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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 con!ning 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 !rst
decreases with an increase in pressure (due to swelling and fracture constraint) and then increases near-
linearly (due to the over-riding in"uence 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 in"uence 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 !nd that the sorption
capacities and swelling strains are signi!cantly 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 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
in"uences on the permeability evolution and strength of coal under in situ conditions.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Gas transport in coal seams is signi!cantly 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. Scienti!c
research on coal–gas interactions has been conducted for more than a
century, but thephysicochemical andhydro-thermodynamicphenomena

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
long-term stability of CO2 sequestered in coal beds.

Signi!cant experimental effort has been applied to investigate gas
permeability and its evolution in coal. Laboratory measured perme-
abilities 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 !ve orders
of magnitude for con!ning pressures increasing from 0.1 to 70 MPa
(Durucan and Edwards, 1986; Huy et al., 2010; Somerton et al., 1975).
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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.,
2010b), 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). Permeability is also in"uenced by both the presence of
water and the magnitude of water saturation (Han et al., 2010). Based
on !eld 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 andBustin, 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 toN2are found tobebetween2:1 and8.5:1 (Battistutta et al.,
2010; Sagha! 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., 2011). Sorption and swelling processes have
been shown to be heterogeneous in coal (Day et al., 2008; Karacan, 2003;
Karacan, 2007; Karacan and Okandan, 2001) as apparent from quanti-
tative 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., 2011; Levine, 1996; Mazumder andWolf, 2008; Robertson
and Christiansen, 2005; Seidle and Huitt, 1995; Wang et al., 2010a,b).
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, 2011;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, 2011; Levine, 1996; Robertson and Christiansen, 2005) or
non-linear (Dayet al., 2008;KelemenandKwiatek, 2009;Majewskaet al.,
2010). Coal swelling strain of wet coals is less than that of dry coals
(Kiyama et al., 2011;Mazumder andWolf, 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 andRanjith, 2006). In somecases, noevidence
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 "ow 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 functionof
effective stress through poroelasticity (Izadi et al., 2011; Wu et al.,
2010a, b). Meanwhile, coal swelling and shrinkage under a con!ning
stress may also change the cleat aperture (Izadi 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 containingmultiple 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 !eld. 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 up to 6 MPa and con!ning pressures up to 12MPa.

2. Experimental method

2.1. Experimental setup

The measurements presented in this study are recovered from a
standard triaxial apparatus arranged for "ow-through or pulse
permeability testing as shown in Fig. 1. A triaxial core holder (Temco)
is capable of acceptingmembrane-sheathed cylindrical samples (2.5 cm
diameter and 5 cm long) and of applying independent loading in the
radial and axial directions. Con!ning and axial stresses up to 35 MPa are
applied by a dual cylinder syringe pumps (ISCO 500D) with control up
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 tomeasure bothwater 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
"ow rate mode (up to 204 ml min!1), or constant volumemode (up to
507.38 ml). Volume changes in the pore "uid system can be derived
from the pump displacement calculated from stepper-motor drive
increments (resolution31.71 nl). A temperature control jacket is used to
maintain constant temperature of 0.1 °C. Axial strain is measured by a
linear variable displacement transducer (LVDT, Trans-Tek 0244) to a
resolution of±1 !! and volumetric strain is measured by volume
change in the con!ning "uid also to±1 !!.

The cylindrical sample is sandwiched within the Temco core holder
between two cylindrical stainless steel loading platens with through-
going "ow connections and "ow distributors. The sample and axial
platens are isolated from the con!ning "uid 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 upstreamand downstream reservoirs
are 17.36 cm3 and 3.1 cm3, respectively. Upstream and downstream
"uid 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 down-
stream reservoir with equilibration time de!ning permeability of the
sample (Brace et al., 1968;Hsieh et al., 1980). Volumechange 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, "ow rate, and "uid volume signals obtained from the ISCO
pumps are recorded using aNational Instruments Labviewprogramand a
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serial connection (RS-232) between thepumpsand 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
(National Instruments— USB 6211). The signals are then logged digitally
at a sampling rate from 1 Hz to 1 kHz by a computer using Labview.

