y., Pone, D. (2011) Permeability evolution
of fluid-infiltrated coal containing discrete fractures, International Journal of Coal
Geology, 85, 202-211.
Liu, J., Wang, J., Chen, Z., Wang, S., Elsworth, D., and Jiang, Y. (2011) Impact of
transition from local swelling to macro swelling on the evolution of coal
permeability. International Journal of Coal Geology, 88, 31-40.
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Chapter I
Permeability evolution in fractured coal: the roles of fracture geometry and
water-content
Abstract
We report laboratory experiments that investigate the permeability evolution of an anthracite coal
as a function of applied stress and pore pressure at room temperature as an analog to other coal
types. Experiments are conducted on 2.5 cm diameter, 2.5-5 cm long cylindrical samples at
confining stresses of 6 to 12 MPa. Permeability and sorption characteristics are measured by
pulse transient methods, together with axial and volumetric strains for both inert (helium (He))
and strongly adsorbing (methane (CH4) and carbon dioxide (CO2)) gases. To explore the
interaction of swelling and fracture geometry we measure the evolution of mechanical and
transport characteristics for three separate geometries – sample A containing multiple small
embedded fractures, sample B containing a single longitudinal through-going fracture and sample
C containing a single radial through-going fracture. Experiments are conducted at constant total
stress and with varied pore pressure – increases in pore pressure represent concomitant (but not
necessarily equivalent) decreases in effective stress. For the samples with embedded fractures (A
and C) the permeability first decreases with an increase in pressure (due to swelling and fracture
constraint) and then increases near-linearly (due to the over-riding influence of effective stresses).
Conversely, this turnaround in permeability from decreasing to increasing with increasing pore
pressure is absent in the discretely fractured sample (B) – the influence of the constraint of the
connecting fracture bridges in limiting fracture deformation is importantly absent as supported by
theoretical considerations. Under water saturated conditions, the initial permeabilities to all gases
are nearly two orders of magnitude lower than for dry coal and permeabilities increase with
increasing pore pressure for all samples and at all gas pressures. We also find that the sorption
capacities and swelling strains are significantly reduced for water saturated samples – maybe
identifying the lack of swelling as the primary reason for the lack of permeability decrease.
Finally, we report the weakening effects of gas sorption on the strength of coal samples by
loading the cores to failure. Results surprisingly show that the strength of the intact coal (sample
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A) is smaller than that of the axially fractured coal (sample B) due to the extended duration of
exposure to CH4 and CO2. Average post-failure particle size for the weakest intact sample (A) is
found to be three times larger than that of the sample B, based on the sieve analyses from the
samples after failure. We observe that fracture network geometry and saturation state exert
important influences on the permeability evolution and strength of coal under in situ conditions.

1. Introduction
Gas transport in coal seams is significantly different from that of other rock types because
of the phenomena of gas sorption and coal swelling. The relative roles of stress level, gas
pressure, gas composition, fracture geometry of coal, and water content are intimately connected
to the processes of gas sorption, diffusion, transport, and coal swelling. Scientific research on
coal-gas interactions has been conducted for more than a century, but the physicochemical and
hydro-thermodynamic phenomena are still not fully understood. Understanding and quantifying
these interactions is essential in developing the best possible process-based models of behavior
that incorporate key observed responses. This characterization is important in preventing gas
outbursts in coal mines, in predicting CO2 injectability into coal seams and in estimating the longterm stability of CO2 sequestered in coal beds.
Significant experimental effort has been applied to investigate gas permeability and its
evolution in coal. Laboratory measured permeabilities of coal to sorbing gases such as CH4 and
CO2 are known to be lower than permeabilities to nonsorbing or lightly sorbing gases such as
argon and nitrogen (N2) [Siriwardane et al., 2009; Somerton et al., 1975;]. Permeabilities may
decrease by as much as five orders of magnitude for confining pressures increasing from 0.1 to 70
MPa [Durucan and Edwards, 1986; Huy et al., 2010; Somerton et al., 1975]. Under constant total
stress, sorbing gas permeability decreases with increasing pore pressure due to coal swelling
[Mazumder and Wolf, 2008; Pan et al., 2010; Robertson and Christiansen, 2005; Wang et al.,
2010], and increases with decreasing pore pressure due to matrix shrinkage [Cui and Bustin,
2005; Harpalani and Chen, 1997; Harpalani and Schraufnagel, 1990; Seidle and Huitt, 1995].
Rebound pressure, which corresponds to the minimum permeability, has been observed for CO2
injection at 1.7 MPa [Pini et al., 2009], and at 7 MPa [Palmer and Mansoori, 1996; Shi and
Durucan, 2004]. Permeability of sorbing gas in coal is found to be a function of gas exposure
time [Siriwardane et al., 2009]. Pemeability is also influenced by both the presence of water and
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the magnitude of water saturation [Han et al., 2010]. Based on field and laboratory experimental
results, several permeability models have been developed for coal seams [Cui and Bustin, 2005;
Izadi et al., 2011; Liu and Rutqvist, 2010; Palmer and Mansoori, 1998; Pekot and Reeves, 2002;
Seidle and Huitt, 1995; Shi and Durucan, 2005; Wang et al., 2009; Zhang et al., 2008].
The sorption capacities of coal to N2, CH4 and CO2 have been explored using a variety of
measurement methods. Experiments have shown that CO2 is adsorbed preferentially relative to
CH4 in most instances, and the ratios of the sorption capacities (in molar units) are between 1.15
and 3.16 [Bae and Bhatia, 2006; Battistutta et al., 2010; Busch et al., 2003; Clarkson and Bustin,
1999; Harpalani et al., 2006; Li et al., 2010; Mastalerz et al., 2004; Ottiger et al., 2008]. This
ratio decreases with increasing temperature [Bae and Bhatia, 2006; Li et al., 2010]. The sorption
capacity ratios of CO2 to N2 are found to be between 2:1 and 8.5:1 [Battistutta et al., 2010;
Saghafi et al., 2007; Shimada et al., 2005]. However, some coals under certain conditions show a
larger sorption capacity to CH4 than to CO2 [Busch et al, 2003; Busch et al., 2006; Majewska et
al., 2009]. The presence of water reduces the sorption capacity to gases by around 30%
[Gruszkiewicz et al., 2009; Kelemen and Kwiatek, 2009; Siemons and Busch, 2007], due to the
competition between water molecules and the sorbing gas for sorption sites on the coal surface
[Busch et al., 2007; van Bergen et al., 2009]. Applied stress can reduce the sorption capacity of
coal by 5% - 50% [Hol et al., 2010; Pone et al., 2009a]. Sorption and swelling processes are
heterogeneous in coal [Day et al., 2008; Karacan, 2003; Karacan, 2007; Karacan and Okandan,
2001; Pone et al., 2009b, 2010] as apparent from quantitative X-ray CT imaging and from optical
methods.
Previous studies have shown that coal swells when exposed to N2, CH4, and CO2, with
volumetric strain ranging from 0.1% to 15%, under pressures up to 20 MPa and temperatures up
to 55°C [Cui et al., 2007; Day et al., 2008; Harpalani and Schraufnagel, 1990; Karacan, 2007;
Kiyama et al., 2010; Levine, 1996; Mazumder and Wolf, 2008; Robertson and Christiansen,
2005; Seidle and Huitt, 1995; Wang et al., 2010]. Coal swelling strain increases with increasing
pore pressure and strain induced by CO2 is commonly larger than that induced by CH4. The
swelling strain is either reversible [Battistutta et al., 2010; Day et al., 2008; Levine, 1996] or
irreversible [Czerw, 2010; Majewska et al., 2010]. The relation between swelling strain and the
amount or volume of gas sorbed is found to be either linear [Chikatamarla et al., 2004; Cui et al.,
2007; Czerw, 2010; Levine, 1996; Robertson and Christiansen, 2005] or non-linear [Day et al.,
2008; Kelemen and Kwiatek, 2009; Majewska et al., 2010]. Coal swelling strain of wet coals is
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less than that of dry coals [Kiyama et al., 2010; Mazumder and Wolf, 2008; van Bergen et al.,
2009], illustrating the effect of water on the swelling strain.
The effect of sorption on the mechanical strength and structure of coal has also been
previously investigated. Weakening due to the introduction of CO2 to a coal is found in uniaxial
compression tests [Ranjith et al., 2010; Viete and Ranjith, 2006]. In some cases, no evidence of
coal weakening is found to result following gas sorption [Ates and Barron, 1988; Day et al.,
2008; Pan et al., 2010] even though the sorption process may alter the pore structure of the coal
[Goodman et al., 2005; Larsen, 2004; Liu et al., 2010].
Gas transport in coal seams is commonly represented as a dual porosity system
accommodating two serial transport mechanisms: diffusion through the coal matrix then laminar
flow through the cleat system [Bai and Elsworth, 2000; Elsworth and Bai, 1992].

The

permeability is primarily determined by the cleat aperture [Wu et al., 2010a, b; Zhang et al.,
2008]. The change in cleat aperture is a function of effective stress through poroelasticity [Izadi et
al., 2011; Wu et al., 2010a, b]. Meanwhile, coal swelling and shrinkage under a confining stress
may also change the cleat aperture [Izadi et al., 2011; Mathews et al., 2011; Wu et al., 2010a, b].
Thus, the net change in coal permeability is a function of both the poroelastic response and the
coal swelling or shrinkage. To explore the evolution of permeability due to coal swelling we
report systematic experiments on three samples with different fracture geometries: 1) sample A
containing multiple small embedded fractures, 2) sample B with a longitudinal through-going
fracture, and 3) sample C with a radial through-going fracture. This suite of three scenarios
simply represents the end members of the effect of fracture geometry on the evolution of
permeability in reservoirs in the field. This paper presents experimental results for an anthracite
coal under both dry and water saturated conditions at room temperature for these three samples.
In this study a triaxial cell is used to measure gas (He, CH4, and CO2) permeability, sorption,
swelling, and strength of coal cores at a series of pore pressures to 6 MPa and confining pressures
up to 12 MPa.

2. Experimental method
2.1. Experimental setup
The measurements presented in this study are recovered from a standard triaxial
apparatus arranged for flow-through or pulse permeability testing as shown in Figure 1-1. A
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triaxial core holder (Temco) is capable of accepting membrane-sheathed cylindrical samples (2.5
cm diameter and 5 cm long) and of applying independent loading in the radial and axial
directions. Confining and axial stresses to 35 MPa are applied by a dual cylinder syringe pumps
(ISCO 500D) with control to ± 0.007 MPa. Constant upstream pressure can be applied by a third
syringe pump (ISCO 500D) with the downstream reservoir open to the atmosphere to measure
both water and gas permeabilities to 10-23 m2. The syringe pumps used to control pressure, consist
of a piston-cylinder assembly with a maximum internal volume of 507.38 ml, that can be
operated either in constant pressure mode (up to 35 MPa), or constant flow rate mode (up to 204
ml min-1), or constant volume mode (up to 507.38 ml). Volume changes in the pore fluid system
can be derived from the pump displacement calculated from stepper-motor drive increments
(resolution 31.71 nl). A temperature control jacket is used to maintain constant temperature to 0.1
°C. Axial strain is measured by a linear variable displacement transducer (LVDT, Trans-Tek
0244) to a resolution of ± 1 µ ε and volumetric strain is measured by volume change in the
confining fluid also to ± 1 µ ε.
The cylindrical sample is sandwiched within the Temco core holder between two
cylindrical stainless steel loading platens with through-going flow connections and flow
distributors. The sample and axial platens are isolated from the confining fluid by a polyvinyl
chloride (PVC) rubber jacket. The end-platens are connected to two low-volume stainless steel
gas reservoirs through tubing and isolating valves when the pressure transient method is applied
to measure permeability. The volumes of these interchangeable upstream and downstream
reservoirs are 17.36 cm3 and 3.10 cm3, respectively. Upstream and downstream fluid pressures
are measured by pressure transducers (PDCR 610 and Omega PX302-5KGV) to a resolution of
0.03 MPa. The gas-pressurized upstream reservoir is discharged through the sample to the
downstream reservoir with equilibration time defining permeability of the sample [Brace et al.,
1968; Hsieh et al., 1980]. Volume change effects due to the high compressibility of gas in the
reservoirs are minimized by immersing the gas reservoirs in water baths to maintain constant
temperature. The mass of gas sorbed into the coal samples is calculated from mass balance.
Pressure, flow rate, and fluid volume signals obtained from the ISCO pumps are recorded
using a National Instruments Labview program and a serial connection (RS-232) between the
pumps and the logging computer. Output signals from a single LVDT and two pressure
transducers are converted at 16-bit resolution using a 16-channel data acquisition system
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(National Instruments - USB 6211). The signals are logged digitally at a sampling rate from 1 Hz
to 1 kHz by a computer using Labview.

Figure 0-1. Schematic of the experimental setup.
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The Temco triaxial cell stiffness is first calibrated to obtain the true sample deformation
when samples are loaded. We calibrate the apparatus with a stainless steel dummy-sample with a
known Young's modulus, loaded axially in the core holder at conditions identical to those used in
the experiments on coal samples. For each gas permeability test a He leak check is conducted to
make sure there is no leak in the system prior to loading. The fidelity of permeability
measurement in this apparatus was also verified through comparison with measurements on a
low-permeability calibration sample (in this particular case for granite).
2.2. Sample preparation
The experiments were performed on anthracite coal from the Northumberland Basin,
Mount Carmel, Pennsylvania recovered as a large block from a depth of 122 m. Samples A and B
were drilled parallel to the bedding plane, while sample C was drilled perpendicular to the
bedding plane. A roughness of 3 on Barton’s scale is estimated for bedding planes in this coal.
The cleat aperture is approximately ~ 10 - 50 µm. The mean density of the coal under unconfined
conditions was calculated from the mass and volume of the three cylindrical cores. This
procedure yielded an average matrix density of 1397.9 kg m−3. Table 1-1 summarizes the
properties of the coal as received. The pure gases used in this study are CO2 and CH4 at purities
of 99.995% and He at a purity of 99.999%.
X-ray diffraction (XRD) confirms that kaolinite, quartz, illite, rutile, pyrite, and calcite
are the mineral compositions in the coal. The coal does not contain swelling clay minerals, such
as smectite, montmorillonite, and hectorite. Hence, the effect of clay swelling on the swelling
strain of coal under water-saturated conditions is negligible.
2.3. Measurement procedure
Conventional triaxial experiments are used to concurrently measure permeability,
sorption, deformability and strength of the sample coals under recreated in situ conditions of
applied stress.

7

Table 0-1. Properties of the used Pennsylvania anthracite coal
Proximate analysis
Fixed carbon

Volatile matter

Ash yield

86.3%

7.37%

3.60%

Ultimate analysis
Carbon

Hydrogen

Nitrogen

Sulfur

Oxygen

93.1%

3.1%

1.0%

0.5%

2.3%

Maceral composition [Pappano, et al., 1999]
Vitrinite
Fusinite
Semi-fusinite

Liptinite

Liptinite

60%

1%

1%

24%

Constituent of mineral matter
Kaolinite
Quartz
72.6%

11.0%

14%

Illite
5.0%

Pyrite

Rutile

Calcite

5.3%

3.2%

2.9%

Sample dimension and physical properties
Sample

Length (cm)

Porosity (%)

A

4.67

2.0

Water content (wt %)
(Saturated condition)
1.4

B

5.00

3.4

2.5

C

5.31

2.7

1.9
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2.3.1. Permeability
For experiments conducted under dry condition, samples are placed in an oven at 40°C
under vacuum for 24 hours before being placed in the triaxial cell. For tests performed under
water saturated conditions, a 3 MPa constant upstream pressure is first applied by the third ISCO
pump for 24 hours with the downstream reservoir open to the atmosphere. After the samples are
saturated we disconnect the ISCO pump and apply the same procedure for dry samples under the
same conditions.
We use the pressure transient method to conduct the gas flow experiments in the low
permeability samples [Brace et al., 1968; Hsieh et al., 1980]. In a typical experiment, the sample
is placed into the triaxial core holder and both confining stress and axial stresses are applied at a
rate of 5 MPa/min to establish initial conditions and are then kept constant. The sample-reservoir
system is then vacuum desaturated to evacuate air from the system. A pressure increment is then
applied to the upstream gas reservoir and discharged through the sample to the downstream gas
reservoir. The time taken for the discharging upstream reservoir and the recharging downstream
reservoir to reach a new equilibrium pressure is measured. This pattern is repeated for multiple
cycles using the desired gas permeant. After multiple repeats of this procedure a relation between
permeability and pore pressure and effective stress is obtained. In this work, confining pressures
range between 6 and 12 MPa, and gas reservoir pressures are in the range 1 to 6 MPa. The
pressure decay rate recorded in the upstream reservoir and the pressure increase rate in the
downstream reservoir are used to evaluate permeability. The decay characteristics depend on the
permeability, on the dimensions of the sample and reservoirs, and on the physical characteristics
of the permeating fluid.
The experimental and analytical details of the pressure transient method for determining
permeability can be found elsewhere [Brace et al., 1968; Hsieh et al., 1980]. However, the
governing equation for the pressure pulse through the coal sample can be written as follows.

Pup (t ) − Pdn (t ) = ( Pup (t0 ) − Pdn (t0 ))e −α t

α = (kA / µβ L)(1/ Vup + 1/ Vdn )

(1.1)
(1.2)

where Pup (t ) − Pdn (t ) is the pressure difference between the upstream and downstream reservoirs
at time t ; and ( Pup (t0 ) − Pdn (t0 )) is the initial pressure difference between the upstream and
downstream reservoirs at time t0 . α is the slope of the line when plotting the pressure decay
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Pup (t ) − Pdn (t ) on semi-log paper against time. A and L are the cross-sectional area and length of
the sample, respectively, which define the dimensions of the sample. µ , β , Vup , and Vdn are the
dynamic viscosity and compressibility of the gas, and the volume of the upstream reservoir and
downstream reservoir, respectively. Permeability k is calculated from Equation (1.2) where it is
the only unknown.
2.3.2. Sorption
We measure the void volume of the sample as a direct consequence of measuring the
permeability to He using the pressure transient method. We first vacuum desaturate the samplereservoir system to evacuate air from the system and inject a known amount of He to the
upstream and then open the shut-off valve. Since He is inert, the void volume can be calculated
from the pressures of the upstream and downstream reservoirs and cell, and the volumes from
upstream and downstream reservoirs, as shown in Equation (1.3).

( PupVup / ZRT ) pulse ,10 = ( P (Vup + Vdn + Vvd ) / ZRT ) pulse,1

(1.3)

where the subscript pulse,10 denotes the initial condition for the pressure pulse 1 and subscript
pulse,1 represents the final condition for the pressure pulse 1, Z is the compressibility factor of
the gas at corresponding temperature and pressure, R is the universal gas constant, T is the
absolute temperature, P is the final pressure of the system, and Vvd is the unknown void volume
of the sample corresponding to pressure pulse 1.
We repeat this procedure for multiple cycles and then we obtain the void volume of the
sample corresponding to different pressures.

( PupVup / ZRT ) pulse,n 0 + ( P (Vdn + Vvd ) / ZRT ) pulse ,n−1 = ( P (Vup + Vdn + Vvd ) / ZRT ) pulse,n

(1.4)

where subscript pulse,n0 denotes the initial condition for the pressure pulse subscripts n and
pulse,n represents the final condition for the nth pressure pulse.
After obtaining the void volume of the sample at different pressures, we run the same
tests using CH4 and CO2. Since CH4 and CO2 are sorbing gases, the mass balance equation can be
expressed as follows.

( PupVup / ZRT ) pulse,n 0 + ( P (Vdn + Vvd ) / ZRT ) pulse,n−1 = ( P (Vup + Vdn + Vvd ) / ZRT ) pulse ,n + n pulse,n (1.5)
where n pulse ,n is the amount of gas adsorbed in the sample in moles for the nth pressure pulse.
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These steps are repeated until the desired final pressure level is reached. The cumulative
amount of gas adsorbed in the sample can be calculated by summing up the quantities measured
in each pressure pulse step. Gas properties for He, CH4 and CO2 are calculated from the NIST
webbook at http://webbook.nist.gov/chemistry/fluid/.
2.3.3. Swelling Strain
We measure the swelling strain that evolves during the permeability measurement as
described above on the same coal samples. An LVDT is used to measure the axial strain of the
sample. Correction is made on the axial strain due to the effect of the elastic stiffness of the
triaxial cell. Radial strain is measured from the volume change of the confining fluid in the ISCO
pump with subtraction of the effects of sample axial deformation and compression of the rubber
He
jacket. For each sample, we first measure the volumetric strain ε pusle,n induced by He injection at

different pressures. Under constant total stress, the injection of He leads to expansion of the coal
sample. Since He is a non-sorbing gas, this volumetric strain is only due to the poroelastic effect.
CH4
CO2
Then we measure the volume strain ε pusle,n and ε pusle,n induced by CH4 and CO2 injection at the
CH4 ,sw
CO2 , sw
same pressures. Finally, we obtain the swelling strains ε pusle ,n and ε pusle ,n for CH4 and CO2 at

these pore pressures, as expressed in Equations (1.6) and (1.7), appropriately separated for each
of the permeating gases.
,sw
CH4
He
ε CH4
pusle ,n = ε pusle ,n − ε pusle ,n

(1.6)

,sw
CO2
He
ε CO2
pusle ,n = ε pusle ,n − ε pusle ,n

(1.7)

2.3.4. Strength
In order to investigate the effect of sorption on the strength of the samples we stress the
samples to failure immediately after the full suite of permeability and sorption measurements are
completed. Samples are CO2 saturated for 24 hours with effective confining pressure at 1 MPa.
We apply a constant strain rate of 2 x10-5 Sec-1 until failure to obtain a preliminary indication of
the effects of sorption on coal strength. We run a sieve analysis of the broken particles of the
samples as per cent weight to check the particle size distribution for sieve sizes of 9.5 mm, 6.35
mm, 4.76 mm, 3.36 mm, 2.83 mm, 1.68 mm, 1 mm, and 0.42 mm, and 0.21 mm. The average
particle size is calculated based on Equation (1.8),
11
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D = ∑ mi d i / m

(1.8)

i =1

where D is the average particle size, mi is the mass of the ith opening, and d i is the size of the ith
opening, and m is the total mass of the broken sample.

3. Experimental observation
Measurements of the evolution of permeability, sorption, and swelling strain to
permeation by He, CH4, and CO2 are presented together with coal triaxial strengths and post
failure particle size distribution. All experiments are conducted at room temperature. We define
effective stress as the difference between confining stress and pore pressure inside the sample
(Biot coefficient of unity).
In particular, experiments of permeability, sorption, and swelling are conducted for two
different sets of conditions. These conditions are: (1) constant confining and constant axial
stresses with increasing gas pressure, and (2) constant gas pressure with increasing confining and
axial stresses. The influence of effective-stress-driven changes in volumes are examined with
non-sorbing He as the permeant. The superposed influence of swelling is examined with the
sorbing gases CH4 and CO2. We report these results sequentially for the cleat-fractured sample
(sample A) and for samples containing discrete fractures in the axial (sample B) and transverse
(sample C) directions. The schematic of these three samples is shown in Figure 1-2.
3.1. Results for the ubiquitously fractured sample (Sample A)
3.1.1. Dry sample
Sample A contains multiple small embedded fractures. Permeability evolution measured
with respect to pore pressure at constant total stresses of 6 MPa and 12 MPa is shown in Figure 13(a). Under both confining pressures the permeability is highest for He and decreases (for all pore
pressures) successively for CH4 then further for CO2. For the same gas permeant, permeability
reduces by an order of magnitude as loading is incremented from 6 MPa to 12 MPa. At both
stresses, permeabilities of He show an increase in permeability with increasing pore pressure. At
6 MPa total stress the permeability to He increases by 1 order as pore pressure is incremented
from 1.44 MPa to 4.24 MPa (i.e. a factor of 3.13 per MPa). At increased stress (12 MPa) this rate
12

of permeability increase reduces to a factor of 0.77 per MPa – likely reflecting the increased
stiffness of the cleats at higher stress. At a total stress of 6 MPa, permeabilities measured using
CH4 and CO2 show a different trend, where permeabilities first decrease and then recover as pore
pressure increases above a threshold Langmuir pressure. Under constant total stresses an increase
in pore pressure tends to widen the cleats and therefore increase the permeability. However,
adsorption-induced coal swelling closes the cleats, leading to a reduction in permeability. The net
change in permeability depends on the net effect. The results in Figure 1-3(a) indicate that as pore
pressure increases the reduction in permeability driven by coal swelling first dominates the net
change of permeability.

