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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 coal (Lower Kittanning seam,
West Virginia) at a confining stress of 2 MPa and methane
pore pressures in the fracture of 1 MPa to examine the role
of gas desorption. These include three undrained (hydrau-
lically closed) experiments with different pore pressure
distributions in the coal, namely, overpressured, normally
pressured and underpressured, and one specimen under
drained condition. 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
coal (Upper B seam, Colorado) at confining stresses of 2
and 4 MPa, with pore pressures of 1 and 3 MPa, under
underpressured and drained condition with three different
loading rates to study the role of stress level and loading
rate. We find that the Biot coefficient of coal specimens is
<1. Reducing effective confining stress decreases the
elastic modulus and strength of coal. This study has
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important implications for the stability of underground coal
seams.

Keywords Coal - Mechanical behavior - Gas desorption -
Energetic failure - Gas outbursts

1 Introduction

In general, geomechanical failures in coal mines are
referred to as rockfalls, bumps, outbursts, pillar failures and
squeezes and pillar runs. Rockfalls are relatively non-vio-
lent failures of loose rocks due to gravity, whereas rock-
bursts are violent failures of rocks under high stress that
result in significant damage to excavations. Bumps are
usually violent failures or movements of coals that do not
necessarily cause significant 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 Crosdale 1998;
Cook 1976; Lama and Bodziony 1998; Shepherd et al.
1981; Tang et al. 2002; Zhu et al. 2007). Coal and gas
outbursts may range from being barely noticeable, to cause
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 m> of gas and occurred in the Gagarin
Colliery, Donetsk basin in the Ukraine (Beamish and
Crosdale 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
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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 rup-
tured coal seams ranged from as shallow as 41 m to as deep
as 1,000 m, in which gases were CH, and/or CO, and
coal was either bituminous or anthracite (Beamish and
Crosdale 1998; Lama and Bodziony 1998; Liu et al. 2008).
With extensive research into violent failures in coal mines,
some progress has been made in the past 100 years
towards understanding principal mechanisms (Shepherd
et al. 1981). It is generally accepted that prediction of such
events in terms of magnitude and time has not been suc-
cessful (Szwedzicki 2003). As mines progress into deeper
and gassier coalbeds, the prediction and prevention of these
low-probability/high-consequence events are of utmost
importance for the coal mining industry worldwide (Wang
et al. 2012b).

The causes and mechanisms for gas outbursts are com-
plex and have been recently reviewed from the perspec-
tives of field data (Hargraves 1980), geological structures
(Shepherd et al. 1981), coal type (Beamish and Crosdale
1998), and control and prevention (Diaz Aguado and
Gonzilez 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 gives the complete picture, and none
yields quantitative measures to predict and prevent coal
outbursts (Guan et al. 2009; Lama and Bodziony 1998;
Shepherd et al. 1981). Many of the arguments lack sup-
porting 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 reasons for the failure to
predict most outbursts (Shepherd et al. 1981). It is extre-
mely difficult to formulate a comprehensive theory for
outburst mechanisms based on the current knowledge of
coal-gas conditions. So far the following factors are
believed to play a dominant role in gas outbursts (Fig. 1):
(1) geological structures: particularly steeply dipping
seams, 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) trans-
fer of pressure from the static phase into a dynamic phase
as a result of destruction of the coal seam; and (4) prop-
erties and structures of coal seams: (a) strength, (b) poros-
ity, and (c) permeability (Ates and Barron 1988; Aziz and
Ming-Li 1999; Beamish and Crosdale 1998; Cao et al.
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Fig. 1 A schematic showing the controlling factors to gas outbursts
and their interactions

2001; Cyrul 1992; Diaz Aguado and Gonzalez 2009;
Durucan and Edwards 1986; Hargraves 1980; Harpalani
1985; Lama and Bodziony 1998; Li 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) using surface boreholes, hydraulic
fracturing, or directional drilling, and water infusion are
probably the most common techniques (Beamish and
Crosdale 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-
probability of these events results in long recurrence peri-
ods, 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 per-
meability—dual stiffness continuum (Bai and Elsworth
2000; Elsworth and Bai 1992; Wang et al. 2011, 2012a, b)
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 inti-
mately connected to the rapid dynamic pressurization and
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catastrophic failure in underground coal mines. These
interplays are inadequately understood, and bear signifi-
cantly 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 Kittanning 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 specimens 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 experiment procedure, and the
properties of the coal specimens.