TheTemco triaxial cell stiffness is!rst calibrated inorder toobtain 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 !rst conducted to make sure there is no leak in the
system prior to loading. The !delity of permeabilitymeasurement in this
apparatus was also veri!ed through comparison with measurements on
a low-permeability calibration sample (in thisparticular case for granite).

2.2. Sample preparation

The experiments were performed on anthracite coal from the North-
umberland 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 "m. The mean
density of the coal under uncon!ned 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 summarizes the
properties of the coal. 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) con!rms that kaolinite, quartz, illite, rutile,

pyrite, and calcite are themineral compositions in the coal. The coaldoes
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 concurrentlymeasure
permeability, sorption, deformability and strength of the sample coals
under recreated in situ conditions of applied stress.

2.3.1. Permeability
For experiments conducted under dry condition, samples are placed

in an oven at 40 °C under vacuum for 24 h before being placed in the
triaxial cell. For tests performed under water saturated conditions, a
3 MPa constant upstream pressure is !rst applied by the third ISCO
pump for 24 h with the downstream reservoir open to the atmosphere.
After the samples are saturatedwe disconnect the ISCOpumpand apply
the same procedure for dry samples under the same conditions.

We use the pressure transient method to conduct the gas "ow
experiments in the lowpermeability samples (Brace et al., 1968; Hsieh
et al., 1980). In a typical experiment, the sample is placed into the
triaxial core holder and both con!ning stress and axial stresses are

Fig. 1. Schematic of the experimental setup.

Table 1
Properties of the used Pennsylvania anthracite coal.

Proximate analysis

Fixed carbon Volatile matter Ash
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% 24% 14% 1% 1%

Constituent of mineral matter

Kaolinite Quartz Illite Pyrite Rutile Calcite

72.6% 11.0% 5.0% 5.3% 3.2% 2.9%

Sample physical properties

Sample Length (cm) Porosity (%) Water content (wt.%)
(saturated condition)

A 4.67 2.0 1.4
B 5.00 3.4 2.5
C 5.31 2.7 1.9
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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, con!ning
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 "uid.

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 bewritten as follows.

Pup t! "!Pdn t! " = Pup t0! "!Pdn t0! "
! "

e!"t !1"

" = kA = !#L! " 1= Vup + 1= Vdn

! "
!2"

where Pup(t)!Pdn(t) is the pressure difference between the upstream
anddownstream reservoirs at time t; and (Pup(t0)!Pdn(t0)) is the initial
pressure difference between the upstream and downstream reservoirs
at time t0. "is the slope of the line when plotting the pressure decay 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 de!ne the
dimensions of the sample. !,#,Vup, andVdnare the dynamic viscosity and
compressibility of the gas, and the volumeof the upstreamreservoir and
downstream reservoir, respectively. Permeability k is calculated from
Eq. (2) where it is the only unknown.

2.3.2. Sorption
Wemeasure the void volume of the sample as a direct consequence

of measuring the permeability to He using the pressure transient
method. We !rst vacuum desaturate the sample-reservoir 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 Eq. (3).

PupVup =ZRT
! "

pulse;10
= P Vup + Vdn + Vvd

! "
=ZRT

! "

pulse;1
!3"

where the subscript pulse,10denotes the initial condition for the pressure
pulse 1 and subscript pulse,1 represents the !nal condition for the pres-
sure pulse 1, Z is the compressibility factor of the gas at corresponding
temperatureandpressure, R is theuniversal gas constant, T is theabsolute
temperature, P is the!nal 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;n0
+ P Vdn + Vvd! "=ZRT! "pulse;n!1

= P Vup + Vdn + Vvd

! "
=ZRT

! "

pulse;n

!4"

where subscript pulse,n0 denotes the initial condition for the pressure
pulse subscripts n and pulse,n represents the !nal 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;n0
+ P Vdn + Vvd! "=ZRT! "pulse;n!1

= P Vup + Vdn + Vvd

! "
=ZRT

! "

pulse;n
+ npulse;n

!5"

where npulse,n is the amount of gas adsorbed in the sample in moles for
the nth pressure pulse.