However, for Langmuir-type swelling, the swelling rate gradually

decreases as pore pressure reaches the Langmuir pressure. The effect of permeability increase
with the reduction in effective stresses ultimately supercedes the influence of swelling.
Permeability of CH4 first decreases by 65% over a pore pressure of 1.7 to 2.8 MPa, then rebounds
to 3.3 times the initial permeability at a final pore pressure of 4.8 MPa. Permeability of CO2 first
decreases by 78% over the pore pressure range of 1.45 to 2.76 MPa then rebounds to 2.7 times
the initial permeability at a final pore pressure of 4.8 MPa. The net permeability change is
controlled by the competition of permeability reduction driven by coal swelling and permeability
enhancement caused by the decline in effective stress.
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Figure 0-2. Schematic of three tested samples.
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Figure 0-3. (a) Evolution of permeability as a function of applied pore pressure for coal with embedded
cracks (sample A) for constant applied confining stresses at stepped magnitudes of 6 and 12 MPa. (b)
Sorbed mass as a function of applied pore pressure for coal with embedded cracks (sample A) for constant
applied confining stresses at stepped magnitudes of 6 and 12 MPa. (c) Swelling strain as a function of
applied pore pressure for coal with embedded cracks (sample A) for constant applied confining stresses at
stepped magnitudes of 6 and 12 MPa.
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At a total stress of 12 MPa the permeability to CH4 declines by 7% as pore pressure is
increased from 1.64 to 3.66 MPa, and increases to 1.85 times the initial permeability at a pore
pressure at 5.64 MPa. The permeability to CO2 first decreases by 86% (pore pressure of 1.15 to
2.22 MPa) and then rebounds to a net 19% reduction over the initial permeability at the final pore
pressure of 4.58 MPa. The initial larger reduction in permeability for CO2 at both confining
pressures indicates the larger coal swelling with CO2 compared to that with CH4, which is
verified by the sorption and swelling data shown later in this paper. The influence of effective
stress on permeability evolution is shown in Figure 1-4(a). For the same gas permeant, increasing
effective stress generally decreases the permeability (Somerton et al., 1975; Durucan and
Edwards, 1986; Wang et al., 2010). The rate of permeability reduction is greatest at low effective
stresses. This is consistent with cleat and microfracture stiffnesses that are largest at high closure
stresses.
Sorption capacity is measured to CH4 and CO2 on this ubiquitously fractured sample (A)
at pore pressures up to 5.6 MPa and at total stresses of 6 MPa and 12 MPa and are presented in
Figure 1-3(b). As pore pressure increases the cumulative sorbed mass increases. All isotherms
can be approximately described by Langmuir-type curves. The four curves show distinct
differences both in the absolute amount of sorption and in the shapes of the isotherms. The
sorption isotherms of the sample under low confining pressure show a gradual increase from the
low-pressure range to the high-pressure range. However, the sorption isotherms under high
confining stress show a relatively steep increase in the low-pressure range (up to 2.6 MPa) and
subsequently approach limiting values, in the 3–5 MPa range. This distinction may indicate that
higher applied stress reduces the sorption capacity, as shown previously [Hol et al., 2010; Pone et
al., 2009a]. The isotherms of the sample under lower confining stress show significantly higher
sorption capacities (0.46 mmol CO2/g coal and 0.26 mmol CH4/g coal) at the final pressures
relative to that under high confining stress (0.18 mmol CO2/g coal and 0.095 mmol CH4/g coal).
The sorption capacity ratios between the lower confining stress and high confining stress are 2.56
and 2.74 for CO2 and CH4, respectively. The sorption capacity ratios between CO2 and CH4 are
1.77 at low confining stress and 1.89 at high confining stress.
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Figure 0-4. (a) Evolution of permeability as a function of applied effective stress for coal with embedded
cracks (sample A) for constant applied confining stresses at stepped magnitudes of 6 and 12 MPa. (b)
Swelling strain as a function of applied effective stress ffor
or coal with embedded cracks (sample A) for
constant applied confining stresses at stepped magnitudes of 6 and 12 MPa.
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The swelling strain of coal containing embedded fractures (sample A) under different
total stresses is shown as a function of pore pressure in Figure 1-3(c). We observe that the
relationship between the measured swelling and pore pressure is close to linear at low stress and
slightly Langmuir-like at elevated stress. Under both confining stresses, the sample exhibits a
larger swelling strain when adsorbing CO2. For the same gas permeant, at higher confining stress,
the swelling strain is reduced, which corresponds that the sample is relatively stiffer at higher
confining stress. At a total stress of 6 MPa, the swelling strain due to CO2 adsorption is 0.65%
and due to CH4 adsorption is 0.4% at a pore pressure 4.8 MPa. The ratio of swelling strain
between CO2 and CH4 at a total stress of 6 MPa is 1.625. At a total stress of 12 MPa, the swelling
strains are 0.48% and 0.12% for CO2 and CH4 sorption respectively, with a ratio of 4. The
swelling strain decreases by 27% due to CO2 adsorption and by 69% due to CH4 adsorption as
confining pressure increases from 6 MPa to 12 MPa. This smaller reduction in swelling for CO2
indicates that at higher total stress the sample is easier to swell due to CO2 sorption than due to
CH4 sorption. This may result since CO2 can be preferentially adsorbed into smaller pores (i.e.,
<~ 0.31 nm) because of the higher adsorption affinity (energy) [Cui et al., 2004].
The relationship between swelling strain and effective stress is shown in Figure 1-4(b).
The rate of gas uptake at higher strain is small than at lower strains – representing behaviors at
low and high stresses. This is consistent with the sample being stiffer at higher effective stresses
and the swelling strain having to react against bridging asperities in generating swelling
deformations.
The relationship between the amount of gas adsorbed in coal containing embedded
fractures (sample A) as a function of swelling strain is displayed in Figure 1-5. We observe that
the relation between sorbed mass and swelling strain is approximately linear at a confining stress
of 6 MPa for both CH4 and CO2. At a confining stress of 12 MPa, for both CH4 and CO2
adsorption slows at pore pressures above 3 MPa but swelling continues, consistent with prior
observations in the literature (Levine, 1996; Bustin, 2004). This behavior may be explained by
the fact that both sorption and swelling are time-dependent, but with a much slower rate in
swelling at a higher confining pressure. We also notice the difference in the slope of the curves
under different confining pressures. For the sorption of CH4 a similar slope is exhibited
throughout the pressure range. The larger amount of gas adsorbed is presumably needed for the
same amount of swelling at a high confining pressure for CH4, which may imply a higher
stiffness at high confining pressure. However, the total swelling strain at higher confining
pressure is even less than that of
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Figure 0-5. Sorbed mass as a function of swelling strain for coal with embedded cracks (sample A) for
constant applied confining stresses at stepped magnitudes of 6 and 12 MPa.
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the first pressure step at lower confining pressure. No clear conclusion can be drawn from the
slope difference for CH4. For the sorption of CO2 and for the same amount of gas adsorbed, larger
swelling strain is shown at a higher confining pressure for CO2, which may be the sign of the
weakening effect of CO2.
3.1.2. Water-saturated sample
For comparison the evolution of permeability of the ubiquitously fractured sample
(sample A) under dry and water-saturated conditions at a total stress 6 MPa is shown in Figure 16(a). Under water-saturated condition, He has the largest permeability, and is followed
progressively by CH4 and CO2. This progression of permeability magnitudes is the same as in
tests under dry condition. However, the initial permeabilities of wet samples are uniformly
reduced by two orders of magnitude over the dry samples – indicating the role of water in
occluding microfractures [Han et al., 2010]. Measured permeability with He increases with a
higher rate with pore pressure compared with the results under dry condition. However, different
from the results from dry samples, no permeability reduction is seen for CH4 and CO2 with
increasing pore pressure. The presence of water reduces the permeability significantly so the
sample begins with an extremely low permeability. As pore pressure increases, the amount of
water in the sample is gradually displaced by the injected gas, which leads to an increase in
permeability. An increment in pore pressure also enhances the permeability due to the influence
of decreased effective stresses. At the same time, swelling induced by adsorption with increasing
pore pressure lowers the permeability. However, the amount of gas adsorbed and induced
swelling are greatly reduced by the presence of water. So the net change in permeability for wet
samples depends on the overall effect of these three competitive components. In this case, the
permeability enhancement due to effective stress and water displacement dominates the reduction
due to coal swelling, showing that permeabilities always increase with pore pressure. This is also
consistent with the observation that the rate of change in permeability to He is greater under wet
conditions.
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Figure 0-6. (a) Comparison of the evolution of permeability as a function of applied pore pressure for coal
with embedded cracks (sample A) under dry and water-saturated conditions for constant applied confining
stress at 6 MPa. (b) Comparison of the sorbed mass as a function of applied pore pressure for coal with
embedded cracks (sample A) under dry and water-saturated conditions for constant applied confining stress
at 6 MPa. (c) Comparison of the swelling strain as a function of applied pore pressure for coal with
embedded cracks (sample A) under dry and water-saturated conditions for constant applied confining stress
at 6 MPa.
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The comparison of the sorbed mass as a function of pore pressure of the ubiquitously
fractured coal (sample A) under dry and water-saturated conditions at 6 MPa total stress is shown
in Figure 1-6(b). Sorbed mass is consistently higher for CO2 versus CH4 and is reduced by a
factor of 3 to 4 when wet versus dry. The isotherms can be approximated by Langmuir-like
behavior. At final pressures, the amount of gas adsorbed in the wet sample is reduced by 69% for
CO2 (0.45 mmol/g coal, dry sample; 0.14 mmol/g coal, wet sample) and 69% for CH4 (0.26
mmol/g coal, dry sample; 0.08 mmol/g coal, wet sample).
Figure 1-6(c) compares swelling strain as a function of pore pressure for the coal
containing embedded fractures (sample A) under dry and water-saturated conditions at a 6 MPa
total stress. As shown before, the measured swelling under dry conditions can be reasonably
described by a Langmuir type relationship. The presence of water also reduces the swelling strain
by 62% for CO2 and by 58% for CH4 at final pressures. The presence of water also makes the
initial portion of the curves largely linear and less similar to Langmuir-like behavior. However, at
pore pressure above 3 MPa a significant amount of water is displaced by the injected gas and
above this stress the swelling strain follows a Langmuir-like relation with pore pressure.
The comparison of the sorbed mass as a function of swelling strain for coal with
embedded fractures (sample A) under dry and water-saturated conditions for constant applied
confining stress at 6 MPa is shown in Figure 1-7. The relation between sorbed mass and swelling
strain is approximately linear at confining stress of 6 MPa for both CH4 and CO2. For the same
amount of gas adsorbed, the deformation of the sample is generally larger under water-saturated
conditions than that under dry conditions for both gases. This may suggest that either a
weakening effect of water on the coal sample during CH4 and CO2 injection, or the presence of
water has a larger negative effect on sorption than swelling.
3.2. Results for the longitudinally fractured sample (Sample B)
In this section we show the results for the longitudinally fractured sample (sample B) for
both dry and water-saturated conditions. The experiments are completed at a total stress of 6MPa.
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Figure 0-7. Comparison of the sorbed mass as a function of swelling strain for coal with embedded cracks
(sample A) under dry and water-saturated conditions for constant applied confining stress at 6 MPa.
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Permeabilities measured with respect to pore pressure at a constant total stress of 6 MPa
under both dry and water-saturated conditions are shown in Figure 1-8(a). Permeabilities reduce
in the succession of He as highest to CO2 as lowest, as previous. Again, the permeabilities of the
water-saturated samples decrease by more than 2 orders of magnitude compared with those of dry
samples. Under dry conditions, the ratio in permeability between the longitudinally fractured coal
(sample B) and coal containing small embedded fractures (sample A) is more than three orders of
magnitude for all gases. The initial permeabilities of sample B under water-saturated conditions
are even higher than that of sample A under dry conditions for each gas. The significant
difference in permeabilities of sample A and sample B reflects the important role of fracture
geometry. For sample A, we measure the permeability of the coal matrix, while for sample B, we
evaluate the permeability of a single longitudinal fracture.
For the same gas permeant He, the rate of increase in permeability due to effective stress
is larger for coal with embedded fractures (sample A) than the longitudinally fractured coal
(sample B). We also find the rate of change in permeability is higher for the wet sample. Possible
reasons are likely to be the same as discussed for sample A.
The relationship between the amount of gas adsorbed in the longitudinally fractured coal
(sample B) as a function of pore pressure under both dry and water-saturated condition at a total
stress of 6 MPa is shown in Figure 1-8(b). For the dry condition, sorbed mass has the same trend
as imparted by swelling strain, where the rate of change increases with pore pressure, due to the
effect of time dependence. The effect of water is shown again on the sorption capacity of the
sample, as the sorption capacities drop by 75% for CH4 and by 53% for CO2 from the dry to the
wet condition (from 0.072 to 0.018 mmol/g for CH4; from 0.097 to 0.046 mmol/g for CO2).
However, for the wet sample, the relation of the amount of gas adsorbed with pore pressure
appears to follow a Langmuir isotherm. This behavior corresponds to the fact that the wet sample
has a two order of magnitude lower permeability which increases sorption time by about two
orders of magnitude.
The comparison of swelling strain as a function of applied pore pressure of the
longitudinally fractured coal (sample B) under dry and water-saturated conditions at a 6 MPa total
stress is shown in Figure 1-8(c). The measured swelling under dry condition does not follow the
Langmuir-like isotherm. Rather, the rate of change in swelling strain gradually increases with
pore pressure. Since sample B has a very high permeability compared with the coal containing
small embedded fractures (sample A) it takes much less time (one hundred times faster) to finish
a pressure pulse step whereas sorption induced swelling is a time dependent process. It is also
26
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Figure 0-8. (a) Comparison of the evolution of permeability as a function of applied pore pressure for
longitudinally fractured coal (sample B) under dry and water-saturated conditions for constant applied
confining stress at 6 MPa. (b) Comparison of the sorbed mass as a function of applied pore pressure for
longitudinally fractured coal (sample B) under dry and water-saturated conditions for constant applied
confining stress at 6 MPa. (c) Comparison of the swelling strain as a function of applied pore pressure for
longitudinally fractured coal (sample B) under dry and water-saturated conditions for constant applied
confining stress at 6 MPa.
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Figure 0-9. Comparison of the sorbed mass as a function of swelling strain for longitudinally fractured coal
(sample B) under dry and water-saturated conditions for constant applied confining stress at 6 MPa.
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evident that the presence of water prevents coal from swelling as the strain is reduced by 28% for
CH4 and by 36% for CO2.
The comparison of the sorbed mass as a function of swelling strain for longitudinally
fractured coal (sample B) under dry and water-saturated conditions for constant applied confining
stress at 6 MPa is shown in Figure 1-9. The relation is not linear for both CH4 and CO2. Results
show that as pore pressure increases, sorption slows but swelling continues gradually. Possible
reasons are presented in the discussion section in this paper.
3.3. Results for the laterally fractured sample (Sample C)
In this section, we show the results from sample C with a radial through-going fracture,
under both dry and water-saturated conditions at a total stress of 6MPa.
Permeabilities measured with respect to pore pressure at a constant total stress of 6 MPa
under both dry and water-saturated conditions are shown in Figure 1-10(a). Under both test
conditions, the permeability magnitude is in the order of He, CH4, and CO2. The initial
permeabilities of water-saturated samples decrease significantly compared with that of dry
samples. Compared with the initial permeabilities the results for coal containing small embedded
fractures (sample A) and a through-going fracture (B), the permeabilities of the laterally fractured
coal (sample C) are closer to sample A. The fracture is perpendicular to flow and has little
influence on the transport properties of the sample. Permeability reduction due to the dominant
effect of sorption induced swelling is seen again only in the dry sample at lower pore pressures.
The presence of water reduced the overall permeability by about one order of magnitude.
The comparison of swelling strain as a function of pore pressure of the laterally fractured
coal (sample C) under dry and water-saturated conditions at a total stress of 6 MPa is shown in
Figure 1-10(c). Under dry condition, the measured swelling strain appears to be a linear function
of pore pressure. The sample swells more due to CO2 adsorption than due to CH4 adsorption for
both conditions (1.8 times more under dry condition, and 2.1 times more under water-saturated
condition). It is observed that only a small strain occurs in the first pressure step for both gases
under wet condition. Prior results that coal swelling can be induced by water saturation [Walker et
al., 1988]. During the process of injected gas displacing water, the competition between water
and CO2 molecules may be explained by the less overall swelling of the sample, compared with
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Figure 0-10. (a) Comparison of the evolution of permeability as a function of applied pore pressure for
laterally fractured coal (sample C) under dry and water-saturated conditions for constant applied confining
stress at 6 MPa. (b) Comparison of the sorbed mass as a function of applied pore pressure for laterally
fractured coal (sample C) under dry and water-saturated conditions for constant applied confining stress at
6 MPa. (c) Comparison of the swelling strain as a function of applied pore pressure for laterally fractured
coal (sample C) under dry and water-saturated conditions for constant applied confining stress at 6 MPa.
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the value of dry sample. This logic is confirmed by the adsorbed mass of the wet sample shown in
Figure 1-10(b), where the first sorption step is much less compared with that under dry condition.
As pore pressure increases, the water in the sample is gradually displaced by the injected gas, and
then sorption and swelling develop at larger rates. It can be inferred from the curves that the
majority of water may be displaced after the first pressure pulse step.
The relationship between the amount of gas adsorbed in the laterally fractured coal
(sample C) as a function of swelling strain under both dry and water-saturated conditions at a
confining stress of 6 MPa shown in Figure 1-11. The relation can be approximately described as
linear both for CH4 and for CO2 under both experimental conditions. As expected, under dry
conditions and for the same amount of gas adsorbed, samples with CO2 deform larger due to the
larger coal deformability with CO2 sorption. The relatively larger swelling strain for wet samples
may suggest a water weakening effect again in the laterally fractured coal (sample C).

3.4. Strength
The comparison of the strengths of three samples at 1 MPa effective confining pressure
and a strain rate of 2x10-5 Sec-1 is shown in Figure 1-12. We find that the strengths are 13.97
MPa, 21.95 MPa, and 21.14 MPa for coal containing small embedded fractures (sample A), the
longitudinally fractured coal (sample B), and C, respectively. Samples A and B have exactly the
same test conditions, but sample A surprisingly has the lowest strength. This may be attributed to
the weakening effects of gas sorption, as shown in the literature on the weakening effect of CO2
on the strength of coal [Ranjith et al., 2010; Viete and Ranjith, 2006]. The time duration for coal
containing small embedded fractures (sample A) in a sorptive environment is much longer than
that of sample B, due to the significant difference in permeability. This is confirmed by the postfailure sieve analysis. Average post-failure particle sizes are 2.93 mm, 7.59 mm, and 6.47 mm,
for sample A, B and C, respectively. The post-failure particle size distribution of three samples is
shown in Figure 1-13.
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Figure 0-11. Comparison of the sorbed mass as a function of applied pore pressure for laterally fractured
coal (sample C) under dry and water-saturated conditions for constant applied confining stress at 6 MPa.
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Figure 0-12. Comparison of the strengths of three samples at 1 MPa effective confining pressure.
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Figure 0-13. Comparison of the post-failure particle size distribution of three samples at 1 MPa effective
confining pressure.
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4. Discussion
4.1. The role of fracture geometry
Discontinuities such as face cleats and butt cleats are of widespread occurrence. The
complexity of fracture networks, especially in their geometry and topology is one major
obstruction in developing process-based models for the flow, transport, and mechanical behavior
of fractured coal seams. In this paper, we investigate the role of fracture geometry on the flow,
sorption, and swelling behavior of anthracite. We compare the results of coal with only small
embedded fractures (A) to the behavior of coal with either longitudinal (B) or transverse (C)
fractures. These geometries represent end-members of anticipated behavior.
Table 1-2 summarizes data for permeability, sorption, and swelling strain of coal
recovered from the literature. In this study, we find that the permeability of coal containing small
embedded fractures (sample A), coal containing a longitudinal through-going fracture (sample B),
and coal containing a lateral through-going fracture (sample C) are in the order of 10-19 m2, 10-16
m2, and 10-18 m2, respectively, which are within the range of values in the literature. The ratio of
initial He permeabilities among sample A, sample B, and sample C is 1:1147:2 at a confining
stress of 6 MPa under dry condition. Permeability changes little with the presence of a radial
fracture across the sample. However, the permeability increases by three orders of magnitude
with a longitudinal fracture through the sample. This significant difference in permeability
characterizes the nature of a coal seam composed of a matrix and cleat system in situ. This
confirms that a typical coal seam, at the scale of meters, is a dual porosity dual permeability
system. Therefore, the overall permeability range of a coal seam is primarily determined by the
geometry of the fracture. For samples infiltrated with He, the rate of change of permeability is
3.13 MPa-1 for sample A and 0.34 MPa-1 for sample B [ (k fi − kin ) / kin ∆P , where k fi , kin , and

∆ P are final permeability, initial permeability, and the change in pore pressure. The large change
in permeability for He with the longitudinal fracture causes the difference in permeability
evolution for inert gas He. When sample A and sample C are injected with sorbing gases CH4 and
CO2, we observe that permeability first reduces at pore pressure below 3 MPa and then increases
again when pore pressure is above 3 MPa. We postulate that for a system where swelling follows
a Langmuir-type response, permeability declines at an early stage as sorption induced swelling
controls the net permeability change, and the swelling rate gradually decreases with gas pressure
and the influence of effective stress on permeability takes over at higher pressure.
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Table 0-2. Literature permeability, sorption, and swelling strain of coal

Rank

Gas

Stress or
Temperature

Bitu

N2, CH4

2 – 7 MPa

Gas
Pressure
[MPa]

Permeability
[m2]

Sorption

Swelling
(%)

Authors

10-18 – 10-13

-

-

Somerton et al., 1975

-

-

Durucan and Edwards, 1986

0.4

Harpalani and Schraufnagel, 1990

-17

Bitu

N2

8 MPa

2.8

10

Bitu

CH4

10 MPa

6.9

10-18

Bitu, Subbi

CH4, CO2

7 MPa

5.3

10-17 – 10-13

-

2 (CO2)
0.5 (CH4)

Robertson and Christiansen, 2005

-

CH4, CO2

8 – 26 MPa

4 - 23

10-20 – 10-17
-18

– 10

-13

-

0.15 – 0.6

Mazumder and Wolf, 2008

-15

-

-

Siriwardane et al., 2009

-

-

Wang et al., 2010b

2.4 (CO2)
1.6 (CH4)

Pan et al., 2010

Bitu

Ar, CO2

7 – 20 MPa

4 -10

10

Bitu

N2, CO2

6 – 18 MPa

1- 8

10-18 – 10-17

– 10

3

Bitu

CH4, CO2

20 MPa

13

10-16 – 10-15

40 m /ton (CO2)
20 m3/ton (CH4)

Anth

CH4, CO2

20 MPa

7

10-21 – 10-20

4.8 mmol/g (CO2)
0.24 mmol/g (CH4)

Han et al., 2010

Bitu

CH4, CO2

30 °C

5

15 – 30 cm3/g (CO2)
9 – 20 cm3/g (CH4)

Clarkson and Bustin, 1999

Bitu

CH4, CO2

22 - 45 °C

5 -18

1.5 mmol/g (CO2)
1.1 mmol/g (CH4)

Busch et al., 2003

Bitu

CH4, CO2

17 °C

2.8

20 -25 m3/ton (CO2)
4 – 6 m3/ton (CH4)

Mastalerz et al., 2004

Bitu

CH4, CO2

24 – 45 °C

7 - 10

17 – 29 ml/g (CO2)
9 – 13 ml/g (CH4)

Harpalani et al., 2006

Bitu

CH4, CO2

40 – 60 °C

20

1.5 – 2 mmol/g (CO2)
1 – 1.5 mmol/g (CH4)

Bae and Bhatia, 2006

38

Bitu

CH4, CO2

45 - 60 °C

19

2.04 mmol/g (CO2)
1.23 mmol/g (CH4)

4 (CO2)
2 (CH4)

Ottiger et al., 2008

Bitu

CH4, CO2

75 °C

1.8

1.4 mmol/g (CO2)
0.45 mmol/g (CH4)

0.6

Kelemen and Kwiatek, 2009

Bi, semianth

CO2

45 °C

10

2.2 mmol/g (CO2, dry)
1.5 mmol/g (CO2, wet)

Semianth

CH4, CO2

45 - 65 °C

4.1

2.04 mmol/g (CO2)
0.94 mmol/g (CH4)
1.3 – 2.5 mmol/g
(CO2)
0.8 – 1.6 mmol/g
(CH4)

Siemons and Busch, 2007
1.2

Battistutta et al., 2010

Bi, subbi,
anth

CH4, CO2

35 - 55 °C

25

Bitu

CO2

25 - 55 °C

15

1.7 – 1.9

Day et al., 2008

0.94 – 1.81
(dry)
1.20 – 1.46
(wet)

van Bergen et al., 2009

Li et al., 2010

Bitu

CH4, CO2

40 °C

8

Bitu

N2, CO2

40 °C
12 MPa

11

10-18 – 10-15

0.25 – 0.8

Kiyama et al., 2011

Bitu

CH4, CO2

25 °C
7 MPa

2

10-15

0.18 – 0.36

Wang et al., 2010a

Bitu

CH4, CO2

25 °C

4

1.5 -11

Czerw, 2010

Bitu

CH4, CO2

25 °C

4

0.5

Majewska et al., 2010

1.7 – 12 cm3/g

Note: Bitu stands for bituminous; Subbi stands for subbituminous, anth stands for anthracite; semianth stands for semi-anthracite.
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This phenomenon does not exist for sample B, where only permeability enhancement is found.
This sample contains micro-fractures at the same intensity as the other samples (A and C) but the
high permeability longitudinal fracture dominates the permeability response. The only difference
between sample B and sample A is that the fracture walls are not connected by rock bridges in
sample B. This observation implies that the presence of bridges across fractures in a crucial
component in controlling the permeability evolution with pressure. The mechanistic rational for
this observation is that the fracture bridges importantly limit fracture deformation [Izadi et al.,
2011]. We suggest the crucial influence is in converting swelling strains into fracture closing
strains – a feature that is no longer possible is the fracture halves are disconnected. This view is
consistent with theoretical analysis of this response [Izadi et al., 2011].
At a confining pressure of 6 MPa and under dry condition, the amount of gas adsorbed in
the longitudinally fractured coal (sample B) is 27.4% of that in coal containing small embedded
fractures (sample A) for CH4 and 21.3% for CO2. The swelling strain in sample B is 44.6% of that
in sample A for CH4 and 71.9% for CO2. The presence of a longitudinal through-going fracture
changes the timing of the flow and hence changes the amount of sorption and swelling, which are
time dependent processes. This contrast is well explained by a permeability model developed for
coal containing discrete fractures [Izadi et al., 2011].
4.2. The role of water-content
Coal, in situ is typically saturated [Gray, 1987], hence understanding the effect of water
on the evolution of permeability, sorption, and swelling strain is a key need. The measured ratios
of initial permeability between dry and wet samples for three samples are listed in Table 1-3.
Generally, the presence of water reduces permeability by about one order of magnitude for
samples without longitudinal fractures. With a longitudinal through-going fracture, permeability
is decreased by about two orders with the presence of water, as shown for sample B.
For coal only containing small embedded fractures (sample A), different from the results
under dry condition, we find the absence of permeability reduction with gas pore pressure when
the sample is injected with CH4 and CO2, as shown in Figure 1-6(a). We speculate that the
presence of water reduces the amount of gas adsorbed by 68% for CH4 and by 69% for CO2 under
conditions in this study. The water in the coal sample competes with the sorbing gases for
adsorption sites and therefore reduces the sorption capacity. The swelling strain declines by 59%
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Table 0-3. The ratios of initial permeability between dry and wet samples for three samples
He

CH4

CO2

Sample A

85

43

53

Sample B

214

458

264

Sample C

11

20

35

41

for CH4 and 60% for CO2. We propose that the reduced sorption-induced swelling does not
dominate the change in permeability through the whole gas pore pressure increasing process.
Before injecting gas, the sample is water saturated. As gas pressure increases, the available water
is gradually displaced by the injected gas, which also enhances the permeability over and above
the reduction caused by swelling. This is confirmed by the observation that the rate of
permeability increase in the wet sample using He is much larger than that for the sample under
dry condition. However, the difference in final He permeabilities between dry and wet samples
indicates that not all moisture can be removed by the injected He. We observe the same effect of
water on permeability, sorption, and swelling on the longitudinally fractured coal (sample B) and
the laterally fractured coal (sample C). So the rate of increase in permeability is controlled both
by the effective stress and the amount of water in the sample (89.4 MPa-1 and 3.13 MPa-1).
4.3. The relation between swelling strain and sorption
Coal swelling is likely to be related to the amount of gas adsorbed in coal, but the exact
relation is unclear. The differences in the measured swelling strain of the coal when injected with
different gases may therefore be related to the differences in the amount of gases adsorbed at
different conditions. For the three samples tested in this study, the swelling is about 1.6 to 2.8
times higher for CO2 than for CH4 at a confining pressure of 6 MPa under dry conditions. It is
about 1.4 to 2.5 times higher for CH4 and CO2 under dry conditions than under water-saturated
conditions. These ratios are in good agreement with results reported in the literature.
We observe both roughly linear (coal containing small embedded fractures (sample A) at
lower confining pressure and the laterally fractured coal (sample C)) and nonlinear (sample A at
higher confining pressure and the longitudinally fractured coal (sample B)) relationships between
the amount of gas adsorbed and swelling strain. For the nonlinearity in sample A, it starts with a
linear relationship at lower gas pore pressure. As pore pressure increases, gas sorption slows but
swelling continues, which has been observed in previous studies (Levine, 1996; Bustin, 2004).
The reason may be due to the higher applied stress altering the pore structure of the coal and
decreasing both sorption rate and swelling rate, but the reduction in sorption rate is larger than the
reduction in swelling rate. Further investigation is needed to explain this phenomenon. The
opposite behavior is also found in literature [Day et al., 2008], where swelling slows but
adsorption continues.
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For the nonlinear relationship observed in the longitudinally fractured coal (sample B) as
shown in Figure 1-9, almost perfect nonlinear curves are seen with a “swelling delay” in
behavior. This measured coal swelling delay phenomenon may be explained by the dual porosity
dual permeability characteristics of coal. Sorption and swelling begin in the vicinity of the
vertical through-going fracture due to the much higher permeability of the fracture. But this local
swelling may be small because it is rate-limited by diffusion into the matrix, even if it
significantly alters the fracture permeability. As gas further penetrates the coal matrix the overall
measured swelling strain builds. This logic is consistent with the observation that gas sorption
and coal swelling is both anisotropic and heterogeneous [Karacan, 2003; Karacan, 2007;
Karacan and Okandan, 2001; Pone et al., 2009b, 2010]. Thus, the relationship between gas
sorption and swelling strain depends on the fracture geometry as well as the physical properties of
the coal.
4.4. The role of confining stress on permeability evolution
As apparent in Section 3, increasing confining pressure from 6 MPa to 12 MPa reduces
the permeability by a factor of 14 for He, 11 for CH4, and 28 for CO2. It also leads to decline in
the amount of gas adsorbed by 66% for CH4 and 59% for CO2, and thus reduces the swelling
strain for each gas. In addition to the universal effect of confining stress on the permeability
evolution, our results confirm the conclusion that applied stress can reduce the sorption capacity
and swelling strain of coal [Hol et al., 2011; Pone et al., 2009a].
4.5. The role of sorption on coal strength and structure
Previous observations have shown that CO2 sorption may or may not have an impact on
the mechanical strength of coal. In this study, we show that the sorption of CH4 and CO2 has a
weakening effect. Under the same test condition, we find an 8 MPa compressive strength
difference between coal containing small embedded fractures (sample A) and the longitudinally
fractured coal (sample B) (22 MPa for sample B and 14 MPa for sample A). We would
rationalize that sample A would have a larger strength since sample B had a longitudinal throughgoing fracture. The opposite outcome is consistent with a weakening effect due to gas sorption –
this sample has been exposed to gas in its interior for about one-hundred times longer than for
sample B. The post-failure sieve analyses show that the average particle size for sample B is three
times larger than that of sample A. This may also imply the weakening effect of gas sorption. The
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laterally fractured coal (sample C) was broken at the same effective confining pressure (1 MPa)
but with a higher confining pressure (6 MPa) to explore the effect of confining pressure on the
strength. Results show that sample C has a larger strength than sample A consistent with a
strengthening effect due to confining pressure. However, the strength of sample C is still lower
than that of sample B that is again consistent with the weakening effect of sorption.
Since the coal is heterogeneous at a variety of length scales and the experiments are
completed on one particular type (rank) of coal then these conclusions cannot necessarily be
extended to all ranks. However, the principal features of the response are congruent with other
observations and are anticipated to be broadly applicable.