2.1 Experimental Apparatus

The experimental apparatus used in these experiments is
shown schematically in Fig. 2. This experimental apparatus
consists of a Temco triaxial core holder with throughflow
and confinement applied by three ISCO pumps. Upstream
and downstream gas reservoirs allow pulse testing for
permeability, and axial deformation is measured by a linear
variable displacement transducer (LVDT). Gas supply is by
three gas tanks and three air regulators (for He, CO,, CHy).
Ancillary components are a vacuum pump, two pressure
transducers, an acoustic emission system, a gas chroma-
tography, and ten valves. The triaxial core holder is capable
of accepting membrane-sheathed cylindrical specimens
(2.5 cm diameter and 5 cm long) and of applying inde-
pendent loading in the axial and radial directions. Confin-
ing and axial stresses are applied by a dual cylinder syringe
pumps with control resolved to £1 kPa. The cylindrical
specimen is sandwiched within the Temco core holder
between two cylindrical stainless steel loading platens with
through-going flow connections and flow distributors. The
specimen and axial platens are isolated from the confining

fluid by a PVC rubber jacket. The end-platens are con-
nected to two low-volume stainless steel gas reservoirs
through tubing and isolating valves with the pressure pulse
decay method applied to measure permeability. The vol-
umes of these interchangeable upstream and downstream
reservoirs are 17.36 and 3.1 cm?®, respectively. Upstream
and downstream fluid pressures are measured by pressure
transducers to a resolution of +0.03 MPa. The gas-pres-
surized upstream reservoir is discharged through the
specimen to the downstream reservoir with equilibration
time defining permeability of the specimen (Brace et al.
1968; Hsieh et al. 1981). 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 LVDT in contact with the
moving piston to a resolution of 1 pe. Radial displace-
ment is measured from volume change in the confining
fluid also to &1 pe. The stiffness of the loading system is
85 kN mm ™' and the axial displacement of the specimen 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 specimen. Pressure, flow rate, and
changes in fluid volume of the confining fluid are recovered
from the ISCO pump pl 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 con-
trary is made. The first suite of experiments (T3558,
T3559, T3560 and T3562) is performed on bituminous coal
from the Lower Kittanning seam (West Virginia) recovered
as a large block from a depth of 186 m with CH, as the
permeant. Table 3 summarizes the experimental details for
the first suite of tests. Figure 3 shows a photo of specimens
and fractures. Figure 4 shows the pore pressure distribu-
tions under underpressured, normally pressured and over-
pressured conditions. The pore pressure measured is the
pressure in the fracture and the pressure in the matrix is not
measured.

For each test, taking T3556 as an example (Fig. 5a), the
pressure pulse decay technique is firstly run to saturate the
specimen and to determine the initial permeability
(Fig. 5b). We conclude the pressure pulse decay period
once the pore pressures in the upstream reservoir and
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Fig. 2 Schematic diagram of the experimental apparatus. ISCO
pumps apply pressures for confining (p/) 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

Fig. 3 A photo showing specimens and fractures

downstream reservoir are substantially equal (time = 500 s
in Fig. 5b). After this, we continue saturating the specimen
(durations listed in Table 3) to obtain a desired sorp-
tion state (time = 1,100 s in Fig. 5a). 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 load-
ing until macroscopic failure. To make the pressure in the
matrix equal to the pressure in the fracture (normally
pressured case), we saturate the specimen for 6 days. To
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equilibrated in the specimen after a saturation period, the valve v6 is
closed and then specimens are loaded to failure with the axial strain
and pore pressure being measured by a LVDT and a pressure
transducer 2

(a) (b) (c)
Pm Pt Pm Ps

0 OTE’ 0 b
A C
‘?aclture ( 1

matrix

C
G

Coal X X X
Pm<Pf Pm=Pf Pm >Pf
Underpressured ~ Normally pressured  Overpressured

Fig. 4 Schematic showing pressure distributions in a dual porosity-
dual permeability-dual stiffness coal system. a A simple fracture-
matrix system, b underpressured condition when the pore pressure in
the matrix is smaller than that in the fracture, ¢ normally 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

make the pressure in the matrix larger than the pressure in
the fracture (overpressured case), we saturate the specimen
for 6 days, and then we reduce the pressure in the gas
reservoir. Since the permeability of the fracture is much
larger than that in the matrix, the pressure in the fracture
dissipates much more quickly. Thus, the pressure in the
matrix is larger during the loading process. To make the
pressure in the matrix smaller than that in the fracture