These steps are repeated until the desired !nal 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/"uid/.

2.3.3. Swelling strain
Wemeasure the swelling strain that evolves during the permeability

measurement as described above on the same coal samples. An LVDT is
used tomeasure the axial strain of the sample. Correction ismade 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 con!ning "uid
in the ISCO pump with subtraction of the effects of sample axial
deformation and compression of the rubber jacket. For each sample, we
!rst measure the volumetric strain $pusle,nHe 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. Then wemeasure
the volume strain $pusle,nCH4 and $pusle,nCO2 induced by CH4 and CO2 injection at
the same pressures. Finally, we obtain the swelling strains $pusle,nCH4, sw and
$pusle,nCO2, sw for CH4 and CO2 at these pore pressures, as expressed in Eqs (6)
and (7), appropriately separated for each of the permeating gases.

$CH4;swpusle;n = $CH4pusle;n!$He
pusle;n !6"

$CO2;swpusle;n = $CO2pusle;n!$He
pusle;n !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 sorptionmeasurements are completed. Samples are
CO2 saturated for 24 h with effective con!ning pressure at 1 MPa. We
apply a constant strain rate of 2!10!5 s!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 percent weight
to check theparticle 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 Eq (8),

D = "
9

i=1
midi =m !8"

where D is the average particle size, mi is the mass of the ith opening,
and di 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
de!ne effective stress as the difference between con!ning stress and
pore pressure inside the sample (Biot coef!cient of unity).
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In particular, experiments of permeability, sorption, and swelling
are conducted for two different sets of conditions. These conditions
are: (1) constant con!ning and constant axial stresses with increasing
gas pressure, and (2) constant gas pressure with increasing con!ning
and axial stresses. The in"uence of effective-stress-driven changes in
volumes are examined with non-sorbing He as the permeant. The
superposed in"uence 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 Fig. 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 and12 MPa is shown in Fig. 3(a). Under both con!ning
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
perMPa). At increased stress (12 MPa) this rate of permeability increase
reduces to a factor of 0.77 per MPa — likely re"ecting 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 !rst 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 narrows the cleats, leading to a reduction in permeability. The
net change inpermeability depends on thenet effect. The results in Fig.3
(a) indicate that as porepressure increases the reduction inpermeability

driven by coal swelling !rst 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 in"uence of swelling. Permeability of CH4 !rst 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!nal porepressureof 4.8 MPa. Permeabilityof
CO2 !rst 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 !nal
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.

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 of 5.64 MPa.Fig. 2. Schematic of three tested samples.

Fig. 3. (a) Evolution of permeability as a function of applied pore pressure for coal with
embedded cracks (sample A) for constant applied con!ning 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 con!ning 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 con!ning stresses at stepped
magnitudes of 6 and 12 MPa.

17S. Wang et al. / International Journal of Coal Geology 87 (2011) 13–25
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The permeability to CO2 !rst 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 !nal pore pressure of 4.58 MPa. The initial larger
reduction in permeability for CO2 at both con!ning pressures indicates
the larger coal swelling with CO2 compared to that with CH4, which is
veri!ed by the sorption and swelling data shown later in this paper. The
in"uence of effective stress on permeability evolution is shown in Fig. 4
(a). For the same gas permeant, increasing effective stress generally
decreases thepermeability (DurucanandEdwards, 1986; Somertonet al.,
1975; Wu et al., 2010a). 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 Fig. 3(b). As pore
pressure increases the cumulative sorbed mass increases. All iso-
therms 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 con!ning pressure show a gradual increase
from the low-pressure range to the high-pressure range. However, the
sorption isotherms under high con!ning 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., 2011). The isotherms of the sample under
lower con!ning stress show signi!cantly higher sorption capacities
(0.46 mmol CO2/g coal and 0.26 mmol CH4/g coal) at the !nal pressures
relative to that under high con!ning stress (0.18 mmol CO2/g coal and

0.095 mmol CH4/g coal). The sorption capacity ratios between the lower
con!ning stress and high con!ning 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 con!ning stress and 1.89 at high con!ning stress.