5. Conclusions
We investigate the roles of fracture geometry and water-content on the evolution of the
mechanical and transport characteristics for anthracite samples with three separate geometries –
coal containing multiple small embedded fractures, coal containing a single longitudinal throughgoing fracture, and coal containing a single radial through-going fracture, under both dry and
water-saturated conditions. The following conclusions can be drawn from this study.
1) The fracture geometry is of importance in understanding the evolution of permeability,
sorption, and swelling. Not only can the fracture geometry change the magnitude of
permeability by several orders of magnitude but it can also control the evolution of
permeability, sorption, and swelling strain.
2) The presence of water similarly has the same role as fracture geometry. It can reduce the
permeability by up to two orders of magnitude. It also can alter the evolution of
permeability, sorption, and swelling strain significantly.
3) In the case of the coal under investigation, a preferential sorption of CO2 over CH4 is
observed.
4) The relationship between the gas adsorbed and swelling strains can be either linear or
nonlinear depending on the coal properties, stress conditions, and fracture geometry.
5) Applied stress can reduce the permeability, sorption, and swelling strain of coal.
6) CH4 and CO2 sorption is likely to have a weakening effect on the mechanical strength of
coal.
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Chapter II
A mechanistic model for permeability evolution in dual permeability dual
stiffness sorbing media
Abstract
A mechanistic model is presented to represent the evolution of permeability in dual permeability
dual stiffness (DPDS) sorbing media such as coalbeds and shales. This model accommodates key
competing processes of poromechanical dilation and sorption-induced swelling. We show that the
significant difference in stiffness between fracture and matrix transforms the composite system
from globally unconstrained to locally constrained by the development of a “stiff shell” that
envelops the perimeter of an REV containing a fracture. It is this transformation that results in
swelling-induced permeability-reduction at low (sorbing) gas pressures and self-consistently
allows competitive dilation of the fracture as gas pressures are increased. Net dilation is shown to
require a mismatch in the Biot coefficients of fracture and matrix with the fracture coefficient
exceeding that for the matrix – a condition that is logically met. Permeability evolution is cast in
terms of series and parallel models with the series model better replicating observational data.
The model may be cast in terms of nondimensional parameters representing sorptive and
poromechanical effects and modulated by the sensitivity of the fracture network to dilation or
compaction of the fractures. This latter parameter encapsulates the effects of fracture spacing and
initial permeability and scales changes in permeability driven by either sorption or
poromechanical effects. For a system following a Langmuir type sorption isotherm, and where
both poromechanical and swelling effects are individually large, a turnaround in net permeability
from decreasing at low (sorbing) gas pressures to increasing at large gas pressures is expected.
This new mechanistic model is capable of representing key aspects of these changes in the
transport parameters of fractured sorbing media to changes in stress and pore pressure. This
model is applied to well-controlled observational data for different ranks of coals, and different
types of gases, and satisfactory agreement obtained.
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1. Introduction
Gas flow and transport in fractured coals and shales is relevant to a broad variety of
scientific and industrial problems and processes (e.g. carbon geological sequestration, coalbed
methane and shale gas production, stability of coal seams and shale caprocks). The evolution of
transport characteristics in these media is controlled by competition between the mechanical and
chemical effects that either generate (including reduction in effective stress, shear induced
dilatation, microcracking, thermal cracking) or destroy (including compaction and matrix
swelling) connected porosity. As a result of processes related to deformation, sorption/desorption,
and swelling and shrinking, permeability is a time-dependent property. These effects are
especially important in fractured coals and shales, where both permeability and stiffness are
intrinsically controlled by the most hydraulically conductive, and most mechanically soft,
elements, viz. the fractures. A schematic depiction of gas migration in coal seams at a variety
scales is illustrated in Figure 2-1. Although the feedbacks between the evolution of permeability
and such processes as poromechanical response, gas sorption/desorption, and coal
swelling/shrinkage have been quantitatively explored under a variety of boundary conditions both
in the laboratory [Chen et al., 2010, 2011; Cui and Bustin, 2005; Harpalani and Chen, 1997;
Harpalani and Schraufnagel, 1990; Izadi et al., 2011; Liu and Rutqvist, 2010; Liu et al., 2011a,
2011b, 2011c; Mathews et al., 2011; Mazumder and Wolf, 2008; Pan et al., 2010; Pini et al.,
2009; Robertson and Christiansen, 2005; Seidle and Huitt, 1995; Siriwardane et al., 2009; Wang
et al., 2011], and in situ [Fujioka et al., 2010; Gierhart et al., 2007; Palmer, 2009; Palmer and
Mansoori, 1996; Palmer et al., 2006; Shi and Durucan, 2005] significant challenges remain.
Importantly, these relate to quantifying spatial and temporal patterns, rates, and even the sense of
permeability change. The mechanisms underlying these responses are poorly understood and thus
it is difficult to predict the response to mechanical stress and pore pressure perturbations, each of
which may induce substantial changes in permeability.
A variety of permeability models have been developed to represent the complexity of the
multiple physical and chemical processes involved in gas transport in fractured sorbing media
[Connell et al., 2010; Cui and Bustin, 2005; Izadi et al., 2011; Liu and Rutqvist, 2010; Liu et al.,
2011a, 2011b, 2011c; Palmer and Mansoori, 1996; Robertson and Christiansen, 2005; Seidle and
Huitt, 1995; Shi and Durucan, 2005; Zhang et al., 2008]. These are summarized systematically in
Table 2-1 and critically reviewed by Liu et al. [2011b] for the mostly commonly used existing
models categorized into the two most relevant loading modes of either uniaxial strain or constant
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Figure 0-1. Schematic of gas migration in coal seams at a variety of scales [after Remner et al., 1986].

52

Table 0-1. Existing permeability models
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stress conditions. These models are either expressed in a parallel-coupled cubic form or in an
exponential form, as described in Equations (2.1) and (2.2)

k
= exp( A − B )
k0

(2.1)

k
3
= (1 + A − B )
k0

(2.2)

where A represents poromechanical effects on the permeability, and B represents the effects of
matrix swelling/shrinkage on the permeability.
Under constant total stress boundary conditions, with increasing pore pressure, one would
expect permeability to monotonically increase since gas adsorption-induced swelling (free
expansion) does not influence fracture aperture and fracture permeability [Connell et al., 2010;
Izadi et al., 2011; Liu et al., 2011c]; However, this is not consistent with laboratory observations
[Harpalani and Chen, 1997; Mazuder and Wolf, 2008; Pan et al., 2010; Pini et al., 2009; Wang et
al., 2011] which show a dramatic initial reduction in permeability with increasing pressure of the
sorbing gas. This discrepancy between observation and theory is believed to be due mainly to the
heterogeneous sorption and swelling, specifically, the interaction between fractures and matrix
[Izadi et al., 2011; Liu and Rutqvist, 2010; Liu et al., 2011a; Wang et al., 2011]. The crucial role
of this interaction is the focus of new attempts to explain this conceptual inadequacy. Liu and
Rutqvist [2010] propose an internal swelling stress concept suggesting that only a portion of
swelling strain contributes to the change in permeability. Liu et al. [2011a] and Wang et al.
[2011] elucidated this mismatch by considering that the role of swelling strains is accommodated
both over contact bridges that hold cleat faces apart and over the non-contacting span between
these bridges. A mechanistic model proposed by Izadi et al. [2011] has demonstrated the
important role of coal matrix-fracture compartment interactions on the evolution of coal
permeability.
Laboratory experimental data show that for the same type of coal sample under the same
total stress and pore pressure conditions, different fracture geometries produce different
permeability evolution patterns [Wang et al., 2011]. Specifically, permeability reduces first with
increasing pore pressure and then rebounds for ubiquitously fractured coal under constant total
stress conditions. However, this regime of decreasing permeability in the swelling regime is not
observed for a fully-cleaved fracture in coal absent joining rock bridges. This observation implies
that the presence of bridges across fractures is a crucial component in controlling the permeability
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evolution with pore pressure. Indeed, the important interaction between matrix and fracture has
been recognized in controlling the evolution of transport constitutive relations for fractured coals
and shales. These interactions are especially important in fractured rocks, where both mechanical
stiffness and permeability, are sensitive to small changes in fracture aperture. Despite this
importance, very little is known about this interaction, especially quantitatively.
To understand the important interaction between fracture and matrix, we explore the
changes in fracture aperture that result when a fracture is subjected to an increasing pore pressure
while total stress is kept constant. The emphasis is in taking the dual permeability dual stiffness
(DPDS) approach into account when evaluating change in fracture aperture for sorbing media.
The processes involve fracture aperture opening due to reduction in effective stress, and
homogenized fracture aperture closure due to gas sorption-induced matrix volumetric swelling.
We derive a cubic permeability model that can replicate these processes for permeability
evolution in DPDS sorbing media. We discuss the potential difference in permeability by
evaluating both the parallel and series models. We find the series-coupled cubic form honors our
observations recovered from carefully constrained laboratory experiments on coal samples [Wang
et al., 2011]. This model accommodates gas sorption-induced swelling and poromechanical
response while explicitly accommodating the mechanical characteristics of the dual stiffness
fracture-matrix system.
In the following we present a conceptual model of permeability evolution in coal due to
concurrently overprinted sorption-induced swelling and poromechanical responses. We then
validate this model using our experimental results. Finally, we discuss possible applications of the
results to field conditions applicable to carbon sequestration and coalbed methane extraction.

2. Mechanistic model
Heterogeneous porous media containing two distinct forms of porosity (fracture and
matrix), such as coals and shales, may be idealized as a dual porosity medium as represented by
Warren and Root [1963]. In these rock masses, both mechanical and hydraulic behavior is
controlled by the presence of fractures. Fracture stiffness and fluid flow through a single fracture
under normal stress are implicitly related to the geometry of the fracture and contact area that
comprise the fracture [Pyrak-Nolte and Morris, 2000]. A typical fracture contains isolated
asperity regions where the two surfaces are in contact, surrounded by open regions where the two
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surfaces are separated by an aperture b that may vary from point to point, as illustrated in Figure
2-2a. When fluid flows through such a fracture, it flows around the contact areas, but also has a
tendency to flow preferentially through the channels with the largest apertures, as hydraulic
3

conductance is proportional to b [Elsworth and Goodman, 1986; Piggott and Elsworth, 1993;
Zimmerman et al., 1992]. In this paper, we consider idealized fractures consisting of two parallel
surfaces, with isolated regions of contact, as shown in Figure 2-2b. These contact areas have the
effect of decreasing the permeability and limiting the deformation of the fracture. Neglecting
turbulent flow and assuming only flow within the fracture system, the initial permeability k0 of a
set of parallel fracture of spacing, s, can be defined as [Bai and Elsworth, 1994; Ouyang and
Elsworth, 1993]

k0 =

b03
12 s

(2.3)

where b0 is the initial fracture aperture.
For the cases where bulk in situ permeability is known, the initial fracture aperture, b0 ,
can then be estimated from

b0 = 3 12sk0

(2.4)

then the permeability evolution may be evaluated as [Liu and Elsworth, 1997]

k  ∆b 
= 1 +

k0 
b0 

3

(2.5)

where ∆b represents the change in aperture driven by any process. This allows the evolution of
fracture permeability to be followed for an arbitrary evolution of fracture aperture provided a
linkage is provided with mechanisms of fracture dilation or compaction [e.g., Elsworth and
Goodman, 1986].
2.1. Sorption-induced swelling response
Sorption-induced coal matrix swelling, to some extent, contributes to the reduction in
permeability with increasing pore pressure, under uniaxial strain conditions [Clarkson et al.,
2008; Liu and Rutqvist, 2010; Seidle and Huitt, 1995, Shi and Durucan, 2004; Palmer and
Mansoori, 1996; Pan and Connell, 2007;], under displacement boundary conditions [Liu et al.,,
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Figure 0-2. (a) Section view of a fracture; (b) fracture with parallel surfaces and isolated asperities; (c)
idealized asperities and void spaces, the aperture is b and the characteristic asperity dimension is s-a (after
Zimmerman et al. [1992]).
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2011c], and even under constant stress conditions [Connell et al., 2010; Izadi et al., 2011;
Mazumder and Wolf, 2008; Pan et al., 2010; Robertson and Christiansen, 2005; Wang et al.,
2011; Zhang et al., 2008]. However, this permeability reduction due to sorption-induced swelling
cannot be explained by the uniform free expansion concept presumed to prevail under constant
stress conditions. To the contrary, free swelling of an unconstrained homogeneous medium does
not change the porosity of the system [Liu et al., 2010c]. The rock-bridge model proposed by
Izadi et al. [2011] utilizes constrained swelling of a lattice of repeating compartments containing
a single finite fracture. This geometrically-constrained swelling produces the typical response
observed in unconstrained core-flooding experiments. This new work characterizes these intrinsic
scaling relationships linking permeability evolution to the geometry and mechanical
characteristics of the fractured medium by extension of the dual permeability dual stiffness
concept.
We posit that the significant difference in stiffness between fracture and matrix may
transform the composite system from globally unconstrained to locally constrained by the
development of a “stiff shell” that envelops the perimeter of an REV containing a fracture as
displayed in Figure 2-3. This may be the underlying mechanism that controls permeability
reduction due to sorption-induced swelling.
Sorption and swelling processes have been shown to be heterogeneous in coal [Day et al.,
2008; Karacan, 2003, 2007; Karacan and Okandan, 2001] as apparent from quantitative X-ray
CT imaging and from optical methods. In this study, for a coal in which sorption follows a
Langmuir type sorption isotherm [Cui and Bustin, 2005; Cui et al., 2007; Harpalani and
Schraufnagel, 1990; Robertson and Chrisiansen, 2005] we homogenize the sorption-induced
volumetric strain ε s as

εs = εL

PL ( P − P0 )
( P + PL )( P0 + PL )

(2.6)

where P0 is the initial pore pressure; ε L and PL are the Langmuir strain and Langmuir
pressure, which represent the maximum swelling capacity and the pore pressure at which the
measured volumetric strain is equal to 0.5 ε L , respectively.
For an idealized fracture system as illustrated in Figure 2-4, the volume of the coal matrix

V can be written as

V = s3 .
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(2.7)

Figure 0-3.. Schematic of the boundary condition switch. The significant difference in stiffness transforms
the system from globally unconstrained to locally constrained by the development of a “stiff shell” that
envelops
elops the perimeter of an REV containing a fracture.
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Then the swelling-induced volumetric deformation can be expressed from

∆V = V ε s .

(2.8)

For a three-dimensional system, this change in volume of the matrix should be equal and
opposite to the induced change in volume of the fracture, which yields

∆V = s 2 ∆bs

(2.9)

where ∆bs represents the change in fracture aperture due to sorption-induced swelling.
Combining Equations (2.7), (2.8), and (2.9), we obtain

∆bs = ε s s

(2.10)

and nondimensionalizing this deformation allows the change normalized fracture aperture to be
defined as

∆bs ε s s
=
b0
b0 .

(2.11)

As a convention we assume that fracture opening is positive and fracture closure is
negative. Therefore, permeability evolution due to sorption-induced swelling may be written as
3


k  ε Ls
PL ( P − P0 )
= 1 −

k0 
b0 ( P + PL )( P0 + PL ) 
.

(2.12)

For a fractured medium as represented above, the porosity of the system may be written
as

φ0 =

3b0
s .

(2.13)

If porosity and fracture spacing are evaluated, Equation (2.12) may take the form

k 
3 ε L PL ( P − P0 ) 
= 1 −

k0  φ0 ( P + PL )( P0 + PL ) 

3

(2.14)

defining the evolution of permeability as a function of initial secondary porosity, the material
coefficients of the Langmuir strain and pressure, and the applied augmentation in gas pressure
applied to the sample. This is the component response required to determine the influence of
swelling deformations on permeability evolution.
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2.2. Poromechancial response
Since the mechanism discussed above may be the fundamental mechanism to explain a
reduction in permeability driven by sorption-induced swelling then the response to effective
stresses should be consistent with these boundary restraints. Hence we use the same boundary
condition switch of local constraint to examine the permeability enhancement due to
poromechanical responses.
We consider this serial geometry of matrix and fracture [Bai and Elsworth, 1994;
Elsworth and Bai, 1992] with the matrix of length s and containing a single fracture. With
dilation positive as defined earlier then the opening across a fracture ∆u f may be related to the
change in effective stress, ∆σ ' , total stress, ∆σ , and applied fluid pressure in the fracture, ∆Pf ,
the Biot coefficient, α f , and stiffness of the fracture, Kn as

∆u f =

−∆σ ' −(∆σ − α f ∆Pf )
=
Kn
Kn
.

(2.15)

Similarly, for the solid matrix, the expansion ∆u s may be defined in terms of modulus,

Es , fracture spacing s , Biot coefficient, α s , and fluid pressure in the solid ∆Ps as
∆u s =

− s∆σ ' − s ( ∆σ − α s ∆Ps )
=
Es
Es
.

(2.16)

Since normal displacements at the periphery of the REV (Figure 2-3) are restricted then

∆us + ∆u f = 0 and combining Equations (2.15) and (2.16) yields,

 s
1 
s
1
∆σ  +
− α f ∆Pf
=0
 − α s ∆Ps
Es
Kn
 Es K n 
.

(2.17)

Then the induced total stress is defined as

∆σ =

α s ∆Ps

s
1
+ α f ∆Pf
Es
Kn
s
1
+
Es K n
.

(2.18)

Assuming that gas pressures have diffused uniformly throughout the REV then

∆Ps = ∆Pf = ∆P and this total stress may be substituted into the displacement Equation (2.16) as
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∆u f = ∆b = −∆us =

(α f − α s )

(1 + K s / E )
n

s

s ∆P
Es

(2.19)

and finally the result recovered from the permeability relations (Equation (2.5)) due to the
poromechanical effect is
3

(α f − α s ) s( P − P0 ) 
k 

= 1+
k0 
b0 Es 
1 + K n s / Es

 .

(

)

(2.20)

We find that even under local displacement-controlled boundary conditions, with
increasing pore pressure, and the sensible constraint that α f > α s then the fracture indeed dilates
for an increment of pore fluid pressure – and this in turn increases the permeability. For a
uniform homogeneous medium where α f = α s the steady augmentation of gas pressure results
in no net change in permeability as expected for displacement controlled boundary conditions.
Assuming the modulus of the fracture asperities and the normal stiffness of the void
space are Ea and K n (Figure 2-4), respectively, then the average normal stiffness of the whole
fracture system may be written as

Kn =

Ea s − a
a
+ Kn
b s
s

(2.21)

where the components representing the contributions to the fracture normal stiffness from
asperities and from void space are defined sequentially. This allows the fracture normal stiffness
to be evaluated for an arbitrary geometry of fracture network given these controlling parameters.
2.3. System response
In this work, we assume that fracture and matrix deformation are both linear and fully
recoverable, and deformations in normal closure or opening are the predominant modes of
permeability alteration. For systems under stress boundary condition, the response of the system
to changes in pore pressure may be determined from consideration of the combined effects of
poromechanical response and sorption-induced swelling response.
We focus on systems under applied stress boundary conditions as this is the most
convenient way to both measure responses in the laboratory and to migrate between
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Figure 0-4. A simple fracture-matrix
matrix system, ( s ) spacing, ( b ) aperture, ( ( s − a) / s ) asperity ratio (after
Bai and Elsworth [1994]).
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constraint states for prototype behavior. This is the most common boundary condition for
laboratory experiments, and we can use experimental results to validate our model. So far all
efforts reported in the literature have used the processes-in-parallel form to evaluate coal
permeability evolution when using the cubic dependency, as expressed in Equation (2.2). The
nature of this equation is that the effects of poromechanical response and sorption-induced
swelling on the change of fracture aperture are simultaneous. In other words, the physical
processes of poromechanical response and sorption occur simultaneously. However, this may not
be true for a dual permeability system. When gas is injected to a dual permeability sorbing
medium, pore pressure within the medium increases via two separate processes: one that is nearinstantaneous in the highly permeable fracture system and one that is slow and diffusive in the
low permeable matrix. The ratio of the timescales of these two processes depends on the ratio of
the permeabilities within the fracture network and the matrix – and these may readily be
mismatched by more than 2-3 orders of magnitude [Wang et al., 2011]. This mechanism is a
consequence of the partitioning of the effective stress between the fracture (that responds quickly
to the perturbation) and the matrix (that responds slowly). With the observation that both
poromechanical and swelling processes can alter coal permeability by orders of magnitude
[Durucan and Edwards, 1986; Somerton et al., 1975; Wang et al., 2011], this is such a unique
and an important feature for dual permeability dual stiffness sorbing media that it may require
that the separated timing of these two effects is considered in permeability evolution models.
Thus the processes-in-sequence/series cubic model accommodating the instantaneous
poromechanical response in the fracture followed by the slow sorption-induced swelling process
in the matrix can be expressed as

k
3
3
= (1 + A ) (1 − B )
k0
.

(2.22)

Here we evaluate both processes-in-parallel and processes-in-sequence/series cubic
models with our well constrained laboratory experimental data to investigate the permeability
evolution in coal. Combining Equations (2.14) and (2.20) we obtain the evolution of permeability
in coal accommodating the poromechanical response and sorption-induced swelling response in
the parallel mode as

(α f − α s ) s ( P − P0 ) 3 ε L PL ( P − P0 ) 
k 

= 1+
−
φ
k0 
b
E
P
+
P
P
+
P
(
)(
)
1 + K n s / Es
0 s
0
L
0
L 



(

)
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3

(2.23)

or in the series mode as

(α f − α s ) s( P − P0 ) 
k 

= 1+

k0 
b
E
1 + K n s / Es
0 s



(

)

3


3 ε L PL ( P − P0 ) 
1 −

 φ0 ( P + PL )( P0 + PL ) 

3

(2.24)

Figure 2-5 illustrates the effects of poromechanical response and sorption-induced
swelling on the evolution of permeability for sorbing media under constant total stress. The grey
area on the plot is the range of the net change in permeability due to these two effects. Under
constant total stress, the rate of permeability gain due to poromechanical response exponentially
increases but the rate of permeability loss due to sorption-induced swelling monotonically
declines following a Langmuir type pattern. Thus the role of Langmuir pressure is apparent in
controlling the turnover of permeability.
2.4. Biot coefficients and fracture normal stiffness
The Biot coefficient α , which controls the magnitude of the rock dilation due to an
increase of the pore pressure, depends on the relative stiffness of the skeleton, K , and the solid
constituents as [Nur and Byerlee, 1971]

α = 1− K / Ks

(2.25)

where K s is the bulk modulus of the solid constituents (i.e., grains). By definition, the range of
variation of α is (0, 1). The Biot coefficient is directly related to the “tightness” of the material,
and increases with increasing porosity [Laurent et al., 1993]. This coefficient also reduces with
depth due to the stiffening of fractures with increased effective stress. Relationships between
aperture and effective stress acting across fractures and indexed by contact area have been
previously described [Bai and Elsworth, 2000; Jaeger et al., 2007; Ruqvist and Stephansson,
2003]. According to Murdoch and Germanovich [2006], for a single fracture the Biot coefficient
is the ratio of open area to the total area of the fracture surface. For a fractured medium,
homogenization and upscaling will depend on the characteristics of individual fractures, as well
as the fracture density and geometry of the fracture network. Thus, in our study, we postulate that
the Biot coefficients for fracture and matrix are significantly different due to their distinct
features. Since the equivalent stiffness of a fracture is small in comparison to that of solid grains
then from Equation (2.25) α f ~ 1 . Typical Biot coefficients are of the order of 0.19 for marble,
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Figure 0-5.. Illustration of permeability evolution for sorbing media under constant total stress. The grey
area is the range of the net permeability evolution controlled by the competing processes of poromechanical
and swelling responses.
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0.27 – 0.47 for granite, and 0.64 – 0.85 for sandstone [Detournay et al., 1989; Elsworth and Bai,
1992; Rice and Cleary, 1976]. We use α s = 0.65 as averaged from tests conducted on coal using
methane as the fluid [Zhao et al., 2003].
The relationship between normal stiffness of fractures and stress for rock has been
studied extensively and many models have been proposed [Bandis et al., 1983; Goodman, 1976;
Pyrak-Nolte and Morris, 2000; Pyrak-Nolte et al., 1987; Walsh, 1981]. For a fracture with two
rough surfaces in contact, the stiffness increases as normal compressive stresses are increased –
this is because more asperities come into contact. The theory shows that fracture stiffness
increases linearly with increasing normal stress, and this relationship is found to hold to a good
approximation in field experiments [Walsh, 1981; Walsh and Grosenbaugh, 1979]. The
magnitudes of normal stiffness of rocks in the laboratory are of the order of 1-104 GPa/m [PyrakNolte and Morris, 2000; Rutqvist et al., 1997]. The mechanical and hydraulic behaviors of a
single fracture or fracture network in coal, however, are not well understood due to its complex
structure in nature. In this study, we apply the linear relationship proposed by Walsh and
Grosenbaugh [1979] (see Fig. 7) as

K n = K n 0σ '/ σ 0'

(2.26)

'
where K n 0 represents the initial fracture normal stiffness at the initial effective stress, σ 0' and σ

represents the variable effective stress. This describes the fracture normal stiffness change
resulting from a change in effective normal stress.

3. Experimental comparisons
The model identified in the preceding may be compared with behavior observed in a
variety of flow-through experiments conducted on coal [Wang et al., 2011] for different fracture
geometries to define the fidelity of the proposed characterization. In these experiments,
bituminous coal samples collected across the United States (Colorado, Pennsylvania, Utah, and
West Virginia) are subjected to conditions of constant total stress (6MPa), where pore pressures
(He and CO2) are increased (from 1MPa to 5MPa). Experiments are completed in a Temco
triaxial core holder capable of accepting membrane-sheathed cylindrical samples and loaded
independently in the radial and axial directions. Confining and axial stresses are applied by a dual
cylinder ISCO pump. Upstream and downstream fluid pressures are measured by pressure
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transducers. The cylindrical sample is sandwiched within the Temco cell between two cylindrical
stainless steel loading platens with through-going flow connections and flow distributors.
Detailed descriptions of the experimental method and measurement procedures are given by
Wang et al. [2011]. An intact sample with small natural embedded fractures and a similar sample
but with a single thoroughgoing fracture that cleaves the sample into two unattached halves are
used to evaluate the sorption-induced swelling effect on the evolution of permeability.
Experiments are conducted with He and CO2 and at room temperature. The influence of effective
stress-driven changes (poromechanical response) in volume are examined with non-sorbing He as
the permeant. Permeabilites to CO2 are measured to determine the influence of adsorption and
swelling on the evolution of permeability.
Observations show that for the intact sample with small embedded fractures the
permeability first decreases by a factor of 78% with an increase in pore pressure to 2.8 MPa (due
to swelling and fracture constraint) and then increases to a factor of 10 at a pore pressure of 4.8
MPa (due to the over-riding influence of effective stress). Conversely, this turnaround in
permeability from decreasing to increasing with increasing pore pressure is absent in the
discretely fractured sample - the influence of the constraint of the connecting fracture bridges in
limiting fracture deformation is importantly absent.
We first show the comparison between model and experimental results for the sample
with a longitudinal through-going fracture. From the initial permeability of 7.2 ×10-16 m2 we
calculate the initial fracture aperture to be ~6µm. Utilizing the permeability evolution curve for
the non-adsorbing gas (He) we obtain the initial stiffness of the through-going fracture as ~2000
GPa/m – this is consistent with other measurements [Pyrak-Nolte and Morris, 2000; Rutqvist et
al., 1997]. We then use this calculated fracture stiffness, matrix modulus and the Langmuir
sorption parameters to rematch the permeability evolution for an adsorbing gas (CO2). For the
sample with small embedded fractures, we use the fracture stiffness calculated from the discretely
fracture sample and the modulus of asperities to obtain the averaged fracture stiffness for the
“intact” sample, as expressed in Equation (2.20). Then the following procedures are the same as
described above. Fits with these data are completed to concurrently match the permeability
evolution for both samples. These fits are shown in Figure 2-6 for the sample with embedded
fractures and in Figure 2-7 for the sample with a longitudinal through-going fracture. The
parameters utilized for the fits are identified in Table 2-2.