Mechanical Behavior of Methane Infiltrated Coal

(a) 35 : . 0.25
—— Axial Stress T3556
30 | [—— Axial Strain 0.2
—e— Downstream 1™
2 —a— Upstream
= 5
ol 40.15 -
2 20 3
o L 01 o
2 15 .
) L
=~ =]
T 40 10.05
5 Hoa—as 10
0 lr i L — L 1 L _005
0 500 ~-1000 N 1500 2000 2500
! Time [Secl-~--_
(b) 16 ; : : ~=~ 0.0001

Pressure pulse decay

T 1.2 iy 0
o
= z
3 oy
S5 08¢ -0.0001 ¢y
(7)) —
3 )
— >
o
—&— Downstream
0.4 —m— Upstream -0.0002
—A— Axial Strain
———
0 - - . -0.0003

0 100 200 300 400 500

Time [Sec]

Fig. 5 Complete permeability measurement and stress—strain history
for representative experiment T3556. a The entire history of the test
including the pressure pulse decay period, the saturation period, and
the loading period. Data include upstream pressure, downstream
pressure, axial stress, and axial strain. b The pressure pulse decay and
the axial strain recorded during the decay period. The specimen
dilates during the progress of pressure pulse decay period with an
axial strain of 2.8 x 107*. The specimen fails at 32.9 MPa with a
sudden increase in the axial strain at failure

(underpressured case), we saturate the specimen for only
1 h. Since the specimen is not fully saturated in 1 h, the
pressure in the matrix is smaller. Closing valve v6 isolates
the upstream gas reservoir from the specimen. Then, the
external gas reservoir volume consists of the downstream
reservoir and a piece of tubing from the specimen to the
valve v6. Finally, we apply deviatoric loading to fail the
specimen (time from 1,100 to 2,000 s in Fig. 5a). To
summarize, Fig. 5a shows the entire history of the test
including the pressure pulse decay period, saturation per-
iod, and loading period. Data include upstream pressure,
downstream pressure, axial stress, and axial strain. Fig-
ure 5b only shows the pressure pulse decay and the axial

strain recorded during the decay period. Specifically, we
saturate specimen T3558 for 144 h (6 days) after measur-
ing 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 normal pressured speci-
men. Specimen T3559 is saturated for 1 h 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 specimen relative to the fracture. Finally, we saturate
specimen T3560 for 144 h after the pressure pulse mea-
surement 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 specimen relative to the
fracture. We then apply deviatoric load at a rate of
~2.7 x 107 57! to load these specimens to failure. We
monitor pore pressure changes in the downstream reservoir
continuously together with volumetric strain to examine
specimen compaction and dilation during loading. Axial
strain is measured using a LVDT. Lateral strain is mea-
sured by measuring the change in the confining fluid.
Therefore, volumetric strain is calculated from axial strain
and lateral strain. 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 speci-
mens will change the pressures in these reservoirs. There-
fore, trends of pressure change in the reservoirs correspond
to changes in void volume of the specimens during the
compaction stage prior to the development of micro-
cracking. If new fractures are generated, gas in the matrix
in the vicinity of the fracture will start to desorb to the new
fractures due to the regional pressure differential between
the new fractures and the matrix. In this study, we load
these three specimens under undrained conditions
(hydraulically closed) with a defined (non-zero) volume
reservoir. Conversely, specimen T3562 failed under
drained conditions (hydraulically open) using the ISCO
pump p3 to apply constant pore pressure at 1 MPa
throughout the loading but also with a constant volume
(3.96 cm®) downstream external reservoir.