The swelling strain of coal containing embedded fractures (sampleA)
under different total stresses is shown as a function of pore pressure in
Fig. 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 con!ning stresses, the
sample exhibits a larger swelling strain when adsorbing CO2. For the
same gas permeant, at higher con!ning stress, the swelling strain is
reduced,which corresponds to the fact that the sample is relatively stiffer
at higher con!ning stress. At a total stress of 6 MPa, the swelling strain
due toCO2 adsorption is 0.65%anddue toCH4 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 by27%due toCO2 adsorption and
by69%due toCH4 adsorption ascon!ningpressure increases from6MPa
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., b~0.31 nm) because of the higher
adsorption af!nity (energy) (Cui et al., 2004).

The relationship between swelling strain and effective stress is
shown in Fig. 4(b). The rate of gas uptake at higher strain is smaller 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 Fig. 5.Weobserve that the relation between sorbed
mass and swelling strain is approximately linear at a con!ning stress of
6 MPa for bothCH4 andCO2. At a con!ning stress of 12 MPa, for bothCH4

and CO2 adsorption slows at pore pressures above 3 MPa but swelling
continues, consistent with prior observations in the literature (Bustin,
2004; Levine, 1996). This behavior may be explained by the fact that
both sorption and swelling are time-dependent, butwith amuch slower
rate in swelling at a higher con!ning pressure. We also notice the
difference in the slope of the curves under different con!ning 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 con!ning pressure for
CH4, which may imply a higher stiffness at high con!ning pressure.
However, the total swelling strain at higher con!ning pressure is even
less than that of the !rst pressure step at lower con!ning pressure. No
clear conclusion can be drawn from the slope difference for CH4. For the
sorptionof CO2 and for the sameamount of gas adsorbed, larger swelling
strain is shown at a higher con!ning pressure for CO2, whichmay 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 Fig. 6(a). Under water-saturated
condition, He has the largest permeability, and is followed progressively
byCH4 andCO2. This progressionof permeabilitymagnitudes is the same
as in tests under dry condition. However, the initial permeabilities ofwet
samples are uniformly reduced by two orders ofmagnitude over the dry
samples— indicating the role of water in occludingmicrofractures (Han
et al., 2010).Measured permeabilitywithHe increaseswith 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 signi!cantly so the sample

Fig. 4. (a) Evolution of permeability as a function of applied effective stress for coal with
embedded cracks (sample A) for constant applied con!ning stresses at stepped
magnitudes of 6 and 12 MPa. (b) Swelling strain as a function of applied effective stress
for coal with embedded cracks (sample A) for constant applied con!ning stresses at
stepped magnitudes of 6 and 12 MPa.
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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 in"uence 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.

The comparison of the sorbedmass 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 Fig. 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 !nal 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).

Fig. 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 !nal 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 signi!cant amount of water is displaced by the
injectedgas andabove this stress the swelling strain follows aLangmuir-
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 con!ning stress at 6 MPa is
shown in Fig. 7. The relation between sorbed mass and swelling strain
is approximately linear at con!ning 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 6 MPa.

Permeabilities measuredwith respect to pore pressure at a constant
total stress of 6 MPa under both dry andwater-saturated conditions are
shown in Fig. 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 (sampleA) ismore than three

Fig. 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 con!ning 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 con!ning 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 con!ning stress at 6 MPa.

Fig. 5. Sorbedmass as a function of swelling strain for coalwith embedded cracks (sample A)
for constant applied con!ning stresses at stepped magnitudes of 6 and 12 MPa.
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orders of magnitude for all gases. The initial permeabilities of sample B
underwater-saturated conditions are even higher than that of sample A
under dry conditions for each gas. The signi!cant difference in
permeabilities of sample A and sample B re"ects the important role of
fracture geometry. For sample A, we measure the permeability of the
coalmatrix, 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
!nd 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 Fig. 8(b). For the dry condition, sorbedmass 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 Fig. 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 !nish a pressure pulse step whereas sorption induced
swelling is a time dependent process. It is also 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 con!ning stress at 6 MPa is
shown in Fig. 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 condi-
tions at a total stress of 6 MPa.