The change in permeability is

evaluated from Equation (2.24). The calculated changes in permeability closely follow the
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Figure 0-6. Comparison of permeability model results with data from a flow-through test on a sample with
small natural embedded fractures. Confining stress of 6MPa held constant and pore pressure incremented
from 1.4 to 4.8 MPa. Modeled results are for the parameters defined in Table 2-2. Fracture stiffness is
calculated from the results for Helium. Initial drop in permeability to CO2 is due to the sorption-induced
swelling effect (<2.8MPa) and later the enhancement is controlled by the poromechanical response.

69

Figure 0-7. Comparison of permeability model results with data from a flow-through test on a sample with
a longitudinal through-going fracture. Confining stress of 6MPa held constant and pore pressure
incremented from 0.8 to 4.8 MPa. Modeled results are for the parameters defined in Table 2-2. Fracture
stiffness is calculated from the results for Helium. The regime of decreasing permeability in the swelling
regime is not observed for a fully-cleaved fracture in coal absent joining rock bridges. This observation
implies that the presence of bridges across fractures is a crucial component in controlling the permeability
evolution with pore pressure.
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Table 0-2. Magnitudes of model constants
Sample

af

as

Kn0

ES

(GPa/m)

(GPa)

s
(m)

b0

φ

PL

(µm)

(%)

(MPa)

εL

“Intact”

1

0.65

3580

4

0.025

0.57

2

2.72

0.043

“Split”

1

0.65

2000

4

0.025

6

3

2.72

0.002

Note: “Intact” sample refers to the sample with small embedded fractures; “Split” sample
represents the sample with a longitudinal through-going fracture.
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observed responses. Notably, the maximum closure of the fracture is well represented by the
Langmuir pressure.

4. Parametric response
With the capability to replicate observed responses established in the previous,
anticipated features in the response to changes in varied mechanical properties of systems
(Langmuir pressure, Langmuir strain, fracture stiffness, and matrix modulus) and geometric
effects of fractures and matrix (fracture spacing, fracture aperture, contact area ratio, Biot
coefficients) may be straightforwardly investigated. These will reveal important features in their
anticipated behavior, characteristic responses and the magnitudes of various parameters which
condition this response. These behaviors are examined in the following.
For the mechanical properties of the system, we evaluate the effects of Langmuir
pressure, Langmuir strain, fracture stiffness, and matrix modulus. These are provided in Figure 28. Figure 2-8a shows that as the Langmuir pressure is increased, the amount of permeability
reduction decreases. This pattern is true for the observed behavior that permeability reduction of
CO2 for coal due to swelling is larger than that of CH4 as CO2 has a lower Langmuir pressure than
CH4 [Robertson and Christiansen, 2005; Wang et al., 2011]. With the same Langmuir strain, the
change in Langmuir pressure alters the magnitude of the peak permeability reduction significantly
but the onset of this peak in terms of pore pressure is altered only slightly. This only small change
results due to the negligible influence of Langmuir pressure on the ultimate magnitude of
swelling strain – it displaces the peak with respect to the absolute gas pressure. Conversely, as
expected, increasing Langmuir strain increases the peak permeability reduction and also offsets
the peak permeability reduction to the right as shown in Figure 2-8b [Wang et al., 2011]. Thus in
reality, since CO2 has a smaller Langmuir pressure and larger Langmuir strain, the permeability
evolution curve of CO2 may be located directly underneath that of CH4. By changing the same
ratio of Langmuir pressure and Langmuir strain, we find that the latter has a larger effect on the
permeability evolution. Thus, the permeability evolution in coal is more sensitive to the Langmuir
strain.
The mechanical stiffness or compliance of fractures depends primarily upon the area of
contact between the two surfaces of a fracture and fluid flow through a fracture depends primarily
on the smallest aperture in the flow path. The area of contact and the apertures of the void spaces
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Figure 0-8. Parametric study of mechanical properties effects on permeability evolution. P represents
parallel model results as solid lines, and S represents series model results as dashed lines.
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adjacent to these areas of contact depend on the topographies of the two rough surfaces of the
joint and on their deformation under stress [Cook, 1992]. Figures 2-8c and 2-8d show the effects
of fracture stiffness and matrix modulus on the evolution of permeability. With the same
sorption-induced swelling effects, increasing fracture stiffness will limit the deformation of the
fracture and hence decrease the poromechanical effect on permeability evolution. This in turn
results in the system being more sensitive to swelling and thus further decreases the net change in
permeability (over the case of systems with smaller fracture stiffness). Similarly, for a system
locally constrained by the development of a “stiff shell” that envelops the perimeter of an REV
containing a fracture, then increasing matrix modulus prevents the contraction of the matrix and
thus limits the dilation of the fracture induced by the injection of gas, as observed in Figure 2-8d.
If we change the fracture stiffness and matrix modulus by the same ratio, then we find that
fracture stiffness has a relatively larger effect on the evolution of permeability. Since Equation
(2.19) can be rewritten as

∆b (α f − α s ) s∆P
=
b0
Es + K n s b0

(

)

(2.27)

then a comparison between Equations (2.5) and (2.27) indicates that the effect of poromechanical
response is controlled by the stiffness terms “ Es ” and “ K n s ”. Permeability is little influenced
when these terms are individually, or collectively, very large. For a given system, when

Es ≪ K n s , which may be rare in reality, the behavior is dominated by the fracture compliance
alone, as shown in Figure 2-8c. Similarly, there may exist a critical value of Kn , as K n s ≪ Es ,
where the system is effectively only controlled by the properties of the matrix, as shown in Figure
2-8d. Therefore, there may exist critical values of fracture stiffness and matrix modulus below
which permeability is not significantly dependent on the particular mechanical properties
anymore.
Geometric effects, including fracture spacing, fracture aperture, non-contact area ratio,
and Biot coefficients for fracture and matrix, are intrinsically important as implied by Equations
(2.23) and (2.24). Here we vary these parameters and evaluate these effects on the evolution of
permeability. Figure 2-9a illustrates that the smaller the fracture spacing, the larger the
permeability reduction. It infers that for the same stress and pressure conditions, the highly
fractured coal may experience a larger permeability drop compared to slightly fractured coal.
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Figure 0-9.. Parametric study of geometric effects on permeability evolution. P represents parallel model
results as solid lines, and S represents se
series model results as dashed lines.
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Figure 2-9b shows the effect of the initial fracture aperture on the evolution of
permeability. The poromechanical effect for coal with a smaller fracture aperture is relatively
large compared with coal having a larger fracture aperture, as seen from the curves in Figure 29b. The maximum permeability drop increases with an increase in the initial fracture aperture,
and the final permeability increases with a decrease in the initial fracture aperture. This
observation is germane for tight shale gas which has a narrower fracture aperture and a greater
stiffness, compared with coal and suggests that both poromechanical and swelling effects may
significantly influence permeability.
Assuming a null initial pore pressure P0 in the system where the reference initial
permeability k0 is defined, then the evolution of permeability in sorbing media may be rewritten
as

(α f − α s )
k 
= 1+
k0 
1 + K n s / Es


(

)

s
PL P 
3 12k s E P 
s
L
0


3


s
P PL 
εL
1 −

3 12 k s
P
P
+
1
(
)
L
0



3

(2.28)
.

This defines the evolution of permeability for a non-sorbing fluid (where ε L = 0 ) as a
function of four dimensionless parameter groups,

(α f − α s )

(1 + K s / E )
n

s

,

3

s
P
P
, L , and
. For a
PL
12k0 s Es

sorbing but homogenous medium where α f = α s , the evolution of permeability is dependent on
three dimensionless parameters groups,

s
P
, ε L , and
, defining a total of five
3 12k s
P
L
0

independent groups.
For simplicity, we may rewrite Equation (2.28) as

k 
P
= 1 + D 
k0 
PL 
where D =

(α f − α s )

(1 + K s / E )
n

F=

3

s

3


P PL 
 1 − F

( P PL + 1) 


3

(2.29)

s
PL
, and is the poromechanical response coefficient, and
3 12 k s E
s
0

s
ε L , and is the swelling response coefficient. The magnitudes of D and F are
12k0 s
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principally controlled by the parameter

s
, which is defined by the fracture spacing and the
3 12k s
0

initial permeability of a field reservoir and is both large and has a large range (2000-20000). The
remaining parameters

(α f − α s )

(1 + K s / E )
n

s

,

PL
and ε L and are likely to be small (0.001-0.5).
Es

For systems where gas injection or extraction is involved, we investigate the permeability
evolution as a function of P PL while varying D and F for both limiting cases and the
combined effects as well. Figure 2-10a shows that the poromechanical effect on the evolution of
permeability is large when the controlling parameter D is large for a system where swelling
effect is negligible. Similarly, Figure 2-10b shows that the swelling effect on the evolution of
permeability is large when F is large for a system in which poromechanical effects can be
neglected, such as in a homogeneous system. The combined effects are illustrated in Figure 210c. When both D and F are small, the permeability remains nearly constant with increasing
pore pressure. But when either D or F is large and the other is small then characteristic
responses relate to the monotonic increase due to effective stresses (large D small F ) or the
stabilizing decline due to swelling stresses (small D and large F ). Only when both D and F
are large will a turnaround in permeability result as the dominant influence of swelling wanes and
is replaced by dilation due to effective stresses. Thus, for systems with even low swelling strains,
such as organic-rich shales, both the poromechanical (controlled by D ) and swelling effects
(controlled by F ) may still be large due to the low initial permeability or small fracture aperture.
Hence, the characteristics of the fractures in sorbing media are extremely important in controlling
the transport properties as they may control both the poromechanical and swelling responses.

5. Discussion
In the previous sections we derive a mechanistic model for permeability evolution that
accommodates the effects of poromechanical response and sorption-induced swelling response on
the transport properties of coal. This model utilizes the concept of dual permeability dual stiffness
for fractured media where sorption is appropriately accommodated. Parametric studies are
conducted to evaluate the sensitivity of permeability evolution to mechanical properties
(Langmuir pressure, Langmuir strain, fracture stiffness, and matrix modulus) and geometric
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Figure 0-10. Generalized response of permeability evolution in coal.
poromechanical response coefficient and

D0 represents the initial

F0 represents the initial swelling response coefficient (a) shows

only the poromechanical response on the evolution of permeability with different magnitudes of

D0 when

the swelling effect is negligible, (b) shows only the swelling effect on the evolution of permeability with
different magnitude of

F0 when the poromechanical effect is negligible, (c) shows the combined effects of

poromechanical and swelling responses on the evolution of permeability. When both D and F are large,
a turnaround in permeability from decreasing to increasing with increasing pore pressure is expected.
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factors (fracture spacing, fracture aperture, contact area ratio, Biot coefficients). Here we extend
the model to be readily applied when strain information is known alone. Then we discuss the
implications of this model and our analyses to field applications, evaluate the difference in these
two cubic forms, and comment on other possible contributing factors to the evolution of
permeability.
5.1. Strain information based model
Above we derive a permeability model on the basis of known stress. However, this model
can also accommodate observed responses when only strain information is available. Next we
redevelop this permeability model based on strain information, alone.
Assuming that the individual fractures are distinctly soft with respect to the porous
medium and s ≫ b , then the deformation-modified permeability may be written as [Elsworth,
1989]

k=

1
(b0 + sε )3
12s

(2.30)

where ε is the body strain perpendicular to the fracture set with dilatational strain and fracture
dilation defined as positive. The limiting condition for this expression for the system under
compression must be constrained on physical grounds as

b0 + sε ≥ 0 .

(2.31)

Assuming that shear displacement and dilatation are neglected, the total displacement

∆ut , resulting from a change in stress perpendicular to the fracture sets σ , is written as

 s
1 
∆ut = ∆us + ∆u f =  +
σ
 Es K n 

(2.32)

where ∆u s and ∆u f are the displacements of the matrix and the fracture, respectively, Es is the
elastic modulus of the matrix, and Kn is the normal stiffness of the fracture. Assuming that the
deformation of matrix does not contribute to the change in permeability of the system and s ≫ b0 .
The displacement across the fractures can be evaluated from Equation (2.30) as
−1

 K 1
∆u f = ε  n + 
 Es s  .
80

(2.33)

When strains are known, the deformation-induced permeability evolution can be
calculated by using
−1
 K nb0 b0  
k 
= 1 − ε 
+  
k0 
Es
s 


.

(2.34)

Equation (2.34) indicates that the effect of induced strains on permeability are controlled by the
dimensionless terms K nb0 / Es and b0 / s . Permeability is little influenced when these terms are
individually, or collectively, very large.
5.2. Processes-in-parallel or -in-series
As shown in Figures 2-8 and 2-9, both the processes-in-parallel and the processes-insequence/series cubic permeability model forms can replicate the behavior observed in the
laboratory. Again, the parallel form assumes that the poromechanical process and sorption
process occur simultaneously. The series form is based on the concept that the poromechanical
process is near-instantaneous and sorption is a slow and diffusive process, and thus they occur
sequentially. We emphasize that little is known about the relative timing between these two
processes. It is worth mentioning that for the models we run at the final pore pressure of ~5MPa,
the magnitude of permeability from the parallel from is one order of magnitude larger than that
from the series form. Apparently, one can match experimental results with either one of these two
models by adjusting parameters. Our data in this study favor the series model.
5.3. Other contributing factors
The stiffness of a fracture depends not only on the elastic properties of the intact rock but
also upon the number, areas and relative positions of the asperities of contact between the two
rough surfaces. The behavior of fluids moving through individual fractures has been shown to be
complex. Despite the fact that the mechanical stiffness depends primarily on the areas of contact
and fluid conductivity on the aperture of the voids, the roughness of fractures, the shapes of
asperity obstructions, fracture connectivity and orientation relative to the flow direction may also
provide some relation between these two properties [Brown and Caprihan, 1998; Cook, 1992;
Pyrak-Nolte and Morris, 2000; Tsang, 1984; Zimmerman et al., 1992]. Other mechanisms that
may influence the evolution of coal permeability include shear enhanced compaction or dilation,
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creep, micro-cracking, and seismicity induced by gas injection. Little investigation has explored
such mechanisms.
5.4. Implications to field CO2 sequestration and for coalbed methane
Since the concept of CO2 sequestration was first proposed in 1991 [Gunter et al., 1997], a
number of field CO2-ECBM storage pilot projects have been undertaken around the world [White
et al., 2005]. However, one of the technical obstacles faced in practice is that permeability
reduces during injection of CO2 [Levine, 1996; Pekot and Reeves, 2002]. This permeability
reduction was observed in field projects, including the Allison Unit pilot, located in the northern
New Mexico part of the San Juan Basin, where a permeability reduction of 99% was observed in
the early stage of the injection and permeability was improved in the later stage [Reeves, 2002].
These phenomenon may imply that the permeability reduction in the early stage is induced by the
swelling and the enhancement later is caused by the poromechanical response, which our model
can closely replicate these behaviors. Similar dramatic reductions in CO2 injectivity have also
been observed in other field trials and confirmed in laboratory experiments [Chen at al., 2010;
Wang et al., 2011]. Conversely, enhancement in permeability due to reservoir pressure depletioninduced coal matrix shrinkage has been observed in CBM projects [Fujioka et al., 2010; Palmer,
2009; White et al., 2005].
We demonstrate that our model is capable of providing a physical explanation of these
laboratory and field observations. Thus, our parametric analyses may provide useful information
to help screen areas favorable for successful application of CO2 sequestration and ECBM. For
CO2 sequestration, in order to have a high injectivity and to maintain it high for as long as
possible, one would select a site with an adequate permeability and also where the
poromechanical response can quickly override the sorption-induced swelling response, thus
guaranteeing that the permeability will neither drop significantly nor for a long time. For CBM or
ECBM, a reservoir with large initial permeability and with the potential to have a dominant
desorption-induced shrinkage effect over poromechancial effects is preferred. Our analyses show
that permeability is a complex function of pore pressure. Thus, the relationship between the initial
reservoir pressure and the rebound pressure (maybe the Langmuir pressure) is of crucial
importance for CBM. For injection, if P0 > PL , then the permeability would decrease initially,
followed by a strong rebound during extraction. Conversely, if P0 < PL , a continuous increase in
permeability would be expected with continued production [Shi and Durucan, 2005]. For ECBM,
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the relationship among Langmuir pressures and Langmuir strains for CO2 and CH4, and the in situ
pore pressure is even more complicated and important for efficiently injecting CO2 and enhancing
methane production with the same rationale.
5.5. Implications to strength and stability of coal seams
The swelling-induced reduction in permeability may provide a self-sealing factor to the
shale caprock for CO2 sequestration during injection. While, for safe long-term stability after the
injection period, pore gases also play an important role in instability and rupture of coal seams via
their effect on strength and coal-gas interactions [Viete and Ranjith, 2006; Wang et al., 2011].
Considering a simple Coulomb model for frictional strength defined as

τ = C + µ (σ − P)

(2.35)

where τ is shear strength, C is cohesion, and µ is the coefficient of internal friction, it is clear
that the shear failure strength depends inversely on pore pressure P , which is intrinsically
indexed to the fracture permeability. Faulting on pre-existing faults and seismic activities may
induce CO2 desorption, increase fracture permeability as described by this model, build pore
pressure within the fracture for this closed formation, and then accelerate the rupture process. The
rapid desorption of the abundant adsorbed gases in coal matrix has the potential to cause
explosive and energetic failure, such as the instantaneous gas outbursts in underground coal
mines [Beamish and Crosdale, 1998].

6. Conclusions
A model is developed to accommodate the effects of poromechanical response and sorptioninduced swelling response on the transport properties of coal. At pressures below the Langmuir
pressure, increases in pore pressures elicit a competitive response between poromechanical
effects that increase permeability and sorption-induced swelling that decreases permeability. The
opposite is true for reductions in pressure. Above the Langmuir pressure poromechanical effects
dominate. Under constant total stress, increasing pore pressure may initially reduce the
permeability at low gas pressures when swelling dominates with the permeability recovering as
the Langmuir pressure is transited and the poromechanical effect dominates. These dual effects
are readily accommodated in this model. In this particular representation, the poromechanical
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effect is controlled by the difference in Biot coefficients for fracture and for matrix, fracture
stiffness, matrix modulus, fracture spacing, and fracture aperture. And the sorption-induced
swelling is controlled by the Langmuir parameters. The motivation of this analysis is to produce a
representation capable of capturing the essential features of the complex processes of gas
injection into sorbing media which act at multiple scales. The model is applied to observational
data for different ranks of coals, and different types of gases and satisfactory agreement obtained.
Major findings are summarized as follows.
1) For homogenous porous media, neither sorption-induced swelling nor poromechanical
response significantly changes the permeability with increasing pore pressure under
stress-controlled boundary conditions
2) For dual permeability dual stiffness sorbing media, however, the significant difference in
stiffness between fracture and matrix transforms the composite system from globally
unconstrained to locally constrained system by the development of a “stiff shell” that
envelops the perimeter of an REV containing a fracture. It is this shift that causes
swelling-induced permeability-reduction at low (sorbing) gas pressures.
3) The inequality of the Biot coefficients within the fracture and matrix results in changes in
permeability due to poromechanical effects even under locally constrained boundary
conditions.
4) The contact area of asperities which bridge across fractures have a significant role in
controlling permeability evolution.
5) Our experimental data favor the processes-in-sequence/series permeability model.
These mechanistic constraints are important in describing the prototype response of
reservoirs the injection and recovery that capture the essential elements of permeability loss and
gain.

Nomenclature

a

length of void, m

A

poromechanical response on the evolution of permeability

b

fracture aperture, m

b0

initial fracture aperture, m
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∆b

change in fracture aperture, m

∆bs

change in fracture aperture due to sorption-induced swelling, m

B

sorption-induced swelling response on the evolution of permeability

C

cohesion, Pa

D

poromechanical response coefficient

D0

initial poromechanical response coefficient

Ea

asperities modulus, Pa

Es

matrix modulus, Pa

F

swelling response coefficient

F0

initial swelling response coefficient

k

fracture permeability, m2

k0

initial fracture permeability, m2

K

bulk modulus of coal, Pa

Kn

stiffness of void, Pa/m

Kn

average fracture normal stiffness, Pa/m

Kn0

initial average fracture normal stiffness, Pa/m

Ks

bulk modulus of the solid constituents, Pa

P

pore pressure, Pa

P0

initial pore pressure, Pa

PL

Langmuir pressure, Pa

∆Pf

change in pore pressure within fracture, Pa

∆Ps

change in pore pressure within matrix, Pa

s

fracture spacing, m

∆u f

displacement across a fracture, m

∆u s

displacement of matrix, m

V

volume of coal matrix, m3

∆V

change in volume of coal matrix, m3
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Greek symbols

α

Biot cofficient

αf

Biot coefficient for fracture

αs

Biot coefficient for matrix

φ0

porosity

σ

total stress, Pa

σ'

effective stress, Pa

σ 0'

initial effective stress, Pa

∆σ

change in total stress, Pa

∆σ '

change in effective normal stress, Pa

ε

body strain perpendicular to the fracture

εs

sorption-induced swelling strain

εL

Langmuir strain

τ

shear strength, Pa

µ

coefficient of internal friction
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Chapter III
Permeability evolution during progressive deformation of intact coal:
implications for instability in underground coal seams
Abstract
We report measurements of deformation, strength and permeability evolution during triaxial
compression of initially intact coals. Experiments are conducted on coal (Gilson seam, Utah) at
effective confining stresses of 0.75 to 3 MPa and pore pressure of 0.5MPa. Permeability is
continuously measured by the constant pressure differential method, together with axial and
volumetric strains for both water (H2O) and strongly adsorbing carbon dioxide (CO2) gas. The
coal is an initially elastic, brittle-plastic material with a strain-weakening behavior. Strength and
Young’s modulus increase with increasing confining stress and permeability is hysteretic in the
initial reversible deformation regime. As deviatoric stress and strain increase, permeability first
decreases as pre-existing cleats close and then increases as new vertical dilatant microcracks are
generated. Post-peak strength the permeability suddenly increases by 3-4 orders-of-magnitude.
During loading, the inflection point where permeability begins to increases occurs earlier than the
turning point of volumetric strain, which may be explained by the competing processes of axial
crack opening and closure of oblique and transverse cracks. The generation of these vertical
microcracks does not enhance gas migration in the horizontal direction but will accelerate the rate
of gas desorption and weaken the coal. Based on this mechanistic observation, we propose a
process-based model for instability by bursting in underground coal seams. Horizontal and
vertical stresses redistribute ahead of the mining-face immediately after the excavation and
influence pore pressure, permeability, and desorption rate. Due to this redistribution, the zone
closest to the mining-face may experience tensile failure. Interior to this zone a region may
develop with gas overpressures induced by desorption and this may contribute to the occurrence
of coal and gas outbursts. And beyond this an overstressed zone may initiate shear failure driven
by gas pressures if the desorption rate outstrips the rate of drainage. We discuss the implications
of this on the instability of coal seams to CO2 injection and the potential for induced fault slip.
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1. Introduction
Experimental constraints on the evolution of permeability of coal concurrent with
deformation are fundamental in understanding fluid flow within underground coal seams. Fluid
flow is important in influencing strength and stability of coal seams and in determining failure
processes such as coal bumps and gas outbursts in underground coal mines [Beamish and
Crosdale, 1998] and possible fault reactivation induced by deep underground injection of CO2
[Cappa and Rutqvist, 2011]. In the last 150 years, perhaps over 30,000 outbursts have occurred
worldwide resulting in significant damage and numerous and fatalities [Beamish and Crossdale,
1998; Lama and Bodziony, 1998; Wold et al., 2008; Xu et al., 2006]. Despite extensive research
into violent failures in coal mines, surprisingly little progress has been made in the past century in
improving our understanding or towards prediction. Partial alleviation of outbursts by control
measures has been widely achieved. These include in-seam gas pre-drainage ahead of mine
development [Karacan et al., 2011], hydraulic fracturing [Huang et al., 2011] and high pressure
waterjet techniques [Aguado and Nicieza, 2007; Beamish and Crossdale, 1998; Lu et al., 2011].
However, no entirely satisfactory methods are known [Shepherd et al., 1981]. As mines progress
into deeper and gassier coalbeds, the prediction and prevention of these low-probability/highconsequence events is of utmost importance for the coal mining industry worldwide.
The causes of instantaneous gas outbursts are complex and investigations have typically
been limited to specific aspects - mainly as a result of significant constraints in acquiring reliable
data. Various models and mechanisms have been proposed to explain the complex processes
involved in bursts and bumps [Beamish and Crossdale, 1998; Lama and Bodziony, 1998]. These
include spatially-zoned and sequential failure models identifying response [Xu et al., 2006].
These models have a common feature in that a spatial variation of stresses, gas pressures,
damage, permeability, and desorption rate exists ahead of the mining face in underground coal
seams. This is due mainly to the sudden stress redistribution induced by mining [e.g., Harpalani,
1985]. Changes in one zone influence adjacent zones and are of great consequence in controlling
the stability of coal seams. But also coupling of the effects of stress, permeability and desorption
provide a potential positive feedback to the liberation of gas. Therefore an understanding of the
evolution of sorptive capacity (generating gas as stress increases) and permeability (dissipating
gas as stress increases) provides important control on this process. Experimental measurements of
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these effects are crucial in understanding the response where the coal seam ahead of the mining
face is loaded by the approaching face.
Measurements on coal have investigated the evolution of strength and the stress-strain
characteristics in triaxial compression [Gentzis et al., 2007; Hobbs, 1964; Medhurst and Brown,
1998], scale effects on strength [Bieniawski, 1968; Medhurst and Brown, 1998; Scholtes et al.,
2011], the evolution of elastic parameters [Kaiser and Maloney, 1982], the influence of
width/height ratio on post-failure behavior [Das, 1986] and the dependence on loading rate
[Okubo et al., 2006]. Permeability of intact coal has been studied as a function of applied stress
[Durucan and Edwards, 1986; Liu et al., 2011a,b; Pini et al., 2009; Siriwardane et al., 2009;
Somerton et al., 1975; Wang et al., 2011b] and of pore pressure and of fluid composition
[Harpalani and Chen, 1997; Harpalani and Schraufnagel, 1990; Wang et al., 2011b]. Generally,
permeabilities to water and gases decrease with increasing effective stress before new fractures
are generated. Permeabilities to sorbing gases such as methane and carbon dioxide are controlled
by both poromechanical and sorption-induced swelling effects [Hol and Spiers, 2011; Wang et
al., 2011a]. The difference in permeabilities for intact coal samples and discretely fractured
samples is sometimes larger than 3 orders-of-magnitude [Wang et al., 2011b], suggesting a
similar anticipated difference between permeabilities of coals pre- and post-failure. Although the
failure characteristics and permeability evolution of coals are examined and reported frequently,
these aspects are typically examined separately and in isolation. Experimental determination of
permeability evolution of coals during progressive deformation has received remarkably little
attention. The interactions of coal deformation, cleat closure, the creation of damage and of new
fractures and the generation and dissipation of fluid (gas and liquid) pressures are inherently
related to the coupled mechanical and transport properties of coal. Indeed, progressive loading
influences the permeability of coal and that in turn affects the rate and pattern of deformation and
failure. For instance, with the presence of sorbing gases, coal fracturing generates new fracture
surfaces, accelerates the gas desorption, releases internal energy and may promote a feedback to
runaway failure. This highlights the importance of understanding the relationship between
progressive damage and permeability evolution.
Previous studies have identified the role geological structures such as deformed zones of
strike-slip, thrust, reverse, and normal faults, rolls, and slips on the occurrence of outbursts
[Beamish and Crossdale, 1998; Cao et al., 2001; Lama and Bodziony, 1998; Li, 2001; Peng,
1990; Shepherd et al., 1981; Wold et al., 2008; Xu et al., 2006]. These narrow deformed zones,
whether at large or small scale, form the loci for stress and gas concentration, within which coal
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has been physically altered into cataclastic, granular, or mylonitic microstructures [Peng, 1990].
The presence of these faults is considered as one essential factor for the occurrence of outbursts.
Therefore, outburst-prone zones may be screened by studying the spatial distribution of altered
coal and geological structures and the related spatial evolution of permeability [Cao et al., 2001;
Xu et al., 2006]. With the increasing interest in sequestrating CO2 into deep underground coal
seams, a lack of knowledge exists on how permeability changes temporally and spatially with
injection-induced stress redistribution and how these changes affect the stability of coals. Fluid
flow is controlled by both the bulk transport properties of the coal matrix as well as
heterogeneities such as cleats at small scale and faults at large scale. The distribution of fractures
on all scales affects the permeability and desorption response and is crucial in understanding the
response to applied loading.
The following explores the evolution of permeability, desorption and deformational
behavior of coal during progressive loading – as an analog to the stress paths experienced ahead
of an approaching mining face. We explore how the permeability of coal ahead of the mining face
changes with the mining-induced stressing and in turn how these changes influence deformation,
failure and instability of the seam. Results are also applicable to unmined coal seams containing
faults defining how permeability may change around fault zones across coal seams. Permeability
data from progressively loaded, initially intact coal samples, in the pre-failure region provide
useful insights into fluid flow properties of various zones near the faults. In this paper we
describe the results of conventional triaxial deformation experiments (σ1 > σ2 = σ3) on bituminous
coals from the Gilson seam (Book Cliffs coalfield Utah) where permeability and deformation are
continuously monitored to the failure. Experiments are conducted at effective confining stresses
ranging from 0.75 to 3 MPa. In the following we (i) describe the experimental methods, (ii) report
observations in the evolution of permeability and deformation of initially intact coal loaded to
macroscopic failure and (iii) subsequently cyclically loaded to failure. We use these observations
to frame a process-based model to illustrate the key mechanisms involved in the rupture of coal
seams.