The second suite of experiments is conducted on bitu-
minous coal from the Upper B seam (Colorado) recovered
as a large block from a depth of 610 m. Five tests are
carried out under 2 MPa confining stress (3 CHy, 1 He and
1 H,0 as the permeant) and three under 4 MPa confining
stress (3 CHy), with three different loading rates for both
stress conditions. All the experiments are performed at
1 MPa effective confining stress. We assume a Biot coef-
ficient of 1, although this value might not be accurate.
Detailed experimental conditions and key parameters are
listed in Table 4. Specimens are recovered from cores that
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Table 1 Properties of the West Virginia bituminous coal

Proximate analysis

Fixed carbon Volatile matter Ash

53.36 % 30.23 % 16.41 %
Ultimate analysis

Carbon Hydrogen Nitrogen Oxygen

87.00 % 5.60 % 1.46 % 5.94 %
Vitrinite reflectance

1.01

Table 2 Properties of the 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

1.39

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 proce-
dure yields average matrix densities of 1,178.5 and
1,132.4 kg m > for the coals from West Virginia and
Colorado, respectively. Tables 1 and 2 summarize the
proximate analysis and physical properties of the West
Virginia coal and the Colorado coal, respectively. The gas
used in this study is CH, at a purity of 99.995 %.

For the apparatus used in this study, the pore pressure
changes in the fracture are recorded in the external reser-
voir (3.96 cm3). To define the drainage state of the speci-
men, we evaluate the nondimensional strain rate é&p,
defined as

a’in
=7Tx (1)
where a is the radius of the specimen, k is the permeability of
the specimen, ¢ is the strain rate, # 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 ép is small (~0), drainage dissipates
undrained pore fluid pressures as rapidly as they build, and
the system remains drained. When ¢&p is a finite number
(Rudnicki 1984) or 1 (Samuelson et al. 2009), the system is
drained. For our study, using a strain rate of
~2.7 x 1072 s7" and with the measured permeabilities,
yields &p ranging from 0.006 to 0.049, from which drained
conditions may be readily assumed for the specimen. The

&p
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purpose of this nondimensional strain rate is to make sure that
the pressure measured in the external reservoir is equal to the
pressure in the specimen (in the fracture). Since this nondi-
mensional strain rate is small, the pressure buildup due to the
loading dissipates rapidly so the system can be considered
drained, so the pressure in the external reservoir can be treated
as the pressure in the fracture in the specimen.

Figure 5 shows the complete upstream and downstream
pore pressures and stress—strain history for a representative
experiment T3556 using Helium (He) as the permeant.
Since He is inert, specimen T3556 is saturated for only
1,000 s after the equilibrium of the pressure pulse before
deviatoric loading. The effective confining stress is 1 MPa
for all four tests. Strains are positive in compaction. Dila-
tion (expansion) in the specimen is observed during the
progress of the pulse decay period. The specimen 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.

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. It is worth
noting that the role of fractures is hypothesized in this
study.

3.1 The Role of Gas Desorption

Figure 6a shows the evolution of deviatoric stress versus
axial strain during deviatoric loading for the first suite of
experiments. Drained tests at 1 MPa effective confining
stress have shown that the coal is an elastoplastic 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) arange 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 3. Results show that under the
same effective confining stress (P, = o3 — Py), the under-
pressured specimen has the largest strength and residual
strength, followed by the normally pressured specimen, the
specimen under drained conditions and then the overpres-
sured specimen.

Figure 6b shows the evolution of pore pressure with
increasing axial strain during deformation. Since experi-
ment T3562 is under a constant pore pressure condition, the
pore pressure does not undergo an appreciable change
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Fig. 6 The evolution of
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Table 3 Experimental details for the first suite of experiments
Experiment Initial Saturation ~ Confining Initial pore Strain rate Modulus  Axial strain at  Strength ~ Stress
number permeability time (h) stress (MPa)  pressure (MPa) (s_l) (GPa) failure (%) (MPa) drop
(m?) (MPa)
T3558 1.56 x 1077 144 2.03 1.03 33x 1077 1.36 1.93 24 5.5
T3559 1.64 x 107" 1 2.00 1.01 27 x 107 0.92 2.73 24.55 6.35
T3560 128 x 1077 141 2.00 1.00 20 x 107 1.64 1.40 18.77 9.47
T3562 421 x 1077 42 2.00 1.00 74 x 1077 15 2.18 20.63 7.97