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 Fig. 10(a). Under both test conditions, the permeability
magnitude is in the order of He, CH4, and CO2. The initial permeabilities
ofwater-saturated samples decrease signi!cantly comparedwith that of
dry samples. Comparedwith the initial permeabilities the results for coal
containing small embedded fractures (sample A) and a through-going

Fig. 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 con!ning stress at 6 MPa.

Fig. 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 con!ning 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 con!ning 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 con!ning stress at 6 MPa.

20 S. Wang et al. / International Journal of Coal Geology 87 (2011) 13–25



Author's personal copy

fracture (B), the permeabilities of the laterally fractured coal (sample C)
are closer to sampleA. The fracture is perpendicular to"owandhas little
in"uence 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 Fig. 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 !rst
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 the value of
dry sample. This logic is con!rmed by the adsorbed mass of the wet
sample shown in Fig. 10(b), where the !rst 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
!rst 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 con!ning stress of 6 MPa shown in
Fig. 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
con!ning pressure and a strain rate of 2!10!5 s!1 is shown in Fig. 12.
We !nd that the strengths are 13.97 MPa, 21.95 MPa, and 21.14 MPa for
coal containing small embedded fractures (sampleA), 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 signi!cant difference in permeability. This is con!rmed by the post-
failure 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 Fig. 13.

Fig. 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 con!ning stress at 6 MPa.

Fig. 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 con!ning 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 con!ning 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 con!ning stress at 6 MPa.
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4. Discussion

4.1. The role of fracture geometry

Discontinuities such as face cleats and butt cleats are ofwidespread
occurrence. The complexity of fracture networks, especially in their
geometry and topology is one major obstruction in developing
process-basedmodels for the"ow, transport, andmechanical behavior
of fractured coal seams. In this paper,we investigate the role of fracture
geometry on the "ow, 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 2 summarizes data for permeability, sorption, and swelling
strain of coal recovered from the literature. In this study,we!nd 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
con!ning 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 signi!cant difference in
permeability characterizes the nature of a coal seam composed of a
matrix and cleat system in situ. This con!rms 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 in!ltratedwith
He, the rate of change of permeability is 3.13 MPa!1 for sample A and
0.34!1 for sample B [(k!!kin)/kin%P, where k!, kin, and %P are the !nal
permeability, initial permeability, and the change in pore pressure]. The
large change inpermeability forHewith the longitudinal fracture causes
thedifference in permeability evolution for inert gasHe.When sampleA
and sample C are injected with sorbing gases CH4 and CO2, we observe
that permeability !rst 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 in"uence of effective stress on
permeability takes over at higher pressure. 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 in"uence 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 con!ning pressure of 6 MPa and under dry condition, the
amountof gas adsorbed in the longitudinally fractured coal (sampleB) is
27.4%of that in coal containing small embedded fractures (sampleA) 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 "ow and hence
changes the amount of sorption and swelling,whichare timedependent
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

Fig. 11. Comparison of the sorbedmass as a function of applied pore pressure for laterally
fractured coal (sample C) under dry and water-saturated conditions for constant applied
con!ning stress at 6 MPa.

Fig. 12. Comparison of the strengths of three samples at 1 MPa effective con!ning
pressure.

Fig. 13. Comparison of the post-failure particle size distribution of three samples at 1 MPa
effective con!ning pressure.

22 S. Wang et al. / International Journal of Coal Geology 87 (2011) 13–25



Author's personal copy

swelling strain is a key need. Themeasured ratios of initial permeability
between dry and wet samples for three samples are listed in Table 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 !nd the absence of
permeability reduction with gas pore pressure when the sample is
injected with CH4 and CO2, as shown in Fig. 6(a). We speculate that the
presence of water reduces the amount of gas adsorbed by 68% for CH4

and by 69% for CO2. 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% for CH4 and 60% for CO2.
Weposit that the reduced sorption-induced swellingdoesnot 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 con!rmed 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 !nal He permeabilities between dry and wet samples
indicates that not all moisture can be removed by the injected He. We
observe the same effect ofwater 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
con!ning 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 con!ning pressure and the laterally
fractured coal (sample C)) andnonlinear (sampleA at higher con!ning
pressure and the longitudinally fractured coal (sample B)) relation-
ships 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
(Bustin, 2004; Levine, 1996). 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.