2. Experimental technique
The experimental apparatus used in these experiments is shown schematically in Figure
3-1. A triaxial core holder is capable of accepting membrane-sheathed cylindrical samples (2.5
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cm diameter and 10 cm long) and of applying independent loading in the axial and radial
directions. Confining and axial stresses up to 35MPa are applied by a dual cylinder syringe
pumps with control resolved to ±1kPa. Constant upstream pressure is applied by a third syringe
pump with the downstream reservoir open to the atmosphere to measure both water and gas
permeabilities down to 10−23m2. Temperature control jackets are used for the hydraulic pumps to
maintain fluid temperature to within ±0.1 °C. Axial displacement is measured externally using a
linear variable displacement transducer (LVDT) in contact with the moving piston to a resolution
of ±1 µε. Radial displacement is measured from volume change in the confining fluid also to ±1
µε. The stiffness of the loading system is 85kN/mm (at zero confining stress) and the axial
displacement of the sample is obtained by subtracting the displacement of the loading system
from the apparent displacement measured by the LVDT. Axial strain is then calculated with
reference to the initial length of the sample.
The cylindrical sample is sandwiched within the Temco core holder between two
cylindrical stainless steel loading platens with through-going flow connections and flow
distributors. The sample and axial platens are isolated from the confining fluid by a polyvinyl
chloride (PVC) rubber jacket. Pressure, flow rate, and changes in fluid volume of the confining
fluid are recovered from the ISCO pumps and recorded via (National Instruments) Labview.
Output signal from a single LVDT is converted at 16-bit resolution using a 16-channel data
acquisition system. All signals are logged digitally at a sampling rate from 1 Hz to 1 kHz.
We apply a constant 1 MPa upstream pore pressure and open the downstream effluent
port to the atmosphere to maintain a constant pore pressure differential (1MPa) between the two
ends of the samples. The permeability of the sample can be determined using Darcy’s law as,

dP µ q
=
dx k A
where P is the pressure and

x

(3.1)

is the space coordinate. Therefore, d P dx is the pressure

gradient driving the flow. k is the permeability of the sample, µ is viscosity of the fluid, q is
the flow rate, and A is the cross sectional area of the sample.
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Figure 0-1. Schematic diagram of the experimental apparatus. The constant pressure differential
technique is used to measure permeability evolution during progressive axial deformation.
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Permeability to water can be calculated from,

k=

µL q
A ∆P

(3.2)

where ∆P is the pressure difference across the sample, and L is the length of the sample.
For compressible gas, fluid expansion affects the permeability measurement. Assuming
that gas permeation through the sample is an isothermal process, the effect of gas expansion on
gas flow rate can be evaluated using the ideal gas law as

Pq = P0 q0

(3.3)

where the pressure, P0 , is the pressure where gas flow rate, q0 , is measured. Combining
Equations (3.1) and (3.3) to eliminate the gas flow rate, q , we obtain,

P
µ q0
dP =
dx .
P0
k A

(3.4)

Integrating Equation (3.4) over the sample length, L , yields

P22 − P12 µ q 0
=
L
2 P0
k A

(3.5)

where P1 and P2 are downstream and upstream pore pressures, respectively.
Thus, permeability of the compressible phase is inferred via Darcy’s law as,

k=

µ L 2 P0 q0
A P22 − P12

(3.6)

accommodating the important effect of gas compressibility.
Permeability measurements in tight rocks and coals can be influenced by gas slippage at
the pore wall - the Klinkenberg effect [Haparlani and chen, 1997; Klinkenberg, 1941; Somerton
et al., 1975; Zhu et al., 2007]. When the mean free path of the gas molecules is of the same order
as that of the flow path dimension, the gas molecules have appreciable interaction (i.e., collisions)
with the flow path surfaces.
The relation between measured permeability k m in the case where slip occurs and the
absolute permeability k is given as:

 b
km = k  1 + 
 P
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(3.7)

where k is the absolute gas permeability under very large gas pressure where the Klinkenberg
effect is negligible (m2) and b is the Klinkenberg coefficient (Pa) that depends upon the mean
free path of the gas molecules. This in turn, depends on gas pressure, temperature, and molecular
weight of the gas. In this study, the Klinkenberg effect is subtracted from all permeability data
with b = 0.76 × 10 Pa.
6

The experiments were performed on high volatile bituminous coal from the Gilson Seam
(Book Cliffs, Utah) recovered as a large block from a depth of 548 m. The mean density of the
coal under unconfined conditions was calculated from the mass and volume of the cylindrical
cores. This procedure yielded an average matrix density of 1189.2 kg m−3 as received. Table 3-1
summarizes the proximate analysis and physical properties of the coal. The gas used in this study
is CO2 at a purity of 99.995%.

3. Results
3.1. Triaxial compression tests
The experimental details for all of the tests reported are summarized in Table 3-2. In this
section, results are presented for permeability evolution during progressive deformation until
ultimate failure of the coal samples at various effective pressures. To investigate permeability
hysteresis with strain history, one sample was also subjected to monotonically increasingamplitude cyclic loading (see Table 3-2). This consisted of 6 incremented then decremented stress
steps with increasing axial stresses to 7, 12, 17, 22, 27, 34 MPa. All experiments ended in
localized brittle failure of the sample in the form of a through-going shear fracture (Figure 3-2).
Figure 3-3 shows the change in both (a) deviatoric stress and (b) permeability versus
axial strain for five tests completed at effective pressures of 0.75, 1.5(2), 2.25, and 3 MPa. The
stress-strain curves show typical behavior for coal with strength increasing with increasing
effective confining stress. For the first 5 MPa of loading the stress-strain response is first concave
upward and then becomes linear-elastic up to the yield point. The yield point is taken at the
departure from the linear segment where behavior is then concave downwards until the peak
stress (for tests T3564, T3566, and T3567). For tests T3563 and T3568, a step increase in axial
strain is apparent in the linear-elastic segment, beyond which the stress-strain relation is still
linear. This feature indicates the generation of micro-crack(s) as a consequence of loading
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Table 0-1. Properties of the used Utah bituminous coal
Proximate analysis
Fixed carbon

Volatile matter

Ash yield

53.97%

37.02%

3.02%

Ultimate analysis
Carbon

Hydrogen

Nitrogen

Sulfur

Oxygen

72.75%

3.77%

1.35%

0.50%

12.62%

Vitrinite Reflectance (mean-maximum)
0.53
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Table 0-2. Summary of the conditions and key results from the experiments

Test No.

Length

Density
3

Pc

Pp

Peff

Young’s

Peak

Axial

Initial

Final

Modulus

Stress

Strain at

permeability

permeability

(GPa)

(MPa)

failure

(m2)

(m2)

Fluid

(cm)

(kg/m )

(MPa)

(MPa)

(MPa)

T3566

5.00

1174.2

3.5

0.5

3

2.04

32.23

1.73%

8.81e-19

1.10e-14

CO2

T3567

4.10

1198.6

2.75

0.5

2.25

1.54

26.9

2.06%

7.72e-19

8.03e-15

CO2

T3563

5.08

1173

2

0.5

1.5

1.26

21.25

1.74%

1.53e-18

1.92e-14

H2O

T3564

5.97

1182.1

2

0.5

1.5

1.77

21.47

1.39%

6.86e-19

5.10e-14

CO2

T3568

3.96

1210.5

1.25

0.5

0.75

1.10

19.4

2.09%

6.00e-17

9.19e-15

CO2

1.5

b

33.75

1.73%

3.35e-18

2.41e-15

CO2

T3569

a

4.39

1196.8

2

0.5

1.34
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Type

Figure 0-2. Photograph of a fractured sample with a through-going shear fracture representing the
failure mode.
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Figure 0-3. (a) Deviatoric stress versus axial strain and (b) permeability versus axial strain. Effective
confining stresses are indicated and pore fluid pressure (deionized water or CO2) was maintained at 0.5
MPa. Test numbers refer to those used in Table 3-1.
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– an hypothesis that is confirmed by the permeability results. Peak stresses leading to failure are
~19, 21, 27, and 32 MPa for effective stresses of 0.75, 1.5, 2.25, and 3 MPa, respectively. For all
experiments, axial strain at failure ranges from ~1.4% to ~2.1%. Sample failure occurs rapidly
after the peak stress is reached with a significant increase in strain.
Except for sample T3568 that has a visible fracture sub-parallel to the loading direction
(flow direction), initial permeabilities for all other samples (hydrostatic loading only) are
bounded to within one order of magnitude (from 6.86 × 10−19 m2 to 3.35 × 10−18 m2). As strain
increases, permeability initially decreases for all effective pressures up to a strain ranging from
0.0024 (T3568) to 0.0072 (T3566) for tests with CO2 as the permeant, and 0.0091 (T3563) for
water. This trend is consistent with the concave upward section of the stress-strain curve. After
this initial decrease, permeability gradually increases up to at a strain of ~1% where either
microcracks are generated or existing natural fractures are dilated in shear. In this condition
permeability increases by less than one order of magnitude (from 6.54 × 10−19 m2 to 2.74 × 10−18
m2 for T3564). Ultimately, permeability increases sharply by two to three orders of magnitude
when a large axial fracture is induced prior to macroscopic failure (from 2.74 × 10−18 m2 to 5.10 ×
10−16 m2 for T3564).
Figure 3-4 shows the evolution of permeability and volumetric strain with deviatoric
stress. The axial and radial strains include the effects from the change in crack volume, elastic
strain of the solid grains, and sorption-induced swelling or desorption-induced shrinkage. Strains
are positive in compaction. As expected, the stress-permeability behavior is similar to that for
strain-permeability (Figure 3-2). For all tests, the sample volume initially decreases to a
maximum compactive strain and then begins to dilate at an accelerating rate. One key observation
is that the inflection point of the volumetric strain-stress curves, i.e., where the samples stop
compacting and start dilating, does not coincide with the inflection point of the permeabilitystress plot. Permeability begins to rapidly increase at an appreciably lower strain – and this is
slightly before the change from net compaction to dilation. This turning point increases with an
increase in effective confining stress. The peak volumetric strain, i.e., the maximum decrease in
sample volume, also seems to vary as a function of effective pressure, with the largest volumetric
strain of around 0.0036 recorded for an effective confining stress of 0.75 MPa.
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Figure 0-4. Evolution of (a) permeability and (b) volumetric strain with deviatoric stress. Effective
confining stresses are indicated and pore pressure was maintained at 0.5 MPa.
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Figure 0-5. Experimental data for tests with CO2 as the permeant. The deviatoric stress and permeability are
plotted versus time. Pore fluid pressure was maintained at 0.5 MPa.
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Figure 3-5 shows the evolution of deviatoric stress and permeability with time for tests
with CO2 as the permeant. Postfailure permeability values have been measured and plotted for
Test T3564 and T3566. The interpretation of the postfailure permeability data is not
straightforward as the sample will have developed a highly heterogeneous permeability structure
during the formation of the shear fracture. However, it can be seen that postfailure permeability is
much higher for both experiments. For an effective pressure of 1.5 MPa, permeability reaches 1.1
× 10−14 m2 which is 4 orders of magnitude greater than the initial preloading permeability. The
test with the lower effective stress has a larger change in permeability between post- and prefailure states.
3.2. Increasing deviatoric stress amplitude cyclic loading test
In order to examine the effects of permeability hysteresis due to loading and unloading by
deviatoric stress we conducted one cyclic loading test. The deviatoric stress was incremented then
decremented over six cycles. Observations from the cyclic loading may have implications on
what effect such loading and unloading histories may have on in situ coal seams that undergo
loading cycles due to mining-induced stressing or earthquake events.
Figure 3-6a shows the applied cyclically increasing deviatoric stress and resulting axial
strain versus time. The sample was cyclically-loaded to five peak axial stresses (7, 12, 17, 22, 27
MPa), unloaded to 3 MPa and failed on the final cycle. Figure 3-6b shows the evolution of
permeability concurrent with volume strain - each shown versus time. For the first four cycles an
increasing residual strain (compaction) accumulates after each unloading (Figure 3-6b). Similarly,
for the first three loading cycles the minimum permeability at peak stress and recovered
permeability each decrease monotonically with the number or cycles (Figure 3-6b). This suggests
that the deviatoric stress is insufficient to promote the development of fresh microcracks – rather,
damage accumulates across cleats. Permeability at the end of the fourth loading cycle begins to
increase, suggesting dilation of preexisting cleats or the generation of new microfractures either
parallel or subparallel to the axial stress direction. During the fifth and sixth cycles, permeability
begins to increase during loading, indicating the generation of new fractures – this is congruent
with the change from compaction to dilation within the mechanical response. The sampled fails
on the sixth cycle with the final postailure permeability 3 orders of magnitude higher than the
initial permeability (2.41 × 10−15 m2).
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Figure 0-6. Experimental data for cycled deviatoric stresses. Pore fluid pressure (CO2) was maintained at
0.5 MPa with a confining pressure of 2 MPa. (a) Deviatoric stress and axial strain versus time. (b)
Volumetric strain and permeability versus time.
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Figure 0-7. Deviatoric stress (solid) and permeability (dotted) versus axial strain for cycled loading. Pore
fluid pressure (CO2) was maintained at 0.5 MPa with a confining stress of 2 MPa.
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Figure 3-7 shows the evolution of prescribed deviatoric stress and permeability with axial
strain for the cyclically loaded sample. Three characteristic features are apparent in the
permeability-stress response. These are: (1) non-linearity at low stress; (2) hysteresis on
unloading-reloading cycles; and (3) irrecoverable displacement upon unloading. At low stresses
(<5MPa deviatoric stress), the stress-strain curve is strongly nonlinear and Young's modulus
increases as stress is increased. Eventually a stress is reached beyond which the stress-strain
curve becomes approximately linear. In addition to nonlinear elastic behavior, an elastic
hysteresis is observed. On unloading, a finite stress change is needed before the direction of slip
at the crack interface is reversed and therefore the unloading modulus is initially greater than the
loading modulus as shown by the difference in slopes of loading and unloading curves. The
nonlinear elastic behavior of coals under triaxial compression can be attributed to the presence of
preexisting cleats. At low stresses the cleats are initially open and close as the stress is increased,
resulting in the stiffening of the fracture-matrix composite. Once the cleats are fully closed, the
stiffness of the material remains constant.
The elastic hysteresis can also be explained by the presence of cleats and the effect of
friction between cleat surfaces. The Young’s modulus of the elastic portion of each cycle grows
for each of the first three cycles then remains nearly constant on subsequent cycles. Each cycle
has a small but irrecoverable axial strain after unloading that may be due to frictional slippage in
forward and then reverse modes by locking, due to the initiation of new cracks, and due to the
mobilization of internal plastic strain [Morgenstern and Phukan, 1969].
For the first four cycles, permeability decreases with increasing strain (loading) and
recovers with decreasing strain (unloading). Permeability values for all other cycles are nearly
equal after the unloading, which are lower than the initial preloading permeability magnitude.
Permeability evolution during loading-unloading-reloading cycles follows different paths
indicating a hysteretic phase. This may be attributed to the same rationale as for elastic hysteresis.
In the fifth cycle, permeability begins to increase with increasing axial strain. This may be an
indication of the generation of new cracks or the dilation of preexisting cleats. In the final cycle,
permeability gradually increases with strain utill the sample fails and permeability is augmented
by more than 3 orders of magnitude.
Figure 3-8 shows the evolution of volumetric strain as a function of deviatoric stress for
cyclic loading. As stress is raised in each of the first five cycles, the sample continues to compact
but at a decreasing rate. Volumetric strain also shows a hysteresis with irrecoverable strain
remaining upon unloading for each cycle. At high deviatoric stress, the sample starts to dilate
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Figure 0-8. Volumetric strain versus deviatoric stress for cyclic-loading. Pore fluid pressure (CO2) was
maintained at 0.5 MPa with a confining stress of 2 MPa.
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gradually (at 25MPa) prior to sudden macroscopic failure (at 32 MPa) with related instantaneous
dilation.

4. Analysis for coal seams
In this section we relate our experimental data to underground coal seams subjected to
mining-induced stresses. Permeability evolution during static and cyclic deviatoric loading is
discussed and the feedbacks of these changes on deformation and failure are explored. We
present an ensemble model for strength and permeability evolution and discuss its implication on
fluid flow and rupture in coal seams and in particular with reference to instantaneous gas
outbursts and CO2 sequestration.
4.1. Failure characteristics
In this work we define the yield stress as the stress at the limit of proportionality of the
deviatoric stress-axial strain curve (the nonlinear inflection). Both the fracture stress and the yield
stress were observed to increase with an increase in confining stress from 0.75 to 3.5 MPa. This is
consistent with earlier studies [Gentzis et al., 2007; Hobbs, 1964; Medhurst and Brown, 1998].
The fracture stress increases in a roughly linear manner, as shown in Figure 3-9. Tests under the
confining stress conditions of this study have shown that the coal is an elastic, brittle-plastic
material with strain-weakening. Aside from some non-linearity associated with crack closure at
lower stresses, non-linearity is only observed at stresses in excess of about 85% of the peak
strength of the coal – similar with other observations [Kaiser and Maloney, 1982].
In general three features are evident on the stress-strain curve [Hobbs, 1964; Jaeger et
al., 2007; Medhurst and Brown, 1998]. These are: (1) an initial non-linear portion of the stressstrain curve caused by the closing of the preexisting cleats in the coal; (2) a range of elastic
linearity of stress with strain from which the Young's modulus in compression can be determined;
(3) A final non-linear portion of the stress-strain curve due to pre-rupture cracking. The values of
the Young's modulus of the coals tested are given in Table 3-1. The Young's modulus increases
with
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Figure 0-9. Fracture stress and Young’s modulus as functions of effective confining stress.
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increasing confining pressure as shown in Figure 3-9. The change in the observed Young's
modulus with confining stress is probably due to compaction of the coal matrix, the increasing
stiffness of the cleats with stress and the difference in sorption capacities with stress.
Acoustic emission (AE) techniques have been used in the laboratory to image how coal
and rocks fail with time [Cox and Meredith, 1993; He et al., 2010; Zhao and Jiang, 2010].
Generally, at low stress, AE events are broadly distributed throughout the sample, indicating that
the deformation is quasi-homogeneously distributed within the sample. With increasing
deviatoric stress and the generation of new axial cracks, AE counts and energy gradually
increases prior to the failure of the sample when event rates increase drastically. In situ
compression tests in coal mines also show that the failure is associated with gradual opening of
vertical cleats and spalling from one or more faces, usually near a corner of the specimen
[Bieniawski, 1968].
Although the coal specimens used in this study of the same size, scale effects exist in
coals. Generally, the strength and stiffness of coal decrease with increasing size [Bieniawski,
1968; Medhurst and Brown, 1998; Scholtes et al., 2011]. Strength and post-failure stiffness both
decrease with a decrease in the width/height ratio of the pillar [Das, 1986]. Strength is relatively
insensitive to loading rate with other factors creating greater scatter in the strength data [Okubo et
al., 2006].
4.2. Permeability evolution from triaxial compression tests
Gas flow in coal seams is commonly represented as a dual porosity system
accommodating two serial transport mechanisms: diffusion through the coal matrix then laminar
flow through the cleat system [Bai and Elsworth, 2000; Elsworth and Bai, 1992; Wang et al.,
2011a, b]. The permeability is primarily determined by the cleat aperture [Wang et al., 2011b].
The change in cleat aperture is a function of effective stress and is largely reversible at low
stresses where no damage occurs [Izadi et al., 2011; Wang et al., 2011b] and irreversible at higher
stresses [Hol et al., 2011b]. Simultaneously, coal swelling and shrinkage, even when
unconstrained, may also change the cleat aperture [Izadi et al., 2011; Wang et al., 2011b] and
stress-induced coal damage or fracture alters the rate and state of gas adsorption/desorption thus
coal swelling/shrinkage. Thus, the net change in coal permeability is a function of the poroelastic
response, swelling or shrinkage of the matrix and the damage or fracture induced by the applied
stress.
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All experiments in this study show that permeability decreases initially with increasing
deviatoric stress and axial strain as observed previously [Durucan and Edwards, 1986; Somerton
et al., 1975; Wang et al., 2011b]. This decline is attributed to the nonlinear increasing stiffness in
the early stress-strain curve (low stresses). This most likely results from the closure of cleats
oriented transverse to the axial stress direction. Cleat closure causes a decrease in porosity and
related decrease in permeability. The confining stress plays a role in how these shear cracks will
close and hence influences the evolution of permeability under deviatoric stress. These triaxial
compression tests are conducted after 24 hours of gas flow – thus the sorption process is believed
to be nearly complete prior to the initiation of deviatoric loading. Without changing the structure
of the coal (e.g., creating new fractures) that can alter the pressure distribution within the sample,
sorption-induced swelling does not have a significant effect on the permeability. It is important to
know the relative rates of pressure build-up due to the loading rate and pressure decline due to
drainage. If the rate of pressure-build up outstrips the rate of pressure decline, the net increase in
pore pressure will reduce effective confining stress which can promote instability to the sample.
Thus for the tests performed in this study the poroelastic influence on permeability is the primary
mechanism for the low stress stage.
With increasing deviatoric stress, new fractures, favorably oriented along the direction of
the maximum principal stress will be created. These will balance the decline in permeability
driven by confinement and eventually change the net permeability from decline to increase
[Durucan and Edwards, 1986; Somerton et al., 1975]. It is worth emphasizing that the inflection
point of the volumetric strain-time curves, where the sample stops compacting and begins to
dilate, occurs later in time than the inflection point of the permeability-time plot. This suggests
that permeability increases noticeably at an appreciably lower strain. This key phenomenon, as
expected for naturally fractured coal with cleats [Konecny and Kozusnikova, 2011] and also
observed in crystalline rocks [Mitchell and Faulkner, 2008], implies that changes in permeability
and porosity may not track in the same sense at the same time due to anisotropy of the material.
Similarly, compaction and dilatancy are not mutually exclusive processes [Mitchell and Faulkner,
2008]. Cleats in orientations perpendicular to the axial stress continue to close while new dilatant
cracks grow parallel to the axial stress. The new dilatant cracks contribute more to axial
permeability than the compacting radial cracks. Hence, the permeability net increases while the
sample is still compacting. An increment of permeability along the maximum principal direction
(vertical stress) does not help gas migrate out of the coal seams. But the generation of axial cracks
weakens the mechanical properties of coal and accelerates the desorption rate. This point has
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important implications for instability in underground coal seams. There is no clear trend on how
effective confining stress influences the magnitude of permeability prior to sample failure and the
permeability-strain relation, again possibly due to the anisotropic characteristics of coal.
The postfailure permeabilities of most of the samples (other than T3568) show an
increase in permeability of approximately 4 orders of magnitude - this is caused by the generation
of a through-going fracture (Figure 3-2). This fracture acts as a conduit for fluid flow and will
further open due to the rapid shear displacement after failure [Elsworth and Goodman, 1986; Yeo
et al., 1998].
4.3. Permeability evolution from induced cyclic stressing
The coal tested in this study exhibits strain and permeability hysteresis when subjected to
cyclic loading (Figure 3-6) [e.g. Durucan and Edwards, 1986]. The energy stored during loading
is dissipated upon unloading through the opening of existing fractures or the creation of new
cracks. Depending on stress level this may influence the evolution of porosity and permeability.
The similarity in the size of the change in permeability for both stress-cycled and non-cycled
samples implies that permeability is primarily controlled by the maximum stress that the sample
has undergone. Thus, permeability evolution under loading may be estimated if the stress
condition is known. As noted in this study, permeabilities at the end of the first three unloading
cycles are very close, suggesting that cyclic loading does not create cleat damage at low stresses.
At higher stress levels, damage is inferred to result due to the larger increase in permeability and
that the change is irreversible. It is worth noting that, during the fifth loading cycle, only after the
deviatoric stress exceeded the maximum stress of the fourth cycle (22MPa), were microcracks
generated and hence permeability increased. This behavior is analogous to the “Kaiser effect” and
has been observed elsewhere [e.g., Shkuratnik et al., 2006].
Before microcracks begin to be generated, the permeability-strain curves during loading
and unloading generally exhibit a concave-down form (Figure 3-7). At the same deviatoric stress,
a slight increase in permeability is observed during the unloading process. This discrepancy may
be due to the temporary dominance of the nonaxial cracks on the permeability [Zoback and
Byerlee, 1975]. The significant change in permeabilities of intact coal and fractured coal
describes again the important role of fracture geometry in determining the bulk permeability of
coal [Wang et al., 2011b]. This role is of importance for flow in underground coal seams as the
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in situ cleat/fracture network is complicated [Beamish and Crossdale, 1998; Lama and Bodziony,
1998].
4.4. The roles of CO2 adsorption and coal swelling
CO2 adsorption by coal is a complex physicochemical process. Coals are capable of
adsorption, followed by absorption, and then structural rearrangement (relaxation of the
macromolecular network) that affects both adsorption and absorption [White et al., 2005]. The
sorption mechanism for CO2 is believed to include both chemical adsorption, in which the
adsorbate is bound to the solid surface by a direct chemical bond; and physical adsorption, in
which adsorption occurs mainly due to van der Waals and electrostatic forces between the
adsorbate molecules and the atoms composing the adsorbent surface [White et al., 2005].
Carbon dioxide is predominantly stored in a molecular adsorbed phase within micropores
of the coal in the matrix [Goodman et al., 2005; Melnichenko et al., 2009], and the remaining as a
free phase in the macropores, cleats and cracks [Melnichenko et al., 2009]. It is also well known
that coal swells when exposed to CO2, possibly due to chemical, elastic, and adsorption
thermodynamic effects [Hol et al., 2011a; Larsen, 2004; Pan and Connell, 2007]. The amount of
swelling depends on a variety of parameters, including the structure and properties of coal, gas
composition, confining stress, pore pressure, temperature, fracture geometry, and moisture
content [Wang et al., 2011b]. Weakening due to the sorption of CO2 into the coal matrix is found
in triaxial compression tests [Wang et al., 2011b]. In some cases, no evidence of coal weakening
is found to result following gas sorption [Ates and Barron, 1988; Day et al., 2008; Pan et al.,
2010] even though the sorption process may alter the pore structure of the coal [Goodman et al.,
2005; Larsen, 2004].
For the triaxial compression tests conducted in this study samples are saturated for 24
hours prior to applying the deviatoric load. Thus we assume that adsorption and swelling are
largely completed. Figure 3-4b shows that a consistent decrease in the maximum sample
compaction with increasing confining pressure can be observed. We note here that the measured
volumetric compaction is the sum of the elastic compaction and desorption induced compaction.
Therefore this trend is explained by noting that for the samples under lower confining stress,
more CO2 is adsorbed during the 24 hour saturation [Wang et al., 2011b; Hol et al., 2011a] so that
with the application of deviatoric loading a larger amount of the adsorbed CO2 will be desorbed
[Hol et al., 2011a]. This effect in turn increases the resulting compaction. The larger sorption
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capacity at lower confining stress may also make a contribution to the reduction in modulus and
strength of coal and thus influence the stability of coal seams.