during the period of elastic compaction. After the specimen
fails, pore pressure gradually drops to 0.94 MPa because the
rate of gas pressure dissipation due to the generation of new
fracture surface areas outstrips the rate of pressure buildup
that the hydraulic pump is able to offer to maintain constant
pressure (over the short period of the test). For the over-
pressured specimen, with increasing strain, pore pressures
initially increase due the effects of specimen compaction
and methane desorption from the matrix, as anticipated. Pore
pressures to decrease once new fractures are generated.
Figure 6¢ shows the resulting changes in confining stress
during progressive loading. The confining stresses are
applied through the ISCO pump (p1) as shown in Fig. 2. The
sudden change in pressure 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 specimen (T3560), which
suggests a relatively dynamic and energetic failure com-
pared with other specimens. That is why we observe the
dramatic differences in Fig. 6¢ and d for the overpressured
specimen. Subtracting the pore pressures (Fig. 6b) from the
confining stresses (Fig. 6¢) yields the effective confining
stresses (Fig. 6d) that are believed to control the stability of
coals, again assuming a Biot coefficient of 1. We observe an
increase in confining stresses for all four specimens, with the
drained specimen having the smallest increment. The three
undrained specimens gained ~30-40 % increase in con-
fining 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

@ Springer



S. Wang et al.

point to eliminate the effect, since the maximum induced
extra effective stress is only 0.4 MPa. Given that the dif-
ference in peak strengths and residual strengths of these
four specimens is ~6 MPa, subtraction would not make a
difference in eliminating the effect. Then, we divide the
deviatoric stress by the effective confining stress (o,/ a/c)
and also normalize this with its strength value at failure
(ad / a’c) p to check whether the four curves will fall onto
the same line (Fig. 7). However, comparing the overpres-
sured specimen with the underpressured specimen, divid-
ing the deviatoric stress by the effective confining stress
still shows differences in normalized peak strength
(~20 %), in post-failure behavior (slope) and in normal-
ized residual strength (~48 %, Fig. 7a). Dividing and then
normalizing still shows differences in post-failure slope
and in normalized residual strength (~35 %, Fig. 7b).
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 eval-
uate the role of gas desorption in controlling the mechan-
ical response of three undrained specimens (normally
pressured, underpressured and overpressured).

Figure 8a shows the deviatoric stress as a function of
time for three undrained experiments. All three specimens
display a brittle failure behavior with a stress drop. Stress
drop is defined as the strength minus the residual strength.
We observe that the overpressured specimen experienced
the largest stress drop, followed by the normally pressured
specimen and then the underpressured specimen. Figure 8b
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,
cracking stage and macroscopic failure stage. During the
initial compaction stage, the pore pressures of the normally
pressured and underpressured specimens do not show sig-
nificant changes. This infers that the ~1 % volumetric
strain of the specimens does not significantly influence the
pore pressure in the fracture, due to the high compress-
ibility 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 s). However, the pore pressure of the overpressured
specimen gradually increases with loading, which is likely
due to gas desorption from the matrix to the fracture
induced by the pore pressure differential. During this
micro-fracturing stage, when the specimens begin to dilate,
new surface area and crack volume are both generated and
thus a decline in pore pressures is expected. Indeed, the
underpressured specimen exhibits the largest rate of pore
pressure drop, sequentially followed by the normally
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Fig. 7 a Deviatoric stress normalized by the effective confining
stress versus axial strain, and b the quotient of deviatoric stress and
effective confining stress normalized by the strength versus axial
strain. The differences in post failure slope and in residual strength in
both (a) and (b) indicate the effective confining stress is not the only
factor controlling the strength and failure behavior of coal

pressured specimen and then the overpressured specimen,
as expected. Gas desorption from the matrix to the fracture
offsets some of the pore pressure decline for the over-
pressured specimen. That is why its decline rate of gas
pressure is the slowest. When the specimens fail, we
observe a sudden decrease in pore pressures corresponding
to the 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 over-
pressured specimen which is also consistent with the stress
drop shown in Fig. 8a and the impact of failure on the
confining stress (Fig. 6¢). These three features highlight the
nature of the energetic failure of the overpressured speci-
men. 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
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Fig. 8 a Deviatoric stress versus time, b pore pressure versus time
for the three undrained experiments. The largest deviatoric stress drop
and the most rapid and the largest reduction in pore pressure are
apparent in the overpressured specimen, which is also consistent with
the impact of failure on the confining stress (Fig. 6¢). These three
features highlight the nature of the energetic failure of the overpres-
sured specimen. The role of rapid gas desorption together with the
resulting energy release is apparent in controlling the failure behavior
of coal