For the nonlinear relationship observed in the longitudinally
fractured coal (sample B) as shown in Fig. 9, almost perfect nonlinear
curves are seen with a “swelling delay” in behavior. This measured coal
swelling delay phenomenonmay 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

Table 2
Permeability, sorption, and swelling strain of coal in the literature.

Rank Gas Stress or
temperature

Gas pressure
[MPa]

Permeability
[m2]

Sorption Swelling (%) Authors

Bitu N2, CH4 2–7 MPa 10!18–10!13 – – Somerton et al., 1975
Bitu N2 8 MPa 2.8 10!17–10!13 – – Durucan and Edwards, 1986
Bitu CH4 10 MPa 6.9 10!18 0.4 Harpalani andSchraufnagel, 1990
Bitu, Subbi CH4, CO2 7 MPa 5.3 10!17–10!13 – 2 (CO2) 0.5 (CH4) Robertson andChristiansen, 2005
– CH4, CO2 8–26 MPa 4–23 10!20–10!17 – 0.15–0.6 Mazumder and Wolf, 2008
Bitu Ar, CO2 7–20 MPa 4–10 10!18–10!15 – – Siriwardane et al., 2009
Bitu N2, CO2 6–18 MPa 1–8 10!18–10!17 – – Wang et al., 2010b
Bitu CH4, CO2 20 MPa 13 10!16–10!15 40 m3/ton (CO2) 20 m3/ton (CH4) 2.4 (CO2) 1.6 (CH4) Pan et al., 2010
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
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) Siemons and Busch, 2007
Semianth CH4, CO2 45–65 °C 4.1 2.04 mmol/g (CO2) 0.94 mmol/g (CH4) 1.2 Battistutta et al., 2010
Bi, subbi, anth CH4, CO2 35–55 °C 25 1.3–2.5 mmol/g (CO2) 0.8–1.6 mmol/g (CH4) Li et al., 2010
Bitu CO2 25–55 °C 15 1.7–1.9 Day et al., 2008
Bitu CH4, CO2 40 °C 8 0.94–1.81 (dry)

1.20–1.46 (wet)
van Bergen et al., 2009

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 1.7–12 cm3/g 1.5–11 Czerw, 2011
Bitu CH4, CO2 25 °C 4 0.5 Majewska et al., 2010

Note: Bitu stands for bituminous; Subbi stands for subbituminous, anth stands for anthracite; semianth stands for semi-anthracite.

Table 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
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permeability of the fracture. But this local swellingmaybe small because
it is rate-limitedbydiffusion into thematrix, even if it signi!cantly 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). 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 con!ning stress on permeability evolution

As apparent in Section 3, increasing con!ning 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 con!ning stress on
the permeability evolution, our results con!rm the conclusion that
applied stress can reduce the sorption capacity and swelling strain of
coal (Hol et al., 2011).

4.5. The role of sorption on coal strength and structure

Previous observations have shown that CO2 sorptionmay ormay not
have an impact on the mechanical strength of coal. In this study, we
show that the sorption of CH4 andCO2has aweakeningeffect. Under the
same test condition, we !nd 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).Wewould rationalize that sampleAwould have a
larger strength since sample B had a longitudinal through-going
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 laterally fractured coal (sample C)was broken
at the same effective con!ning pressure (1 MPa) but with a higher
con!ning pressure (6 MPa) to explore the effect of con!ning pressure
on the strength. Results show that sample C has a larger strength than
sample A consistent with a strengthening effect due to con!ning
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 longitu-
dinal through-going fracture, and coal containing a single radial
through-going fracture, under both dry and water-saturated condi-
tions. 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 signi!cantly.

3) In the case of the coal under investigation, a preferential sorption
of CO2 over CH4 occurred 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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