4.5. The role of water
Water and CO2 are all sorbates and compete with each other for the available sorption
sites within the coal structure. Figures 3-3a and 3-4b show that the sample using water as the
permeant has a lower Young’s modulus, larger maximum compaction and smaller dilation after
failure, compared with the samples saturated with CO2 (and for the same stress conditions). This
may suggest that water has a weakening effect on the mechanical properties and strength of coal
[Wang et al., 2011b, c]. The presence of water can reduce the sorption capacity [Beamish and
Crossdale, 1998; Wang et al., 2011b; van Bergen et al., 2009b], reduce the brittleness and
increase the plasticity of coal [Qu, 2010], and may also inhibit the rate of desorption.

5. Instability in coal seams
We consider the stress changes that may develop around an advancing mine face and the
influence these may exert on the evolution of effective stress state driven by desorption and
inhibited drainage. We develop a process-based model and apply scaling to quantify these
potential effects.
5.1. Process-based model
A schematic of this geometry (Figure 3-10a) represents the principal features of
anticipated mining-induced changes in vertical stress, horizontal stress, pore pressure, bulk
permeability and desorption rate. We use this to understand how these stress conditions and
transport characteristics change with distance from the mining face and how these changes might
contribute to failure. Immediately following excavation (at location a) the mining face is totally

117

118

Figure 0-10. Schematic diagram illustrating mining-induced stresses, pore pressure, permeability, and
desorption rate ahead of the mining face. These conditions and properties are plotted as a function of
distance from the mining face.
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unconfined, so the horizontal stress and pore pressure in fractures on the face drop to near zero.
With increasing distance from the face, horizontal stress gradually increases towards the initial in
situ stress at location e and compacts the vertical cleats. The vertical stress at the mining face
immediately after excavation may be assumed to be close to the original in situ stress, but
increases rapidly with distance from the face due to the mining-induced stress abutment. This
surcharge closes the horizontal cleats and approaches a peak stress at location c. The stress
concentration factor at location c, defined as the ratio between the mining-induced stress and the
pre-mining in situ stress, ranges from 1.5 to 6 [Ouyang et al., 2009; Singh et al., 2011; Yang et
2011]. The distance from the mining face to location c is strongly dependent on coal seam
properties and geometry and can be from meters to tens of meters [Harpalani, 1985; Singh et al.,
1996; Yang et al., 2011]. Beyond location c, the vertical stress gradually resets to the in situ
Permeability is largest at the mining face since the coal is unconfined and permeability is
confining stress dependent [Wang et al., 2011b]. With increasing distance into the face the
increasing stresses compact the preexisting cleats and thus permeability decreases until location b
is reached – and here micro-fractures are generated. In the zone between locations a and b, pore
pressure in the fractures increases due to the drop in permeability and the original pre-mining gas
pressure may be reset at location b. This increase in pore pressure decreases effective confining
stress and hence has the potential to trigger failure in the coal. Beyond location b, even though
new microcracks are generated by the deviatoric load, these microcracks are parallel or
subparallel to the vertical stress, as found in this experimental study. Thus the permeability is
increased primarily in the vertical direction rather in the horizontal direction. The contribution to
gas migration from these new cracks in the coal seam to the opening within the gob is
insignificant. Beyond location c, permeability declines again with decreasing stresses to its
original value. The rate of desorption depends on the local pressure difference between the matrix
and the fracture [Beamish and Crossdale, 1998; Xu et al., 2006]. On the mining face, since the
matrix has a 3-4 order of magnitude lower permeability than the fracture, the pore pressure in the
matrix remains almost the same while the pore pressure in the fracture rapidly drops to zero. Thus
the maximum desorption rate occurs on the mining face where the largest pressure differential
exists. With increasing distance from the face, this desorption rate decreases up to location b
where new fractures are generated. These new fractures increase the volume of the fracture
system and thus reduces the pore pressure in the fracture and then creates a local pressure
differential between the matrix and the fractures hence promoting desorption. This is why the
desorption rate increases at location b. The energy generated from gas expansion due to the rapid
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desorption, together with the low horizontal permeability, microfracturing, and the fact that the
coal is still under load, at location b, have potentially significant weakening effects on the coal.
Rapid, energetic failure may result at this location.
Figure 3-10b shows the progress towards failure for coal at these five locations without
considering pore pressures. The positions of these Mohr circles show the relationship between
deviatoric and confining stresses of the coal at these five locations. The coal at location a has zero
confining stress and that at location e has the largest confining stress. The diameters of the Mohr
circles illustrate the relative magnitude of deviatoric stress (the difference between vertical and
horizontal stress) at these five locations. The coal at locations a and e support roughly the same
vertical stress and point c is subject to the greatest vertical stress. We emphasize that these
magnitudes are not absolute but are ranked in order of their relative magnitudes. We assume that
without considering pore pressures within the fractures the coal at these five locations will not
Now we introduce anticipated pore pressures at these locations and investigate which regions will
fail and how they will fail, as shown in Figure 3-10c. At location a, we have assumed that the
pore pressure decreases to zero immediately following excavation. However, if the permeability
in this coal block is sufficiently low (of the order of 10-18 m2) [Lama and Bodziony, 1998] then
the pore pressure may not drop to zero instantaneously (or may retain a strong gradient at the
as the gas needs finite time to migrate out of the fractures. If pore pressures remain, this will
cause a negative effective stress at location a with the Mohr circle translating across the zero
normal stress axis, accordingly. Hence, coal at location a may experience a tensile stress as
shown in Figure 3-10c. Since the tensile strength of coal can be as low as 1 MPa [Ates and
Barron, 1988], the coal at location a may undergo tensile failure. This failure may be categorized
as tensile failure under rapid unloading. This unloading at a will increase the deviatoric stress at
b, causing a decrease in permeability and a build-up in pore pressure due to inhibited gas
migration. This increment in pore pressure reduces effective stress and thus shifts the Mohr circle
to the left with the possibility of contacting the linear Mohr failure envelope. At location b, new
microcracks will be created with these cracks either parallel or subparallel to the mining face
(vertical stress direction) - they will not influence the horizontal permeability significantly.
However, not only can these newly generated microcracks degrade the mechanical properties of
the coal seams, they can also lead to rapid desorption of gas from the matrix which further
accelerates failure. The loss of strength at this point can be both rapid and significant due to the
high gas pressure that results from the rapid desorption of gas following coal failure. This failure
may be categorized as gas overpressure in fractures and rapid desorption induced energetic failure
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[Wang et al., 2011c]. The coal at location c is subject to the largest confining stress and vertical
stress, and it has a slightly larger bulk permeability compared with coal at b. This is because both
more new microfractures are generated and also a larger desorption rate results from the surface
area generated by microcracking. With the increased vertical load, if the rate of desorption is less
than the rate of gas migration, the coal will likely fail in shear without significant gas outbursts –
this would be analogous to a bump resulting mainly due to the mining-induced vertical stress. If
the desorption rate exceeds the rate of gas flow, however, the coal has the potential to fail
energetically and catastrophically as an instantaneous coal and gas outburst.
This schematic model can be applied to coal seams under repeated mining-induced stress
and with the presence of carbon dioxide and/or methane gases. With this model, we may
understand why techniques such as in-seam gas pre-drainage ahead of mine development
[Karacan et al., 2011], hydraulic fracturing [Huang et al., 2011], and high pressure waterjet
techniques may suppress gas outbursts [Aguado and Nicieza, 2007; Beamish and Crossdale,
1998; Lu et al., 2011]. The pre-drainage of gas reduces the pore pressure within coal seams,
increases the effective confining stress, and hence tends to stabilize the coal seams. Hydraulic
fracturing can enhance the permeability of coal seams, especially in the horizontal direction, so
that gas can migrate rapidly and increases the effective stress accordingly. However, this
technique has a limitation in that fracturing can also weaken the properties of coal seams so it
should be applied with caution. The main reason to use the waterjet technique is to hinder gas
desorption, increase fracture connectivity, increase permeability, and release the internal energy
and thus reduce the risk of gas outbursts [Aguado and Nicieza, 2007; Beamish and Crossdale,
1998; Lu et al., 2011].
5.2. Scaling from the laboratory data to the field
The strength of coal is known to decrease with increasing specimen size [Bieniawski,
1968; Medhurst and Brown, 1998; Scholtes et al., 2011] due to the presence of various
discontinuities present within coal such as cracks, cleat and bedding planes. Based on the results
of underground uniaxial tests on cubical coal specimens, a ratio of 7.6 was found between the
strengths of 2 in and 60 in cubic specimens (edge dimension) [see Table 1 in Bieniawski, 1968].
In this study, we assume a ratio of 2 between the strengths of our laboratory specimen data and
coal seams at depths corresponding to the confining stresses used in the experiments. This yields
the Mohr circles and failure envelop shown in Figure 3-11a. The Mohr failure criterion takes the
form,
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τ = 2 + tan 30o σ '

(3.8)

where τ is the shear stress and σ ' is the effective normal stress. The cohesion is 2 MPa
and the internal friction angle is 30°.
We then construct Mohr circles based on the in situ stresses at a depth of 548m, assuming
an average density of 2500 kg m−3 for the overburden and a ratio of 0.7 between horizontal and
vertical stresses. Then the in situ horizontal and vertical stresses are estimated at 9.6 and 13.7
MPa, respectively, as shown by the smallest circle in Figure 3-11b. With the mining-induced
stress, the vertical stress reaches to 27.4, 34.25 and 41.1 MPa for stress concentration factors of 2,
2.5 and 3, respectively. Based on the failure criterion derived above, we find that coal fails
without the induction of pore pressure given a concentration factor of 3. For concentration factors
of 2.5 and 2, pore pressures of 0.8 and 3.9MPa are needed to trigger the failure. Since gas
pressure in the coal matrix is found to be as high as 6 MPa in underground coal mines [Li and
Hua, 2006; Sang et al., 2010] coal failure can occur for both cases. If the ratio between the
strengths of laboratory data and coal seams is much larger than 2, which is likely to be the case
[7.6 in Bieniawski, 1968] then the seam may fail more readily under the same stress scenarios
discussed above and significantly lower pore pressures are needed to prompt this failure.
We define the time interval between the point where new microcracks begin to be
generated and the point where the final macroscopic failure occurs as the precursory time. The
precursory time ranges from minutes to hours based on our experimental data, as shown in Figure
3-12. The precursory time can be described as an inverse log function of the loading rate. This
range of time intervals corresponds to the field observations such as in the Star mine, Idaho
[Brady, 1977], in the Moonee Colliery, Australia [Iannacchione et al., 2005] and mines in China
[Lama and Saghafi, 2002]. We speculate that mining-induced stressing rate is site dependent and
varies with overburden and coal seam properties. With practical experience in a particular mine,
catastrophic failures can be possibly predicted minutes or hours earlier by using microseismic
techniques that have been widely used for predicting roof failures, rockbursts, coal bumps and gas
outbursts [Brady, 1977; Karacan et al., 2011; Li et al., 2007; Shepherd et al., 1981; Zhao and
Jiang, 2010].
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Figure 0-11. (a) Mohr circles and failure envelop are constructed from the laboratory data for the
underground coal seams under the same confining stress used in this laboratory study after considering the
scale effect, (b) Mohr circles are plotted for the coal seams w
where
here coal samples were originally located. The
confining stress is assumed constant at 9.6 MPa for all solid Mohr circles. From the left to the right, these
represent in situ stresses, mining
mining-induced
induced stress with a stress concentration factor of 2, 2.5 and 3,
respectively. The left and right dashed Mohr circle represent mining
mining-induced
induced stress with stress
concentration factors of 2 and 2.5 after considering pore pressure effects, respectively.
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Figure 0-12. Precursory time versus strain rate.
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5.3. Implications for underground CO2 sequestration
The effect of increasing atmospheric CO2 concentration on global warming is now
recognized as one of the most important environmental issues facing society [White et al., 2005].
Long-term geologic sequestration of CO2 in unmineable coal seams is one option to reduce CO2
concentrations in the atmosphere with the possible benefit of co-producing methane – a lower
carbon fuel than coal. Among the CO2 sequestration or CO2-ECBM pilot projects worldwide
[White et al., 2005], the depths of these coal seams where CO2 is injected are usually ~1000m
(e.g., the Allison unit in San Juan Basin, 1000m; the Alberta project, Canada, 1300m; and the
Upper Silesian basis, Poland, 1000m). At a depth of 1000m, the vertical stress is ~ 25 MPa with
an average density of the overburden at 2500 kg/m3. Under this magnitude of stress, the reduction
in effective stress due to CO2 injection increases the possibility of coal seam failure if the
injection pressure is sufficiently high. Our results in this study show that at an effective stress of
1.5 MPa, coal fails at approximately 21MPa. Although coal seam properties vary from site to site,
CO2 injection pressures should be chosen with caution at this depth.
Previous studies have identified geological structures such as faults that exist in
underground coal mines worldwide [Beamish and Crossdale, 1998; Lama and Bodziony, 1998;
Li, 2001; Shepherd et al., 1981; Wold et al., 2008] and at some ongoing or planned CO2
sequestration sites. These include the RECOPOL ECBM pilot in Poland [van Bergen et al.,
2009a] and in the Black Warrior basin, Alabama [Pashin and McIntyre, 2003]. Recent work
[Cappa and Rutqvist, 2011; Rutqvist et al., 2007] has investigated the role of the maximum
injection pressure on fault instability and the impact of CO2 sequestration on the potential
nucleation of earthquakes. They model sandstone and shale as aquifers and caprocks and reveal
that a sudden stress drop (up to a few MPa) and fault slip (up to tens of centimeters) can primarily
occur along the fault portion intersecting the storage reservoir after a few months of injection. For
CO2 sequestration in underground coal seams with the presence of faults, the injection can reduce
the effective stress, alter the permeability and state of sorption and swelling, degrade the
mechanical properties of coal [Wang et al., 2011a, b], and thus destabilize the formation, and
eventually may reactivate fault slip or earthquakes. Different from other rock types, fault slips or
earthquakes in coal seams have the potential to cause gas outbursts due to the large sorption
capacity of CO2 in coal. Li et al., 2007 reviewed and reported several coalmine gas outbursts
following earthquakes with magnitudes from 2.8 to 8.1 in a period of 4 years (see Figure 1 in Li
et al., 2007) and pointed out that there exists a good correlation between the occurrence of natural
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earthquakes and gas outbursts in coal mines. In terms of long term storage of CO2 in coal seams,
even although the faults may not be reactivated during the injection period, tectonic faulting or
earthquakes can still trigger rapid gas desorption from coal and possible dynamic and energetic
rupture. Therefore, attention should be paid to the fault distribution when selecting carbon
geological sequestration cites.

6. Conclusions
This study presents experimental data on the continuous evolution of permeability to
water and gas of coal samples under prescribed confining stress and driven to failure (increasing
deviatoric stress). Use of the constant pore pressure differential technique allows the continuous
measurement of permeability evolution during progressive deformation through failure.
These experiments show that the coal is an elastic, brittle-plastic material with strainweakening behavior. The stress-strain curves show typical behavior of coal with increasing
strength with increasing effective confining stress. An initial non-linear portion of the curve is
caused by the closing of the preexisting cleats in the coal and followed by a linear elastic
response at intermediate stresses. A final non-linear portion develops due to pre-rupture cracking.
The Young's modulus increases with increasing confining pressure, probably due to compaction
of the coal, the increasing stiffness and the reduction in sorption capacities of coal.
For coal samples examined here, as differential stress and strain increase, permeability
first decreases as pre-existing cleats close, and then recovers as new vertical dilatant microcracks
are generated. This occurs until the point of failure where permeability suddenly increases by 3-4
orders of magnitude. During loading, the point where permeability begins to increase occurs
earlier than the switch in the volumetric strain from compaction to dilation. This phenomenon can
be explained by the competing processes of axial crack opening and oblique and transverse crack
closure.
The coal specimens tested in this study exhibit strain and permeability hysteresis when
subjected to cyclic loading. Because new microcracks are generated, at the same deviatoric stress,
a slight increase in permeability is observed during unloading. This is perhaps due to the
temporary dominance of permeability response due to the nonaxial cracks. After each load-cycle,
permeability does not change significantly suggesting that permeability is mainly controlled by
the magnitude of the applied deviatoric stress rather than the numbers of load-cycles. With
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increasing stress, permeability during loading or after unloading is augmented once new cracks
are created. This observation is analogous to the “Kaiser effect” where the development of failure
is conditioned to a prior stress-memory in the sample.
Based on these laboratory observations, we propose a process-based model to describe
the instability of underground coal seams. Horizontal stress, vertical stress, pore pressure,
permeability, and desorption rate all redistribute around the mining-face as excavation progresses.
Due to this redistribution, the closest zone near the mining-face may experience tensile failure if
the permeability of the coal is low. Moving ahead of the face, there may exist a zone that can
undergo overpressure and desorption-induced energetic failure. Further away from the face a
shear failure zone may develop due to the large mining-induced stress that can also result in rapid
failure if the desorption rate outstrips the rate of drainage. Then we scale our data to the field in
space and time, providing useful reference for prediction.
Finally, we discuss how CO2 injection reduces the effective stress, degrades coal
strength, and thus may lead to instability of coal seams, and fault slip if faults are present. These
instabilities may be accompanied gas outbursts. Seismic events or tectonic faulting may also
trigger gas outbursts during long-term storage of CO2 in underground coal seams.
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Chapter IV
Mechanical behavior of methane infiltrated coal: the roles of gas desorption,
stress level and loading rate
Abstract
We report laboratory experiments to investigate the role of gas desorption, stress level and
loading rate on the mechanical behavior of methane infiltrated coal. Two suites of experiments
are carried out. The first suite of experiments is conducted on bituminous coal (Lower Kittaning
Seam, West Virginia) at confining stresses of 2 MPa and methane pore pressures in the fracture
of 1 MPa to examine the role of gas desorption. These include three undrained (hydraulically
closed) experiments with different pore pressure distributions in coal, namely, overpressured,
normally pressured and underpressured, and one sample under drained condition (hydraulically
open). Based on the experimental results, we find quantitative evidence that gas desorption
weakens coal through two mechanisms (1) reducing effective stress controlled by the ratio of gas
desorption rate over the drainage rate, and (2) crushing coal due to the internal gas energy release
controlled by gas composition,

pressure and content. The second suite of experiments is

conducted on bituminous coal (Upper B Seam, Colorado) at confining stresses of 2 and 4 MPa,
with pore pressures of 1 and 3 MPa, under underpressured and undrained condition with three
different loading rates to study the role of stress level and loading rate. We find the Biot
coefficient of coal samples is less than one. Reducing effective confining stress decreases the
elastic modulus and strength of coal. We propose a conceptual model for the mechanical behavior
of gas infiltrated sorbing representative of coal and shales. This study has important implications
for the stability of underground coal seams.

1. Introduction
In general, failures in coal mines are referred to as rockfalls, rockbursts, bumps, and
outbursts. Rockfalls are relatively non-violent failures of loose rocks due to gravity, whereas
rockbursts are violent failures of rocks under high stress that result in significant damage to
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excavations. Bumps are usually violent failures or movements of rocks or coals that do not
necessarily cause damage within an excavation. Outbursts usually occur in coals and involve
catastrophic ejections of coals and gases caused by the sudden release of adsorbed or entrapped
gases resulting from the processes of coal deformation and failure [Beamish and Crossdale, 1998;
Cook, 1976; Lama and Bodziony, 1998; Shepherd et al., 1981]. Coal and gas outbursts may range
from being barely noticeable, to causing significant damage to excavations and equipment and
possibly even resulting in fatalities. In the last 150 years more than 30,000 outbursts have
occurred in the world coal mining industry [Lama and Bodziony, 1998]. The largest recorded
outburst in a coal mine ejected 14,500 tonnes of coal with 600,000 m3 of gas and occurred in
Gagarin Colliery, Donetsk basin in the Ukraine [Beamish and Crossdale, 1998; Hargraves, 1980;
Lama and Bodziony, 1998]. The most disastrous mine outbursts resulted in 187 deaths in the Piast
area of Nowa Ruda Colliery in the Lower Silesian coal basin in 1941 [Lama and Bodziony, 1998]
and in 214 deaths in the Sunjiawan coalmine in Fuxin city, China, in 2005 [Li et al., 2007]. Of
the 16 countries where outbursts occurred, the depth of the ruptured coal seams ranges from as
shallow as 41 m, to as deep as 1000 m, in which gases were CH4 and/or CO2 and coal was either
bituminous or anthracite [Beamish and Crossdale, 1998; Lama and Bodziony, 1998; Liu et al.,
2008]. Despite extensive research into violent failures in coal mines, surprisingly little progress
has been made in the past 100 years towards their understanding or prediction [Shepherd et al.,
1981]. It is generally accepted that prediction of such events in terms of magnitude and time has
not been successful [Szwedzicki, 2003]. As mines progress into deeper and gassier coalbeds, the
prediction and prevention of these low-probability/high-consequence events is of utmost
importance for the coal mining industry worldwide [Wang et al., 2011b].
The causes and mechanism for gas outbursts are complex and are recently reviewed from
the perspectives of field data [Hargraves, 1980], geological structures [Shepherd et al., 1981],
coal type [Beamish and Crossdale, 1998], and control and prevention [Diaz Aguado and Nicieza,
2007; Lama and Bodziony, 1998; Li and Hua, 2006]. Although several models and theories have
been proposed including “pocket”, “dynamic”, “spherical shell” and “multiple factor” models,
each of these theories captures only a few of the important features of the critical processes. None
give the complete picture, and none yield quantitative measures to predict and prevent coal
outbursts [Guan et al., 2009; Lama and Bodziony, 1998; Shepherd et al., 1981]. Many of the
arguments have lacked supporting data and have in many cases been deficient due to the inability
to accurately measure in situ stress and gas pressure, to examine coal properties at the various
scales, and to map underground geological structures, a priori, which may have been the main
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reasons for the failure to predict most outbursts [Shepherd et al., 1981]. It is extremely difficult to
formulate a comprehensive theory for outburst mechanisms based on the current knowledge of
coal-gas interactions. So far the following factors are believed to play a dominant role in gas
outbursts (Figure 4-1): (1) geological structures: particularly steeply dipping seam, faults, dykes,
and mylonite; (2) gas in coal related to: (a) composition, (b) pressure, (c) content, (d) sorption
capacity, and (e) desorption rate; (3) stress level and stress state at the mining face associated
with: (a) development of cracking and crushing of coal; (b) changes in permeability of coal seams
and redistribution of gas pressure; (c) transfer of pressure from the static phase into a dynamic
phase as a result of destruction of the coal seam; and (4) properties and structures of coal seams:
(a) strength, (b) porosity, and (c) permeability [Ates and Barron, 1988; Aziz and Ming-Li, 1999;
Beamish and Crossdale, 1998; Cao et al., 2001; Cyrul, 1992; Diaz Aguado and Gonzalez, 2009;
Durucan and Edwards, 1986; Hargraves, 1980; Harpalani, 1985; Lama and Bodziony, 1998; Li
et al., 2001; St. George and Barakat, 2001; Wold et al., 2008].
In attempting to understand the mechanisms of failure and methods of prevention, a
variety of measures have been applied in an attempt to control gas outbursts. In-seam gas
drainage (degassing) by using surface boreholes, hydraulic fracturing, or directional drilling, and
water infusion are probably the most common techniques to present [Beamish and Crossdale,
1998; Lama and Bodziony, 1998; Karacan et al., 2011]. However, these measures have not
completely removed the gas outburst hazard. In summary, although gas outbursts that occur in
underground mines have been investigated with vigor the underlying mechanisms responsible for
gas outbursts remain poorly understood. The observational relations are largely anecdotal, and the
process-based theories that intend to define mechanisms of outbursts are all lacking in one or
more aspects. The low likelihood of these events, results in long recurrence times, and severely
limits the potential to observe key physical processes in situ, and to therefore discriminate
between cause and effect. This lack of understanding seriously limits our ability to forecast gas
outbursts.
In this study, we propose that the physical behavior responsible for the energetic failure
of coal is entirely consistent with coal viewed as a dual porosity dual permeability dual stiffness
continuum [Bai and Elsworth, 2000; Elsworth and Bai, 1992; Wang et al., 2011a,b,c] where
strength is indexed relative to effective stresses, and where effective stresses are controlled by the
pore pressure in the fracture system.

The relative roles of stress level and loading rate,

deformation and fracture of coal, and their interactions with gas desorption and transport are
intimately connected to the rapid dynamic pressurization and catastrophic failure of coal pillars in
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Figure 0-1.. A schematic showing the controlling factors to gas outbursts and their interactions.
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underground coal mines. These interplays are inadequately understood, and bear importantly on
understanding failure modes, timing, and in defining adequate precursory signatures that may
signal the onset of failure. Here, we report systematic experiments that investigate the role of gas
desorption, stress level and loading rate on the failure behavior of coal. Two suites of experiments
are performed in this study. The objective of the first suite of experiments is to examine the role
of gas desorption on failure behavior. We control the initial gas pressures in the fracture and
manipulate the gas pressure in the matrix to drive either gas sorption or gas desorption process
during deviatoric loading until macroscopic failure. We then examine the difference in failure
behavior to explore the role of gas desorption. We use bituminous coal from the Lower Kittaning
seam, West Virginia for the first suite of experiments. The objective of the second suite of
experiments is to investigate the roles of stress level and loading rate on failure behavior. We
investigate the failure behavior of coal with the same pore pressure distribution in the samples
while varying confining stress and loading rate. These experiments are conducted on bituminous
coal from the Upper B seam, Colorado.