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 lis-
ted in Table 4. All tests begin with a pressure pulse decay
period to measure the initial permeability of the coal
specimens. Specimens are then saturated for 24 h before
applying deviatoric load with all experiments run at the
same effective confining stress (1 MPa) and at room tem-
perature, assuming a Biot coefficient of unity. These
include three experiments subject to confining stresses at

2 MPa and pore pressures at 1 MPa with CH,, three
experiments with confining stresses at 4 MPa and pore
pressures at 3 MPa with CH,4, one experiment at a con-
fining stress of 2 MPa and pore pressure of 1 MPa with He
and one experiment with a confining stress of 2 MPa and a
pore pressure of 1 MPa with water. Three loading rates are
applied for the methane infiltrated specimens (3.1 x
107°s7", 6.6 x 107> s™" and 3.3 x 1077 s7"). With a
24 h saturation period, the pore pressure evolution data
after the pressure pulse decay show that the sorption pro-
cess is not fully completed, so the pore pressure in the
matrix is smaller than that in the fracture, which further
implies that these specimens are at least slightly under-
pressured, if not significantly.

Figure 9a 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 strength and in residual strength for these
two groups of different confining stresses (4 and 2 MPa).
Specimens subject to higher confining stress (4 MPa)
exhibit higher strength and higher residual strength, which
infers that the Biot coefficient is less than unity. The
specimen 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 CH,4, experiment T3555 shows a relatively
large stress drop of 7.64 MPa at failure. Test T3550 under
a high loading rate shows strain hardening behavior with-
out a stress drop, presumably due to dilatancy-induced
increase in effective stress. Other specimens exhibit small
stress drops, followed by strain hardening. The loading rate
shows a positive correlation with the strain hardening
behavior. Specifically, specimens under low strain rates
show relatively larger stress drops compared with speci-
mens 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 (Fig. 9b), which can be readily
explained by the low compressibility of water compared
with gases.

We focus on the region where specimens begin to dilate
from compaction for the six experiments conducted with
CH,;. We find that the maximum compaction-induced
augmentation in pore pressure increases with increasing
loading rate. With a strain rate of the order of 1073,
specimens 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
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Table 4 Experimental details for the second suite of experiments

Experiment  Initial Saturation  Confining  Initial pore Strain rate Modulus  Axial strain ~ Strength ~ Stress Fluid
number permeability  time (h) stress pressure s™h (GPa) at failure (MPa) drop
(m?) (MPa) (Mpa) (MPa)
T3555 1.08 x 107'° 24 4.03 3.03 1.7 x 107° 1.36 2.19 % 25.8 7.64 CH,
T3552 4.14 x 10717 24 4.04 3.04 1.2 x 107* 0.96 3.45 % 18.1 1.73 CH,4
T3554 293 x 1077 24 4.07 3.07 20 x 1070 072 3.50 % 19.3 0.74 CH,4
T3551 221 x 107'¢ 24 1.95 0.95 45 x 107° 0.58 2.05 % 12.2 1.66 CH,4
T3549 1.06 x 107'° 24 2.05 1.05 6.0 x 107> 1.01 1.36 % 11.1 0.90 CH,
T3550 937 x 1071 24 2.01 1.01 46 x 1072 0.15 434 % 8.3 None CH,
T3556 1.66 x 1077 03 2.00 1.00 22 x 107° 2.1 2.13 % 32.9 16.8 He
T3557 326 x 1077 24 2.00 1.00 6.1 x 107 0.61 221 % 13.5 None H,0
larger. After failure, increasing loading rate can lead to less
(a) 35 T T T T T . . . .
w2 VPa dilatation at a given strain (Brace et al. 1966), so the pore
30 | ® ~high=4 MPa | pressure decline rate is smaller for specimens under high
— _ low=3.1 x10¢ s ; ;
w ¢ mi"(‘j'=6_6 o 05 5" loading rate t.han for that those under low loading rate at
s 25¢ high=3.3 x10® s | | | the same strain.
@ Figure 10 shows the evolution of normalized pore
@ . . . .
o 20 1 pressure change, and of specimen volumetric strain with
% 15 increasing deviatoric stress for the six CH, infiltrated
5 specimens. Positive values of specimen volumetric strain
.g 10 | and positive normalized pore pressure change correspond
A to specimen compaction and porosity reduction, respec-
5t ! - T3549- CH, low 0y mid ¢ tively. The .or.lset of dllatanc?y is defined by the str§ss level
‘ —8-T3550- CH,4 low o3 high & at the transition from specimen compaction to dilatancy,
0! | ——T13551-CH, low o3 low £ . :
(b) 04 T3552- CH, high oy mid £ correqundmg to the peak .of .the cur.ve represe.:ntmg the
T ' CH, high o5 high £ change in pore pressure. With increasing confining stress,
the onset of dilatancy is shifted to a higher deviatoric stress
0.2 —-T3557-H,0 low 05 mid £ (Fig. 10). In the elastic compaction regime, the maximum
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Fig. 9 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.
Generally, specimens subject to higher confining stress exhibit higher
strength and higher residual strength. The loading rate shows a
positive correlation with the strain hardening behavior. The specimen
using He as the permeant shows a significantly larger strength
suggesting that the gas composition also plays a role in controlling
strength
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porosity reduction increases with increasing loading rate
(Fig. 10a), showing that sorption is a time-dependent pro-
cess. 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 specimen volumetric
strain for the specimen group at the higher confining stress
(4 MPa), compared with that for the specimen group at a
lower confining stress (2 MPa). This difference may be
attributed to the sorption-induced swelling behavior.
Studies have shown that it is relatively easier for gas to be
adsorbed at a lower confining stress (Hol et al. 2011,
2012a). With the same saturation period (24 h) before the
initiation of deviatoric loading, sorption in the specimens
under high confining stresses (T3552, T3554 and T3555) is
farther from equilibrium sorption when compared with
sorption in specimens under low confining stresses (T3549,
T3550 and T3551). Thus, even under axial loading,
gas sorption may still occur in the specimens under high
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Fig. 10 a Normalized pore pressure change, and b specimen volu-
metric strain versus deviatoric stress for six experiments using CH, as
the permeant for low to high confining stresses and low to high strain
rates. With increasing confining stress, the onset of dilatancy is
shifted to a higher deviatoric stress. In the elastic compaction regime,
the maximum porosity reduction increases with increasing loading
rate

confining stress. Consequently, the continued swelling of
the specimen group at high confining stresses can coun-
teract some of the compaction, which leads to lower net
compaction.

Figure 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 specimens reported here. Under the same confining
stress, the He-infiltrated specimen 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 prob-
ably 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
CHy, infiltrated specimens, indicating that effective stress is

25 T T T T T 35
| @ Modulus - H0 - Strength O
B Modulus - He - Strength 0
] @ Modulus - CHy high rate - Strength & | | 30
2+ A Modulus - CHg low rate - Strength A
&
o) A g
3 15+ o)
3 A oy 2
- 5
o —
= < =
o 1} D->U
g 115 =
o 2
g 0.5
l {10
¢
L 4
0 I 1 I 1 5

15 2 2.5 3 3.5 4 4.5
Confining Stress [MPa]

Fig. 11 Young’s modulus and strength versus confining stress for the
second suite of experiments with a Biot coefficient less than unity.
Increasing confining stress increases both the modulus and strength
for CH, infiltrated specimens, indicating that effective stress is one
key factor that controls the mechanical response of fractured coal.
The Helium infiltrated specimen 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

one key factor that controls the mechanical response of
fractured coal.