2. Experimental method
In this section, we will describe the experimental apparatus used in this study, the
experimental procedure, and the properties of the coal samples.
2.1. Experimental apparatus
The experimental apparatus used in these experiments is shown schematically in Figure
4-2. The triaxial core holder is capable of accepting membrane-sheathed cylindrical samples (2.5
cm diameter and 5 cm long) and of applying independent loading in the axial and radial
directions. Confining and axial stresses are applied by a dual cylinder syringe pumps with control
resolved to ±1kPa. The cylindrical sample is sandwiched within the Temco core holder between
two cylindrical stainless steel loading platens with through-going flow connections and flow
distributors. The sample and axial platens are isolated from the confining fluid by a PVC rubber
jacket. The end-platens are connected to two low-volume stainless steel gas reservoirs through
tubing and isolating valves with the pressure pulse decay method applied to measure
permeability. The volumes of these interchangeable upstream and downstream reservoirs are
17.36 cm3 and 3.1 cm3, respectively. Upstream and downstream fluid pressures are measured by
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Figure 0-2. Schematic diagram of the experimental apparatus. ISCO pumps apply pressures for confining
(p1) and axial loads (p2). The pressure pulse decay method is used to measure the permeability of coal
using upstream and downstream reservoirs. After pressure has equilibrated in the sample after a saturation
period,
od, the valve v6 is closed and then samples are loaded to failure with the axial strain and pore pressure
being measured by a LVDT and a pressure transducer t2.
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pressure transducers to a resolution of ±0.03MPa. The gas-pressurized upstream reservoir is
discharged through the sample to the downstream reservoir with equilibration time defining
permeability of the sample [Brace et al., 1968; Hsieh et al., 1980]. Temperature control jackets
are used for all hydraulic pumps and gas reservoirs to maintain fluid temperature to within ±0.1
°C. Axial displacement is measured externally using a linear variable displacement transducer
(LVDT) in contact with the moving piston to a resolution of ±1 µε. Radial displacement is
measured from volume change in the confining fluid also to ±1 µε. The stiffness of the loading
system is 85kN/mm and the axial displacement of the sample is obtained by subtracting the
displacement of the loading system from the apparent displacement measured by the LVDT.
Axial strain is then calculated with reference to the initial length of the sample. Pressure, flow
rate, and changes in fluid volume of the confining fluid are recovered from the ISCO pump p1
and recorded via (National Instruments) Labview. The output signal from the single LVDT is
converted at 16-bit resolution using a 16-channel data acquisition system. All signals are logged
digitally at a sampling rate from 1 Hz to 1 kHz.
2.2. Experimental procedure
It is worth noting that the measured pore pressure in this study is the pore pressure in the
fracture due to the dual porosity dual permeability nature of coal. Thus in the following,
measured pore pressures refer to the fluid pressure in the fracture system if no reference to the
contrary is made. Tables 4-1 and 4-2 summarize the proximate analysis and physical properties of
the West Virginia coal and the Colorado coal as received, respectively. Table 4-3 summarizes the
experimental details for the first suite of experiments. The first suite of experiments (T3558,
T3559, T3560 and T3562) is performed on bituminous coal from the Lower Kittaning Seam
(West Virginia) recovered as a large block from a depth of 610 m with CH4 as the permeant. For
each experiment, the pressure pulse decay technique is first run to saturate the sample and to
determine the initial permeability. We determine the completion of the pressure pulse decay
period once the pore pressures in the upstream reservoir and downstream reservoir are equal, as
shown in Figure 4-4. After this, we continue saturating the sample (durations listed in Table 4-3)
to obtain a desired sorption state. Then we isolate the upstream reservoir from the system (valve
v6), and manipulate the gas pressure in the matrix to drive either gas sorption or gas desorption
process during deviatoric loading until macroscopic failure. Closing valve v6 yields a total
volume of 3.96 cm3 for the external reservoir. Finally, we apply deviatoric loading to break the
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sample. Specifically, we saturate sample T3558 for 144 hours (6 days) after measuring
permeability by pressure pulse decay to ensure that the pore pressures in the matrix and in the
fracture are equal (1.03 MPa). We define this as a normally pressured sample. Sample T3559 is
saturated for 1 hour after the pressure pulse decay measurement so that the pore pressure in the
matrix is smaller than that in the fracture (pore pressure of 1.01 MPa in the fracture). The matrix
is underpressured in this sample relative to the fracture. Finally we saturate sample T3560 for 144
hours after the pressure pulse measurement to have equal pore pressures (1.5 MPa) in the matrix
and in the fracture and then we manually reduce the pore pressure in the fracture to 1 MPa
instantaneously so the pressure in the matrix is larger than that in the fracture. The matrix is
overpressured in this sample relative to the fracture. We then apply deviatoric stress at a rate of ~
2.7 × 10-5 s-1 to load these samples to failure. We monitor pore pressure changes in the external
reservoir continuously together with volumetric strain to examine sample compaction and dilation
during loading. It is worth noting again that the upstream and downstream reservoirs remain of
constant volume. Thus any fluid flowing either in-to or out-from the samples will change the
pressures in the external reservoir. Therefore, trends of pressure change in the reservoir
correspond to changes in void volume of the samples during the compaction stage prior to the
development of micro-cracking within the sample, when gases are able to desorb. In this study,
we load these three samples under undrained conditions (hydraulically closed) with a defined
(non-zero) volume reservoir. Conversely, sample T3562 failed under drained conditions
(hydraulically open) by using the ISCO pump p3 to apply a constant pore pressure at 1 MPa
throughout the loading but also with an initial external volume (3.96 cm3). Figure 4-3 shows the
pore pressure distributions under underpressured, normally pressured and overpressured
conditions.
The second suite of experiments is conducted on bituminous coal from the Upper B Seam
(Colorado) recovered as a large block from a depth of 610 m. Five experiments are carried out at
2 MPa confining stress (3 CH4, 1 He and 1 H2O as the permeant) and three at 5 MPa confining
stress (3 CH4), with three different loading rates for both stress conditions. All the experiments
are performed at 1 MPa effective confining stress, assuming a Biot coefficient of unity. Detailed
experimental conditions and key parameters are listed in Table 4-4. Samples are drilled parallel to
the bedding plane. The mean density of the coals under unconfined conditions is calculated from
the mass and volume of the cylindrical cores. This procedure yields average matrix densities of
1178.5 kg m−3 and 1132.4 kg m−3 for the coals from West Virginia and Colorado, respectively.
The gas used in this study is CH4 at a purity of 99.995%.
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Table 0-1. Properties of the used West Virginia bituminous coal
Proximate analysis
Fixed carbon

Volatile matter

Ash yield

53.36%

30.23%

16.41%

Ultimate analysis
Carbon

Hydrogen

Nitrogen

Oxygen

87.00%

5.60%

1.46%

5.94%

Vitrinite Reflectance (mean-maximum)
1.01

Table 0-2. Properties of the used Colorado bituminous coal
Proximate analysis
Fixed carbon

Volatile matter

Ash yield

65.98%

24.08%

9.94%

Ultimate analysis
Carbon

Hydrogen

Nitrogen

Oxygen

86.96%

5.61%

1.97%

5.46%

Vitrinite Reflectance (mean-maximum)
1.39
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Table 0-3. Experimental details for the first suite of experiments.
Experiment
Number

Initial
permeability
[m2]

Saturation Confining
time
stress
[hour]
[MPa]

Initial pore Strain
pressure
rate
[MPa]
[1/s]

T3558

1.56×10-17

144

2.03

1.03

T3559

1.64×10-17

1

2.00

T3560

1.28×10-17

141

2.00

T3562

-17

4.21×10

42

2.00

Modulus
[GPa]

Axial strain Peak
at failure
stress
[%]
[MPa]

Stress
drop
[MPa]

3.3×10-5

1.36

1.93

24

5.5

1.01

2.7×10-5

0.92

2.73

24.55

6.35

1.00

2.0×10-5

1.64

1.40

18.77

9.47

1.00

-7

1.5

2.18

20.63

7.97

7.4×10

Table 0-4. Experimental details for the second suite of experiments.
Experiment
Initial
Number
permeability [m2]

Saturation
Initial pore
Confining stress
time
pressure
[MPa]
[hour]
[MPa]

Strain
rate
[1/s]

Modulus Axial strain Peak stress Stress drop
[GPa] at failure[%]
[MPa]
[MPa]

Fluid

T3555

1.08×10-16

24

4.03

3.03

1.7×10-6

1.36

2.19%

25.8

7.64

CH4

T3552

4.14×10-17

24

4.04

3.04

1.2×10-4

0.96

3.45%

18.1

1.73

CH4

T3554

2.93×10-17

24

4.07

3.07

2.0×10-3

0.72

3.50%

19.3

0.74

CH4

T3551

2.21×10-16

24

1.95

0.95

4.5×10-6

0.58

2.05%

12.2

1.66

CH4

T3549

1.06×10-16

24

2.05

1.05

6.0×10-5

1.01

1.36%

11.1

0.90

CH4

T3550

9.37×10-16

24

2.01

1.01

4.6×10-3

0.15

4.34%

8.3

none

CH4

T3556

1.66×10-17

0.3

2.00

1.00

2.2×10-5

2.1

2.13%

32.9

16.8

He

T3557

3.26×10-17

24

2.00

1.00

6.1×10-5

0.61

2.21%

13.5

none

H2O
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Figure 0-3. Schematic showing pressure distributions in a dual porosity dual permeability dual stiffness
coal system. (a) a simple fracture
fracture-matrix system, (b) underpressured condition when the pore pressure in
the matrix is smaller than that in the fracture, (c) norma
normally
lly pressured condition when the pore pressures in
the matrix and in the fracture are equal, and (d) overpressured condition when the pore pressure in the
matrix is greater than that in the fracture.
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Figure 0-4. Complete permeability measurement and stress-strain history for representative experiment
T3556. The sample dilates during the progress of pressure pulse decay period with an axial strain of 2.8 ×
10-4. The sample fails at 32.9 MPa with a sudden increases in the axial strain at failure.
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For the apparatus used in this study the pore pressure changes in the fracture are recorded
in the external reservoir (3.96 cm3). To define the drainage state of the sample we evaluate the
nondimensional strain rate εɺD , defined as

εɺD =
where

a

ɺ
a 2 εη
k K

(4.1)

is the radius of the sample, k is the permeability of the sample, εɺ is the strain rate, η is

the fluid viscosity, and K is the bulk modulus of the fluid. The first term indexes the reciprocal
fluid drainage rate and the second term represents the rate of pore pressure generation due to the
deviatoric loading. When εɺD is small (~0), drainage dissipates undrained pore fluid pressures as
rapidly as they build, and the system remains drained. When εɺD is a finite number [Rudnicki,
1984] or 1 [Samuelson et al., 2009], the system is undrained. For our study, using a strain of ~ 2.7
× 10-5 s-1 and with the measured permeabilities yields εɺD ranging from 0.006 to 0.049, from
which drained conditions may be readily assumed for the sample.
Figure 4-4 shows the complete upstream and downstream pore pressures and stress-strain
history for a representative experiment T3556 using Helium (He) as the permenat. Since He is
inert, sample T3556 is saturated for only 1000 seconds after the equilibrium of the pressure pulse
before deviatoric loading. The effective confining stress is 1 MPa for all four experiments. Strains
are positive in compaction. Dilation (expansion) in the sample is observed during the progress of
the pulse decay period. The sample fails at 32.9 MPa and the axial strain suddenly increases from
0.0213 to 0.22 at failure while the pore pressure drops from 1.02 to 0.46 MPa due to the failurerelated dilation of the sample.

3. Experimental observations
In this section, we show the detailed experimental results and analyze the role of gas
desorption, stress level and loading rate on the failure behavior of coal.
3.1. The role of gas desorption
Figure 4-5a shows the evolution of deviatoric stress versus axial strain during deviatoric
loading for the first suite of experiments. Drained tests at 1MPa effective confining stress have
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Figure 0-5. (a) Deviatoric stress, (b) pore pressure, (c) confining stress, (d) effective confining stress versus
axial strain.
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shown that this coal is an elastic, brittle-plastic material. Three features are generally evident on
the stress-strain curve [Hobbs, 1964; Jaeger et al., 2007; Medhurst and Brown, 1998]. These are:
(1) an initial non-linear portion of the stress-strain curve caused by the closing of the preexisting
cleats in coal; (2) a range of elastic linearity of stress with strain from which the Young's modulus
in compression can be calculated; (3) a final non-linear portion of the stress-strain curve due to
pre-rupture cracking. The values of the Young's modulus of the coals tested are given in Table 42. Results show that under the same effective confining stress ( Pe = σ 3 − Pf ), the underpressured
sample has the largest peak stress and residual strength, followed by the normally pressured
sample, the sample under drained conditions and then the overpressured sample.
Figure 4-5b shows the evolution of pore pressure with increasing axial strain during
deformation. Since experiment T3562 is under constant pore pressure condition, the pore pressure
does not exert an appreciable change during the period of elastic compaction. After the sample
fails, pore pressure gradually drops to 0.94 MPa because the rate of gas pressure dissipation due
to the generation of new fracture surface area outstrips the rate of pressure buildup that the
hydraulic pump is able to offer to maintain constant pressure (over the short period of the
experiment). For the overpressured sample, with increasing strain, pore pressures initially
increase due the effects of sample compaction and methane desorption from the matrix, as
anticipated. Pore pressures begin to decrease once new fractures begin are generated. Figure 4-5c
shows the resulting changes in confining stress during progressive loading. The confining stresses
are applied through the ISCO pump (p1) as shown in Figure 4-1. The sudden change when the
sample fails transfers the impact or energy release of the failure to the confining fluid. We
observe a significant increase in confining stress (1.1 MPa) for the overpressured sample, which
suggests a relatively dynamic and energetic failure compared with other samples. Subtracting the
pore pressures (Figure 4-5b) from the confining stresses (Figure 4-5c) yields the effective
confining stresses (Figure 4-5d) that are believed to control the stability of coals, again assuming
a Biot coefficient of unity. We observe an increase in confining stresses for all four samples, with
the drained sample having the smallest increment. The three undrained samples gained ~30-40%
increase in confining stress at ~20–25% axial strain.
To examine whether the effective confining stress is the only factor that controls the
failure behavior and strength of coal, we first consider subtracting the induced extra effective
stress from the deviatoric stress for every data point to eliminate the effect, since the maximum
induced extra effective stress is only 0.4 MPa. Given that the difference in peak strengths and
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residual strengths of these four samples is ~ 6MPa, subtraction would not make a difference in
eliminating the effect. We then divide the deviatoric stress by the effective confining stress (

σ d / σ C' ) and also normalize this with its peak stress value at failure (σ d / σ C' ) D to check
whether the four curves will fall onto the same line, as shown in Figure 4-6. However, dividing
the deviatoric stress by the effective confining stress still shows differences in peak stress (~
4MPa), in post failure behavior (slope) and in residual strength (~ 6MPa). Dividing and then
normalizing still shows differences in post failure slope and in residual strength (~ 5MPa).
Therefore, we speculate that the effective confining stress is not the only factor controlling the
strength and failure behavior of coal. We believe that the process of gas desorption from the coal
matrix to the fracture is likely to play a significant role in this discrepancy. Next, we evaluate the
role of gas desorption in controlling the mechanical response of three undrained samples
(normally pressured, underpressured and overpressured).
Figure 4-7a shows the deviatoric stress as a function of time for three undrained
experiments. All three samples display a brittle failure behavior with a stress drop. We observe
that the overpressured sample experienced the largest stress drop, followed by the normally
pressured sample and then the underpressured sample. Figure 4-7b shows the changes in pore
pressure during deviatoric loading with time. Three stages can be identified from these curves.
These are: the initial compaction stage, the microfracturing stage and the macroscopic failure
stage. During the initial compaction stage, the pore pressures of the normally pressured and
underpressured samples do not show significant changes. This infers that the ~1% volumetric
strain of the samples does not significantly influence the pore pressure in the fracture, due to the
high compressibility of gas. Similarly, gas sorption from the fracture to the matrix seems to have
little effect with the increase in loading and also the time scale of these experiments (~ 400
seconds). However, the pore pressure of the overpressured sample gradually increases with
loading, which is due to gas desorption from the matrix to the fracture induced by both the pore
pressure differential. During this microfracturing stage, when the samples begin to dilate from
compaction, new surface area and crack volume are both generated and thus a decline in pore
pressures is expected. Indeed, the underpressured sample exhibits the largest rate of pore pressure
drop, sequentially followed by the normally pressured sample and then the overpressured sample,
as expected. Gas desorption from the matrix to the fracture offsets some of the pore pressure
decline for the overpressured sample. That is why its decline rate of gas pressure is the slowest.
When the samples fail, we observe a sudden decrease in pore pressures corresponding to the
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Figure 0-6. (a) Deviatoric stress normalized by the effective confining stress versus axial strain, and (b)
normalized deviatoric stress divided by the peak normalized stress at failure versus axial strain.
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generation of extensive surface area and volume due to macroscopic failure. As expected, the
most rapid and the largest reduction in pore pressure is apparent in the overpressured sample
which is also consistent with the stress drop shown in Figure 4-7a and the impact of failure on the
confining stress (Figure 4-5c). These three features highlight the nature of the energetic failure of
the overpressured sample. The role of rapid gas desorption together with the resulting energy
release is apparent in controlling the failure behavior of coal.
Here we conclude from the first suite of experiments that gas desorption plays a
significant role in controlling the mechanical behavior (failure and strength) of coal. In the
following we analyze the effects of confining stress and loading rate on the mechanical response.
3.2. The role of stress level and loading rate
Eight experiments are conducted to investigate the role of effective confining stress and
loading rate with details listed in Table 4-4. All experiments begin with a pressure pulse decay
period to measure the initial permeability of the coal samples. Then samples are then saturated for
24 hours before applying deviatoric load with all experiments run at the same effective confining
stress (1 MPa) and at room temperature, assuming a Biot coefficient of unity. These include three
experiments subject to confining stresses at 2MPa and pore pressures at 1MPa with CH4, three
experiments with confining stresses at 4MPa and pore pressures at 3MPa with CH4, 1 experiment
at a confining stress of 2MPa and pore pressure of 1MPa with He and 1 experiment with a
confining stress of 2MPa and a pore pressure of 1MPa with water. Three loading rates are applied
for the methane-infiltrated samples (3.1×10-6 S-1, 6.6×10-5 s-1and 3.3×10-3 s-1). With a 24 hour
saturation period, the pore pressure evolution data after the pressure pulse decay show the
sorption process is not fully completed, so the pore pressure in the matrix is smaller than that in
the fracture, which further implies that these samples are at least slightly underpressured, if not
significantly. Figure 4-8a shows deviatoric stress versus axial strain during loading for the second
suite of experiments. Several features are observed from the stress-strain relationship. Under the
same effective confining stress (1 MPa), we note the differences in peak stress and in residual
strength for these two groups of different confining stresses (4 and 2 MPa). Samples subject to
higher confining stress (4MPa) exhibit higher peak stress and higher residual strength, which
infers the Biot coefficient is less than unity. The sample using He as the permeant shows a
significantly larger strength suggesting that the gas composition also plays a role in controlling
strength. For the six experiments conducted with CH4, experiment T3555 shows a relatively large
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Figure 0-7. (a) Deviatoric stress vs time, (b) pore pressure vs time for the three undrained experiments.
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Figure 0-8. (a) Deviatoric stress versus axial strain, (b) normalized pore pressure change versus axial strain
for the second suite of experiments for low to high confining stresses and low to high strain rates.
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stress drop of 7.64 MPa at failure. Experiment T3550 under a high loading rate shows strain
hardening behavior without a stress drop, presumably due to dilatancy induced increase in
effective stress, as shown in Figure 4-8b and Figure 4-9. Other samples exhibit small stress drops,
followed with strain hardening. The loading rate shows a positive correlation with the strain
hardening behavior. Specifically, samples under low strain rates show relatively larger stress
drops compared with samples under high loading rates. The single test carried out with water
shows a strain hardening behavior without a stress drop at a mid loading rate, which may be
attributed to the large dilatancy-induced increase in effective stress. With the same axial strain,
much larger compaction and dilation induced pore pressure changes are observed when using
water as the fluid (Figure 4-8b), which can be readily explained by the low compressibility of
water compared with gases.
We focus on the region where samples begin to dilate from compaction for the six
experiments conducted with CH4. We find that the maximum compaction-induced augmentation
in pore pressure increases with increasing loading rate. With a strain rate of the order of 10-3,
samples T3550 and T3554 fail within tens of seconds. This time scale does not allow any
significant gas sorption into the coal matrix and thus the compaction-induced maximum pore
pressure augmentation in the fracture is larger compared with samples loaded under low strain
rate. After failure, increasing loading rate can lead to less dilatation at a given strain [Brace et al.,
1966], so the pore pressure decline rate is smaller for samples under high loading rate than for
that under low loading rate at the same strain.
Figure 4-10 shows the evolution of normalized pore pressure change, and of sample
volumetric strain with increasing deviatoric stress for the six CH4 infiltrated samples. Positive
values of sample volumetric strain and positive normalized pore pressure change correspond to
sample compaction and porosity reduction respectively. The onset of dilatancy is defned by the
stress level at the transition from sample compaction to dilatancy, corresponding to the peak of
the curve representing the change in pore pressure.
With increasing confining stress, the onset of dilatancy is shifted to a higher deviatoric
stress (Figure 4-10). In the elastic compaction regime, the maximum porosity reduction increases
with increasing loading rate (Figure 4-10a), showing that sorption is a time-dependent process. At
a low loading rate, the compaction-induced pore pressure increment in the fractures can be offset
to some degree by gas sorption from the fracture into matrix - thus we observe a lower
augmentation in the pore pressure. One phenomenon of interest is the lower sample volumetric
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Figure 0-9. Normalized pore pressure change versus axial strain for six experiments with CH4 as the
permeant for low to high confining stresses and low to high strain rates.
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Figure 0-10.. (a) Normalized pore pressure change, and (b) sample volumetric strain vs deviatoric stress for
six experiments using CH4 as the permeant for low to high confining stresses and low to high strain rates.
rates
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Figure 0-11. Young’s modulus and strength versus confining stress for the second suite of experiments
with a Biot coefficient less than unity.
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strain for the sample group at the higher confining stress (4 MPa), compared with that for the
sample group at a lower confining stress (2 MPa). We posit that this is attributed to the sorptioninduced swelling behavior. With the same saturation period (24 hours) before the initiation of
deviatoric loading, sorption in the samples under high gas pressures (T3552, T3554 and T3555) is
farther away from completion compared with sorption in samples at low gas pressures (T3549,
T3550 and T3551). Consequently the continued swelling of the sample group at high confining
stresses can counteract some of the compaction, which leads to lower net compaction.
Figure 4-11 shows the effect of confining stress on the Young’s modulus and strength of
eight experiments. This plot verifies that the Biot coefficient is less than unity for the coal
samples reported here. Under the same confining stress, the He infiltrated sample exhibits the
largest strength and Young’s modulus, implying the weakening effect of gas desorption and the
accompanied rapid release of energy due to expansion of the gas. The change in the observed
Young's modulus with confining stress is probably due to compaction of the coal matrix and the
increasing stiffness of the cleats with stress. Increasing confining stress increases both the
modulus and strength for CH4 infiltrated samples, indicating that effective stress is one key factor
that controls the mechanical response of fractured coal.

4. Discussion
In this section, we discuss the role of gas desorption, stress level and loading rate on the
failure behavior of coal.
4.1. The role of gas desorption
It has been long recognized that pore fluid can have a profound influence on the
mechanical properties of rocks and the most important single parameter describing these effects is
the pore pressure. The role of pore pressure is also crucial in understanding the processes of the
rock failure [Tang et al., 2002; Zhu et al., 2007], earthquake prediction [Samuelson et al., 2009],
injection-induced seismicity [Zoback and Harjes, 1977], among others. This is also true for coal
but with significantly more complex phenomena when the pore fluid is a sorbing gas [Wang et
al., 2011a,b,c]. Coal is significantly different from other rock types in that it is a naturally
fractured dual porosity dual permeability dual stiffness sorbing medium [Wang et al., 2011a,b,c].
In underground coal beds, more than 90% of the methane is primarily stored by sorption into the
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coal matrix [Gray, 1987]. As much as 80 m3 of CO2 [Saghafi et al., 2007] and 40 m3 of CH4 [Faiz
et al., 2007] per ton coal can be adsorbed into the coal matrix, depending on the pressure. This
means that a significant quantity of stored energy is accumulated in the coal matrix and the
adsorbed gas has the potential to desorb and release this energy rapidly during micro- or marcofracturing. Experimental data have shown that mining-induced stresses immediately after
excavation can close horizontal cleats (inhibit drainage to the opening) and generate vertical or
subvertical cracks (that prompt desorption from the matrix) [Wang et al., 2011b]. Since coal is a
dual permeability dual stiffness medium where strength is indexed relative to effective stresses,
and where effective stresses are controlled by the pore pressures in the fracture system, this gas
desorption increases the pore pressure in the fracture and thus weakens coal according to the
principle of effective stress (Figure 4-8a). Second, the sudden gas expansion of the desorbed
compressible gas phase will release the internal stored energy and in the process will further
accelerate the micro-fracturing of the coal [Ono, 2003]. Our data are consistent with this view by
showing that effective stress effects cannot solely explain the difference in strength and failure
behavior between experiments on overpressured and underpressured samples (Figure 4-6). We
observe that gas desorption contributes to ~5 MPa reduction in the peak and residual strengths in
this study. The role of gas desorption is apparent in weakening the coal and in accelerating the
rupture process by these dual mechanisms.
During the gas desorption process, we speculate desorption rate is the most important
parameter to control the energy release rate and the weakening rate/effect. Laboratory studies
have shown that desorption rate depends on maceral composition and particle sizes of coal
[Beamish and Crossdale, 1998]. Specifically, coal containing high fusinite and semifusinite
contents tends to desorb rapidly, while coal rich in vitrinite exhibits a slow desorption rate.
Desorption rate is found to be low for coal with large particle sizes and high for coal with small
particle sizes. During cracking, both particle size reduction and gas desorption will have a
positive feedback as gas desorption process continue until the coal becomes pulverized, as shown
in Figure 4-12. This may explain why gas outbursts are rapid, energetic, and catastrophic.
4.2. The role of stress level and loading rate
Our data show that Young’s modulus and the strength of coal increase with increasing
effective confining stress, which is consistent with the literature [Hobbs, 1964; Medhurst and
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Figure 0-12. (a) In situ coal and gas outbursts induced by underground mining ((Xu
Xu et al.,
al 2006), (b)
Laboratory dynamically failed coal sample in this study.
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Brown, 1998]. This again confirms the weakening role of gas desorption induced pore pressure
augmentation in the fractures for a drainage-inhibited system. This also implies that the region
near the mining face has the largest potential to fail due to the reduction in confining stress
(horizontal stress). Experiments on deviatoric cyclic stressing with increasing amplitude have
shown that whether coal begins cracking depends primarily on the deviatoric stress level, not on
the numbers of loading cycles [Wang et al., 2011b]. This indicates that the underground mininginduced stress, which is dependent on coal seam properties and geometry, is an important factor
in controlling the failure of coal seams.
In situ gas composition is predominantly methane, carbon dioxide or a mixture of the two
in underground coal and gas outbursts [Beamish and Crossdale, 1998]. Carbon dioxide outbursts
tend to be more violent, mainly due to its larger sorption capacity. This corresponds to the results
in our study because the sample infiltrated with He exhibits a significantly larger strength. We
believe this difference is directly related to the sorption/desorption processes.
For these underpressured coal samples, we observe a post-failure strain-hardening effect
(Figure 4-8a), which can be attributed to the pore pressure reduction induced dilatancy hardening.
In the field, this pore pressure condition is met in the short term for CO2 sequestration (days after
injection) as pore pressure in the fractures is likely to be higher than that in matrix initially. Under
tectonic stress, if the coal seam fails during this period, we would expect a strain hardening
behavior. For underground coal mines with active mining operations and long term sequestration
(years after injection) of CO2, any microcracking or macrocraking, or fault slip will generate new
surface areas and void volume, providing favorable conditions for gas desorption. This will
further promote the cracking and rupture processes, and a strain weakening effect is logically
expected (Figure 4-5a).
The loading rate dependence of elastic modulus [Heerden, 1985] and peak strength
[Okubo et al., 2006] of coal has been studied, but no clear conclusion has been drawn in these
studies due to broad scatter of the data - which is part of the innate nature of coal. However, our
studies have shown some systematic effects of loading rate, especially on failure behavior, as we
find that a higher loading rate produces more ductile and strain hardening failure. We also find
that during loading, the maximum pore pressure increment increases with loading rate (Figure 410a). Since the flow paths are along the direction of deviatoric loading in this study, we also
observe pore pressure enhancement. But for underground coal seams, this vertical loading
induced overpressure in the fractures cannot drain horizontally into the mine opening due to the
inhibited drainage. Thus the larger the loading rate the larger the overpressure built up in the
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Figure 0-13. A conceptual model demonstrating the role of gas desorption on the mechanical behavior of
coal through two mechanisms: (1) the effective stress effects, controlled by the ratio of desorption rate and
drainage rate (m1 in the figure), and (2) accelerating the micro-fracturing
fracturing of coal due to the sudden gas
expansion of the desorbed compressible gas phase (m2 in the figure). These two effects reduce both the
peak and the residual strengths.
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fractures. We posit that energy release rate correlates positively with loading rate in the energetic
failure of coal.

5. A conceptual model for underground coal seams
Based on the experimental results in this study, we propose a conceptual model for the
mechanical response of a sorbing gas infiltrated coal seam. With increasing deviatoric (vertical)
stress, the cleats in the coal seam (mostly along the horizontal direction) close at the initial stage,
and this will prevent gas from flowing out of coal seams to the opening. As deviatoric stress
builds up, microcracks parallel or subparallel to the vertical direction are generated, and these do
not aid lateral gas drainage since the roof and floor formations typically have lower permeabilities
than the coal seam, and few additional horizontal cracks are generated. However, the generation
of new vertical cracks spurs gas desorption and in turn gas desorption together with the rapid
release of the internal energy of the gas accelerates the cracking process. As a result, energetic
failure occurs culminating in the generation of a gas outburst. We find that gas desorption has two
weakening effects. The first through increasing pore pressure in fractures and therefore reducing
effective stress (see Figure 4-8a) and the second through crushing the coal matrix in the process
of desorption and facilitating the rapid energy release carried by the gas phase (see Figure 4-6b).
Figure 4-13 illustrates the net influence of these two weakening mechanisms due to gas
desorption. The degree of weakening in the mechanical response for the first mechanism
(reducing the effective stress) depends on the ratio of the gas desorption rate relative to the
drainage rate from the fractures (permeability). Where the gas desorption rate outstrips the rate of
gas-pressure dissipation, the process will potentially run-away to failure. The larger this ratio the
more energetic the failure and the more catastrophic the hazard. Where the reverse is true, the
pressure build-up feedback is negative, and the hazard of catastrophic gas-driven collapse will be
largely reduced. The effect of weakening of the mechanical properties of the coal for the second
mechanism depends on the gas composition, pressure and content, as these determine the amount
of energy can be released from desorption. Strong sorptive characteristics, high gas pressure and
content comprise the most favorable conditions for producing an energetic failure in coal seams.
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6. Conclusions
This study presents laboratory experiments designed to investigate the influence of gas
desorption, stress level and loading rate on the mechanical response of methane infiltrated coal.
Our results show that gas desorption weakens coal through two mechanisms: (1) reducing the
effective stress controlled by the ratio of gas desorption rate over the drainage rate, and (2)
crushing coal due to the internal gas energy release controlled by gas composition, pressure and
content. Our results have implications for the stability of underground coal seams where gas
desorption may be triggered by the mining-induced state of stress. We find that the elastic
modulus and strength of coal reduces with decreasing effective confining stress, and increasing
loading rate and these conditions for an underground coal seam increase the possibility that
failure will be energetic.
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Chapter V
Rapid decompression and desorption induced energetic failure in coal
Abstract
We report laboratory experiments to investigate the rapid decompression and desorption induced
energetic failure in coal using a shock tube apparatus. Coal samples are recovered from Colorado
at a depth of 2000 ft. We saturate the coal samples with the strong sorbing gas CO2 for a certain
period and then we suddenly break the rupture disc on top of the shock tube to generate a shock
wave propagating upwards and a rarefaction wave propagating downwards through the sample.
This rapid decompression and desorption has the potential to cause energetic fragmentation in
coal. We find three types of behavior in coal after rapid decompression. These are degassing
without fragmentation, horizontal fragmentation, and vertical fragmentation. By comparing
experimental results on coal and that on volcanic rocks, we speculate that the characteristics of
fracture network (e.g., aperture, spacing, orientation and stiffness) and gas desorption play a role
in this dynamic event as coal is a dual porosity dual permeability dual stiffness sorbing medium.
Then we use a shock wave model to analyze how the fragmentation speed and the ejection
velocity of gas-particle mixture change with a variety of parameters, (e.g., coal properties,
Langmuir constants). This study has important implications in understanding energetic failure
process in underground coal mines such as coal gas outbursts.

1. Introduction
The sudden and violent ejection of coal and gas from a working face and surrounding
strata in an underground coal mine is known as a gas outburst and represents a major coal mining
hazard. In the last 150 years, more than 30,000 outbursts have occurred in the world coal mining
industry [Lama and Bodziony, 1998]. The largest recorded outburst in a coal mine ejected 14,500
tonnes of coal with 600,000 m3 of gas and occurred in Gagarin Colliery, Donetsk basin in the
Ukraine [Beamish and Crossdale, 1998; Lama and Bodziony, 1998]. The most disastrous mine
outbursts resulted in 187 deaths in the Piast area of Nowa Ruda Colliery in the Lower Silesian
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coal basin in 1941 [Lama and Bodziony, 1998], and 214 deaths in the Sunjiawan coalmine in
Fuxin city, China, in 2005 [Li et al., 2007]. As mines progress into deeper and gassier coalbeds,
the prediction and prevention of these low-probability/high-consequence events is of utmost
importance for the coal mining industry worldwide [Wang et al., 2011a,b].
Scientific research on the mechanism of gas outbursts has been conducted for more than a
century. Some of the earliest studies on this phenomenon was reported by Taylor (1853). The
properties of coal, gas pressure, and gas emission were considered the basic factors to describe
sudden emissions of gas and outbursts. Thereafter until 1950, numerous Russian scientists
introduced the role of stress and mechanical energy in outburst theory. Since 1950 extensive
research on gas outbursts has been reported by Khristianovich (1953) who has considered the role
of sorption/desorption of gas in the generation of outbursts, and who also developed the crushing
wave theory and considered the outburst process a complex function of tectonic stress, induced
stress, and free gas present in the pore space. The differential gas pressure at the face of the
crushing wave should be equal to or greater than the tensile strength of coal to result in splitting
the coal. Kidybinski (1980) proposed the presence of three zones ahead of the mining face and
conditions under which outbursts occur: degassed zone, high gas pressure zone, and abutment
pressure zone. Gray (1980) suggested two gas-initiated coal failure mechanisms: tensile failure of
unconfined coal and piping of sheared material. Later a model proposed by Litwiniszyn (1985)
was based on a three-phase medium model describing the initial phase of the phenomenon of gas
outbursts in hard coal. In this model, the skeleton of coal consists of the solid body, the
condensed liquid, and the gaseous substance. Ryncarz and Majcherczyk (1986) defined outburst
as a gas-geodynamic phenomenon, which may be instantaneous or may last over several minutes.
Paterson (1986) assumed that an outburst is the structural failure of coal due to excess stress
resulting from body forces on the coal. Williams and Weissmann (1995) emphasized on gas
pressure gradient and gas desorption rate existing ahead of the working face. Valliappan and
Zhang (1999) numerically studied the role of gas energy during coal outbursts, which included
the stored strain energy and the internal gas energy due to desorption and expansion of methane
gas in coal seams. Wold et al., (2008) investigated the role of spatial variability in coal seam
parameters on gas outburst behavior during coal mining. Recently, Guan et al., (2009)
categorized coal gas outburst as a gas-driven explosive eruption. However, only high gas pressure
in coal was postulated as the controlling parameter in their analysis, but the role of gas desorption
in driving the explosive eruption was not mentioned, which may be even more important in
accelerating the eruption process. The most recently work was reported by Chen (2011) who
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developed a model combining fracture mechanics and gas dynamics and identified the effect of
fracture properties on failure process.
Gas is stored primarily by sorption into the coal. This usually accounts for 98% of the
methane with a coal seam depending on the gas pressure [Gray, 1987], which leads to the
significant difference between energetic failure of coal and that of other rock types. So far the
following factors are believed to play a dominant role in gas outbursts [Wang et al., 2011b], (1)
geological structures: particularly steeply dipping seam, faults, dykes, and mylonite; (2) gas in
coal related to: (a) composition, (b) pressure, (c) content, (d) sorption capacity,

and (e)

desorption rate; (3) stress level and stress state at the mining face associated with: (a)
development of cracking and crushing of coal; (b) changes in permeability of coal seams and
redistribution of gas pressure; (c) transfer of pressure from the static phase into a dynamic phase
as a result of destruction of the coal seam; and (4) properties and structures of coal seams: (a)
strength, (b) porosity, and (c) permeability [Ates and Barron, 1988; Aziz and Ming-Li, 1999;
Beamish and Crossdale, 1998; Cao et al., 2001; Cyrul, 1992; Diaz Aguado and Gonzalez, 2009;
Durucan and Edwards, 1986; Harpalani, 1985; Karacan et al., 2011; Lama and Bodziony, 1998;
Wold et al., 2008].
Although various models and theories have been proposed, the mechanisms of the
energetic failure remain poorly understood for either the flow phenomena or the rupture
processes. The purpose of our study is to investigate the effect of rapid gas decompression and
desorption on the dynamic failure of coal in order to improve the understanding of these
processes. In this study, we address the mechanisms of energetic failure of coal by conducting
experiments using a shock-tube apparatus. We saturate coal samples in the shock-tube apparatus
for a certain period and then suddenly decompress the samples. We find that the repaid gas
decompression and desorption can drive coal to energetic failure.
In the following sections, we describe the experimental method and laboratory results.
We compare the failure behavior in coal and that in volcanic rocks in the literature. We calculate
the gas content and the associated gas energy stored in coal. We then apply a fragmentation
model to analyze the fragmentation speed and ejection velocity of gas-particle mixture based on
the gas-dynamic phenomena.
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2. Experimental method
To investigate the fragmentation of coal induced by rapid gas decompression and
desorption, we perform fragmentation experiments in a vertical shock tube apparatus (Figure 51), designed by Alidibirov (1994) and used by others for simulating volcanic eruption [e.g.,
Alatorre-Ibarguengoitia et al., 2011; Scheu et al., 2006], and coal explosion [Guan et al., 2009].
It mainly consists of a high pressure stainless steel vessel and a rupture disc. Pressurization of the
pressure vessel is applied with a high pressure CO2 tank and the subsequent depressurization is
regulated by the rupture disc that beaks at a defined pressure. Cylindrical samples drilled from
coal blocks are glued at the bottom of the vessel and pressurized with CO2 to a desired pressure.
The glue is only applied to the bottom of the sample, and is just strong enough to hold the sample
in place against the pressure difference between its top and bottom surfaces when the sample is
decompressed. For tests without glue, the entire sample is propelled upwards by the
decompressed gas ejected from the base of the vessel. After a saturation period, rapid
decompression of the coal sample is triggered by the controlled failure of the rupture disc,
producing a rarefaction wave that travels downwards through the sample. If the resulting pressure
differential is sufficient, the sample fragments in a brittle manner [Alatorre-Ibarguengoitia et al.,
2011; Alidibirov, 1996; Guan et al., 2009] and the mixture of gas and solid particle are ejected
upwards rapidly. If the resulting pressure differential is low or the sample is too permeable, only
degassing of the entire sample occurs.
We use samples from the Upper B seam, Colorado. The permeability and porosity of all
the samples are measured with a pressure transient technique with a triaxial experimental setup
prior to the explosion experiments. Table 5-1 summarizes the properties of the coal as received.

3. Experimental observation
In a series of experiments, three types of phenomena are observed after the rapid
decompression and desorption. The fist type is degassing without significant fragmentation.
However, small particles off the samples are observed for all these samples. This indicates the
rapid decompression and desorption can still burst the loose and soft parts of the sample, if not
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Table 0-1. Properties of the used Colorado bituminous coal
Proximate analysis
Fixed carbon

Volatile matter

Ash

65.98%

24.08%

9.94%

Ultimate analysis
Carbon

Hydrogen

Nitrogen

Oxygen

86.96%

5.61%

1.97%

5.46%

Vitrinite Reflectance (mean-maximum)
1.39
Density
(kg m−3)

Porosity
(%)

Permeability
(m2)

1132

5

3.3×10-17
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Figure 0-1. Photograph of the shock tube apparatus.
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able to explode the sample entirely. These particles are found to come from the regions in the
vicinity of cleats.
The second type is the vertical fragmentation after the rapid decompression. Figure 5-2
shows a representative sample before and after the decompression for this type. Horizontal
bedding planes are observed in the original coal sample (Figure 5-2a). We posit that the
fragmentation/explosion begins from these weak bedding planes.
The third type is the horizontal fragmentation, as Figure 5-3 shows a representative
sample before and after the rapid decompression. This is also consistent with the fracture network
of the original sample, where a series of vertical fractures are observed.

4. Comparison with previous studies
In this section, we compare our experimental results with previous studies on coal and on
volcanic rocks in the literature.
4.1. Experiments on coal
Shock wave theory as a potential mechanism for gas outburst is first proposed by
Khristianovich (1953) and Litwiniszyn (1985 and 1990). Recently Guan et al., (2009) reported
rapid decompression experiments using coal-CO2 system and they stated that for coal pressurized
in CO2 at high pressure for some long duration, sudden decompression often leads to significant
coal fragmentation. Thus, coal outbursts may be regarded as a type of gas-driven eruption. From
their results, coal samples are pulverized when decompressed from 3.2 MPa for anthracite and 4
MPa for bituminous. They found no single threshold pressure for fragmentation to occur. If coal
fragments, the degree of fragmentation increases with the initial gas pressure. The threshold
depends on the type of coal and can be variable even for the same type of coal. The variability of
the fragmentation threshold is attributed to heterogeneity of coal samples. Thus, the coal/gas
outburst threshold is expected to depend on crack abundance and distribution in coal [Guan et al.,
2009], making it difficult to predict. No porosity, permeability, information related to
sorption/desorption capacity/rate data are reported in their study. Figure 1 in Guan et al., (2009)
shows that the coal sample fragments 90×0.215=19.35mm in less than 0.2 s, which yields a
fragmentation speed larger than 0.1 m/s. However, this 5 frame per second recording rate seems
too low to capture the real fragmentation time.
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Figure 0-2. (a) Endcap and the glued coal sample before the experiment, (b) the sample after rapid

decompression showing vertical fragmentation. The applied pressure is 5.5 MPa and the sample is saturated
for 3 days.
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Figure 0-3. (a) Endcap and the glued coal sample before the test, (b) the sample after rapid decompression
showing horizontal fragmentation. The applied pressure is 5.5 MPa and the sample is saturated for 3 days.
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4.2. Experiments on volcanic rocks
Numerous studies have examined the fragmentation processes in volcanic rocks
with high-speed camera at the order of 10000 frames per second [e.g., Alatorre-Ibarguengoitia et
al., 2011; Fowler et al., 2011; Scheu et al., 2006]. The duration of fragmentation and ejection of
the gas-particle mixture is in the order of tens of milliseconds. The number of large particles is
reduced in experiments performed at higher gas initial pressures. The relationship between the
fragmentation speed and the applied gas pressure is found to be a logarithmic expression that can
be defined [Alatorre-Ibarguengoitia et al., 2011],

v = k p ln ( P0 Pth )

(5.1)

where v is the fragmentation speed, k p is a constant with a velocity unit, P0 and Pth are the
applied gas pressure and the fragmentation threshold, respectively. The fragmentation threshold is
defined as the minimum initial applied gas pressure that leads to fragment the sample. The
ejection velocity of the gas-particle mixture is higher than the fragmentation speed and increases
non-linearly with initial gas pressure. The volcanic rocks fragment in a brittle layer-by-layer
manner due to the relatively homogeneous nature of the porous rocks.
Figure 5-4 shows the relationship between the fragmentation threshold and the porosity
of samples in shock tube experiments in volcanic rocks, and the relationship between the
threshold energy density and log permeability of samples [Mueller, et al., 2008]. It is clear that
the fragmentation threshold increases with decreasing porosity. This figure shows for porosity in
the range of 5–10%, fragmentation threshold falls in the range of 10–25 MPa. Coal porosity is
generally within this range [Wang et al., 2011c], but our experimental results and the work of
Guan et al., (2009) show a much lower fragmentation threshold (< 6MPa). We speculate this
discrepancy is due to two main features of coal. The first is the dual porosity dual permeability
dual stiffness nature and the second is the sorptive characteristics. We believe that the
fragmentation of coal is strongly dependent on the properties of the fracture system, (e.g.,
abundance, distribution, orientation, spacing and stiffness), and the sorption/desorption capacity
and rate. Therefore, the explosion of coal may require a lower applied gas pressure, show
multiple fracturing modes, as suggested by our observation.
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Figure 0-4. (Left) The relationship between the fragmentation threshold and the porosity of samples,
(Right) the relationship between the threshold energy density and log permeability of samples [Mueller, et
al., 2008].
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5. Analysis
The hazardous coal gas outbursts can eject up to 14,500 tonnes of coal with 600,000 m3
of gas [Lama and Bodziony, 1998]. The underlying mechanisms responsible for these violent and
dangerous outburst events remain poorly understood. The purpose of this work is to explore the
dynamics of such an event. Our study is based on the hypothesis that the coal is internally
pressurized, as previously postulated to explain the high gas pressure driven eruption phenomena
[Guan et al, 2009]. High gas pressure is found in coal seams as high as 6 MPa [Li and Hua, 2006;
Sang et al., 2010]. If the coal fails and fragments, the gas will be released, together with any finegrained particles generated during the fragmentation process.
In this section, we calculate the mass of gas stored in a pressurized coal, both from the
free phase and the adsorbed phase, as coal decompresses after we open the rupture disc on the top
of the shock tube. This provides an estimate of the associated internal energy that may be released
following the explosive fragmentation of the coal sample. We compare this gas energy with the
elastic strain energy stored in the solid. We apply a fragmentation model of the coal explosion
driven by the pressure differential across a fragmentation front, generally used in volcanic rocks.
We then analyze how fragmentation speed as the front advances into the coal, and the ejection
velocity of gas and particle mixture change with a variety of parameters. At the moment we break
rupture disk, the initial condition is a constant pore pressure P0 uniformly distributed in the
sample. The initial volume of the sample is V and the initial porosity is φ .

5.1. Elastic strain energy of solid coal
The applied gas pressure P0 deforms the coal skeleton, and causes the deformation ε to
do work on the skeleton as it deforms. In accordance with the principle of conservation of energy,
this work is stored in the deformed body in the form of elastic strain energy. The elastic strain
energy per unit volume of coal ES , which can be referred to as the elastic strain energy density,
is defined as

ES =

1
P0ε
2

(5.2)

Assuming a modulus of 1.5 GPa, with an applied gas pressure at 5.5 MPa, this yields an
elastic strain energy per unit volume of 2×104 J/m3.
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5.2. Gas density in the sample
The gas in the sample may be assumed to obey ideal gas law. Then gas density can be
defined as

ρg =

P0
RT0

(5.3)

where R is the gas constant, which has a value of 189 J·K−1·kg−1 for CO2. T0 is the temperature
(K), which is assumed to be 300 K.
5.3. Gas mass in the sample
The total gas mass in the sample consists of gas mass in the fractures and pores as a free
phase, and in the matrix as an adsorbed phase. The gas mass in the fractures and pores per unit
volume takes the form,

m fr =

P0
φ
RT0

(5.4)

The gas mass adsorbed in the matrix per unit volume can be defined as follows based on
the Langmuir-type relation,

mads = ρa ρc

VL P
(1 − φ )
P + PL

(5.5)

where ρ a and ρ c are gas density at standard condition (kg/m3) and coal density (kg/m3),
respectively. VL and PL are Langmuir volume constant (m3/kg) and Langmuir pressure constant
(Pa), respectively.
Therefore, the total mass of the gas per unit volume in the sample is

m = m fr + mads

(5.6)

Assuming a porosity of 5%, a Langmuir pressure of 3 MPa, and a Langmuir volume of 0.03
m3/kg yields m fr is equal to 4.85 kg/m3 and mads is equal to 41.3 kg/m3.

5.4. Gas energy in the sample
We now calculate the energy stored in the sample based on the above gas pressurization
model. We then evaluate the potential for explosive fragmentation and disintegration following
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the sudden decompression. The energy of the gas per unit volume in free phase due to gas
expansion may be written as [Valliappan and Zhang, 1999]

E fr =

1 V1
PdV
V0 ∫V0

(5.7)

where V0 and V1 are the volume of gas before fragmentation and at atmosphere pressure,
respectively.
Solving Equation (3.6) yields

P 
E fr = φ P0 ln  0 
 Pa 

(5.8)

where Pa is the atmosphere pressure, 105 Pa.
Assuming the gas energy is proportional to the gas mass in the sample, the total gas
energy in the sample before fragmentation may be defined as

 m 
E = E fr  1 + ads 

m fr 


(5.9)

For an applied gas pressure of 5.5 MPa with a porosity of 5%, we obtain the energy of the gas per
unit volume in free phase of 1.1×106 J/m3 and in adsorbed phase of 9.38×106 J/m3. Therefore, the
total gas energy is more than two orders larger than that of the elastic strain energy of the coal.
The near 1 order difference in the gas content and two orders difference in energy between the
adsorbed gas and the free phase gas highlights the important role of gas sorption/desorption.
5.5. Fragmentation speed and ejection velocity
Figure 5-5 shows a schematic of the shock wave and the rarefaction wave during
fragmentation. The fragmentation speed and the ejection velocity of the gas-particle mixture can
be determined with the following assumptions [Alatorre-Ibarguengoitia, 2011; Koyaguchi et al.,
2008; Woods, 1995]: (1) mass, momentum, and energy are conserved across the fragmentation
front, (2) the fragmentation front propagates at a constant speed, and (3) the dynamics of the gasparticle mixture is described by the shock-tube theory. The pressure profile is shown in blue lines.
We believe for the fragmentation to stop, the pressure differential across the fragmentation front
should be less than the tensile strength of the coal.
The mass and momentum conservation of the gas and solid mixture across the
fragmentation front can be written as:
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Figure 0-5.. Schematic illustration of the shock tube problem of gas outbursts. After the rupture disc is open,
a shock wave propagates into the air and a rarefaction wave propagates into the coal. A typical pressure
profile is schematically shown in blue. The shock wave theory provides the gas overpressure
ov
at the
fragmentation surface as a function of the fragmentation speed.
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ρ0v = ρ1 (u + v)

(5.10)

P0 + ρ0v 2 = P1 + ρ1 (u + v)2

(5.11)

where ρ0 and ρ1 denote the densities of the mixture before and after fragmentation, v and u
are the speed of fragmentation front and the ejection velocity of the mixture, P0 and P1 are the
pressures of the mixture before and after the fragmentation. The densities may be defined by the
following equations of state [Altatorre-lbarguengoitia et al., 2011; Koyaguchi et al., 2008;
Woods, 1995],

1

ρ0
1

ρ1

=

nRT0 1 − n
+
P0
ρS

(5.12)

=

nRT1 1 − n
+
P1
ρS

(5.13)

where ρ S is the solid density, and n is the mass fraction of gas . Assuming that the gas-solid
mixture decompresses adiabatically during fragmentation and considering that only a fixed
fraction f of the solid remains in thermal equilibrium with the gas [Woods, 1995], the decline of
the temperature during fragmentation can be evaluated from the following equation for the energy
conservation,

P
T1 = T0  1 
 P0 

( γ −1)
γ

(5.14)

where γ is the ratio of specific heats and given by [Woods, 1995],

γ = 1+

nR
CV n + CS (1 − n) f

(5.15)

where CV is the specific heat capacity of the gas at constant volume and C S is the solid specific
heat capacity.
To use a shock-tube theory to describe the dynamics of the mixture, the following
relationship must hold [Koyaguchi et al., 2008],

u = a1 − v

(5.16)

where a1 is the sound speed of the mixture after fragmentation together with the sound speed of
the mixture before fragmentation a0 that can be defined by
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a1 =
a0 =

γ

P1

(5.17)

P0

(5.18)

nRT1 ρ1

γ

nRT0 ρ 0

The relationship between the fragmentation speed and the applied pressure can be defined
empirically as [Altatorre-lbarguengoitia et al., 2011; Scheu et al., 2006],

v = k p ln ( P0 Pth )

(5.19)

Combining Equations (5.11-5.20), we obtain the pressure after fragmentation as
2γ

 (γ +1)

 v
P1 = P0  
 a0 

(5.20)

The ejection velocity is given by

2 nγ RT0  P1 
u = a1 − v +
 
γ − 1  P0 

(γ −1)
2γ

(γ −1) 

P


1 − f 2γ 
 P 

  1 


(5.21)

where Pf is the final pressure of the mixture that determines when the fragmentation stops.
Figure 5-6 shows the gas mass and energy per unit volume of coal as a function of
Langmuir pressure. As more than 90% of the gas in coal is in adsorbed phase, which can be
generally evaluated using a Langmuir-type relation. Therefore, the Langmuir isotherm
parameters, (Langmuir pressure and Langmuir volume), influence significantly on the gas content
and internal gas energy stored within the coal. For the same applied gas pressure (5.5 MPa), we
find the mass and energy in adsorbed phase (in matrix) are near one order larger than that in free
phase (in fractures and pores). With increasing Langmuir pressure, the mass and energy decrease.
And these increase with increasing Langmuir volume constants.
Figure 5-7 shows that with increasing the initial gas pressure, the internal gas energy in
free phase increases linearly and that in adsorbed phase increases non-linearly with a deceasing
rate. Figure 5-8 shows the ejection velocity is larger than the fragmentation speed. And both
fragmentation speed and the ejection velocity of the gas-particle mixture increase with increasing
the initial gas pressure. This is expected as gas content and energy scale with the initial gas
pressure. Ejection velocity exhibits a larger increasing rate.
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Figure 0-6. (a) Gas mass and (b) gas energy per unit volume vs. Langmuir pressure. The applied gas
pressure is 5.5 MPa and the porosity is 5%. Gas mass and energy in free phase (black dashed line), in
adsorbed phase (green dashed line with a Langmuir volume of 0.015 m3/kg, blue dashed line with a
Langmuir volume of 0.03 m3/kg), and in total (green solid and blue solid lines for two Langmuir volume
constants).
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Figure 0-7.. Gas energy stored in coal vs the applied gas pressure. The Langmuir pressure, Langmuir
volume, and the porosity of the sample are assumed as 3 MPa, 0.03 m3/kg, and 5%, respectively.
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Figure 0-8.. Fragmentation speed and ejection velocity of the gas-particle
particle mixture vs the applied gas
pressure. The Langmuir pressure, Langmuir volume, and the porosity of the sample are assumed as 3 MPa,
0.03 m3/kg, and 5%, respectively.
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Figure 0-9. (a) Ejection velocity
ocity and (b) density of the gas
gas-particle
particle mixture after fragmentation vs gas mass
fraction, with three different temperatures. The Langmuir pressure, Langmuir volume, and the porosity of
the sample are assumed as 3 MPa, 0.03 m3/kg, and 5%, respectively.
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Figure 5-9 show how the gas mass fraction and temperature can influence the ejection
velocity and density of the gas-particle mixture after fragmentation. The gas content and energy
stored in coal increases with increasing the gas mass fraction (porosity). Since gas has a lower
density compared with coal, increasing its weighting decreases the overall density of the mixture,
as shown in Figure 5-9b. For the same gas mass fraction, increasing temperature increases the
ejection velocity and deceases the density of the mixture.

6. Discussion and conclusions
In the fragmentation model we described above, the fragmentation criterion is assumed to
be the tensile strength criterion. If the gas pressure differential after rapid decompression is larger
than the tensile strength of the coal, the fragmentation occurs until the pressure differential across
the fragmentation front is less than the tensile strength. However, this model does not include the
effects of (1) permeability, (2) desorption, and (3) anisotropy. Figure 5-4 (right) shows that with
increasing permeability, the threshold energy density increases non-linearly when the
permeability is above 10-12 m2 for volcanic rocks [Mueller et al., 2008]. Coal sample exhibits a
lower permeability magnitude, in the range of 10-21 – 10-13 m2, [see Table 2 in Wang et al.,
2011c]. The coal samples in this study show a permeability of ~ 10-17 m2, which is also much
lower than the turning permeability in Figure 5-4. The influence of permeability on this dynamic
explosion of coal may require a comprehensive model to identify. The weakening role of gas
desorption has been shown through drained and undrained laboratory experiments [Wang et al.,
2011b]. They found gas desorption can reduce the strength of coal even at a much lower gas
pressure (1 MPa). Thus, we believe the rapid gas desorption following the rapid decompression
will accelerate the rupture process and that in turn will lower the explosion threshold, as
suggested by our experimental results.

Studies have shown that the sorption and swelling

processes in coal are heterogeneous [Karacan, 2003; Pone et al., 2011; Wu et al., 2011], thus the
gas desorption process should also occur heterogeneously, depending on the characteristics and
properties of the cleat network. This anisotropic desorption feature will influence the dynamic
failure behavior through weakening localization in the vicinity of cleats.
For underground coal seams, gas outburst processes usually last several seconds or
minutes, and can eject coal in the order of 10000 ton and gases in the order of 100000 m3
[Beamish and Crosdale, 1998]. If we assume a coal density of 1250 kg/m3, the area of the
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mining face is 36 m2, the outburst duration is 10 seconds, and we obtain an ejection velocity of ~
20 m /s. Without knowing the detailed parameters (e.g., gas pressure), this roughly falls within
the range of the model results studied here. Indeed, there exists a lack of data on the explosion
and ejection speed in underground coal mines. This study provides a first attempt to
understanding the dynamic events in coal seams.
In summary, we conduct laboratory experiments using a shock tube apparatus to examine
the energetic explosion behavior related to underground coal gas outbursts. We find rapid
decompression and desorption can cause energetic failure in coal. We find the rupture behavior is
to some degree controlled by the properties of the fracture system, and the weakening role of gas
desorption. We use a shock wave theory to analyze how coal fragmentation speed and ejection
velocity of gas-particle mixture after fragmentation change with applied gas pressure, Langmuir
parameters, and coal properties. This study bears important implication for understanding
energetic failure processes in underground coal mines.
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