4 Discussions

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. This is also true for coal but
with significantly more complex phenomena when the pore
fluid is a sorbing gas (Wang et al. 2011, 2012a, b; Hol et al.
2012b). Coal is significantly different from other rock types
in that it is a naturally fractured dual porosity—dual per-
meability—dual stiffness sorbing medium (Wang et al.
2011, 2012a, b). In underground coalbeds, more than 90 %
of the gas (CHy, or CO,, or mixture) is primarily stored by
sorption into the coal matrix (Gray 1987). As much as
80 m> of CO, (Saghafi et al. 2007) and 40 m® of CH, (Faiz
et al. 2007) per ton, coal can be adsorbed into the coal
matrix, depending on the pressure. This means that a sig-
nificant quantity of stored energy is accumulated in the coal
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matrix and the adsorbed gas has the potential to desorb and
release this energy rapidly during micro- or macro-frac-
turing. Experimental data have shown that mining-induced
stresses immediately after excavation can close horizontal
cleats (inhibit drainage to the opening) and generate ver-
tical or subvertical cracks (that prompt desorption from the
matrix) (Wang et al. 2012b). Since coal is a dual perme-
ability—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 (Fig. 9a). 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. In the field,
sudden desorption can be caused by stress unloading after a
mining face has advanced. This can also be caused by the
mechanical failure of a coal seam due to mining-induced
stressing. Once new surfaces are generated, whether these
are free faces due to excavation or new fracture surfaces
due to cracking, sudden desorption can occur. In the lab-
oratory, this sudden desorption is caused by the generation
of new fractures due to the axial loading. 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 specimens (Fig. 7). 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. 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 Fig. 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; Med-
hurst and 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
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Fig. 12 a In situ coal and gas outbursts induced by underground
mining (Xu et al. 2006), b laboratory dynamically failed coal
specimen in this study

(horizontal stress). Experiments on deviatoric cyclic
stressing with increasing amplitude have shown that whe-
ther coal begins cracking depends primarily on the devia-
toric stress level, not on the numbers of loading cycles
(Wang et al. 2012b). This indicates that the underground
mining-induced stress, which is dependent on coal seam
properties and geometry, is an important factor in con-
trolling the failure of coal seams.

The loading rate dependence of elastic modulus (Heer-
den 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 (Fig. 10a). 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
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Fig. 13 A conceptual model demonstrating the role of gas desorption
on the mechanical behavior of coal through two mechanisms: (1) the
effective stress effects (m1), controlled by the ratio of desorption rate
and drainage rate, and (2) accelerating the micro-fracturing of coal
due to the sudden gas expansion of the desorbed compressible gas
phase (m2), controlled by gas composition, pressure and content.
These two effects reduce both the peak and the residual strengths

the mine opening due to the inhibited drainage. Thus, the
larger the loading rate the larger the overpressure in the
fractures. We posit that energy release rate correlates
positively with loading rate in the energetic failure of coal.

In situ gas composition is predominantly methane, car-
bon dioxide or a mixture of the two in underground coal
and gas outbursts (Beamish and Crosdale 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 specimen infiltrated with He exhibits
a significantly larger strength. We believe that this differ-
ence is directly related to the sorption/desorption processes.

4.3 Weakening Mechanisms

The effect of sorption on the mechanical strength and
structure of coal has also been previously investigated.
Weakening due to CO, sorption in coal is found in uniaxial
(Ranjith et al. 2010; Viete and Ranjith 2006) and triaxial
compression (Wang et al. 2011). Wang et al. (2011) show
that the sorption of CH, and CO, has a weakening effect.
The coal specimen exposed to gas in its interior for a longer
time has a smaller strength than the specimen exposed to
gas for a shorter time. The post-failure average particle size
is smaller for the specimen exposed to gas for a longer time.
This weakening effect due to gas sorption process also
contributes to the overall weakening mechanisms.

Our results in this study suggest that gas desorption has
two weakening effects. The first through increasing pore
pressure in fractures and therefore reducing effective stress
(see Fig. 9a), and the second through crushing the coal
matrix in the process of desorption and facilitating rapid
energy release carried by the gas phase (see Fig. 7b). It is
also worth noting that small amounts of gas can help drive
the violence of a coal bump. Gas may play a larger role than
formerly thought in coal bumps as opposed to gas outbursts.

Figure 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 is greater than the rate of gas pressure dissipation, the
process will potentially run-away to failure: the larger this
ratio, the more energetic the failure. Where the reverse is
true, the pressure buildup feedback is negative, and the
hazard of catastrophic gas-driven collapse may be largely
mitigated. 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 that can be released from
desorption. Strong sorptive characteristics, high gas pres-
sure and content comprise the most favorable conditions
for producing an energetic failure in coal seams.

5 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 infil-
trated 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 changes in the 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 under-
ground coal seam increase the possibility that failure will
be energetic.
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