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ABSTRACT

To gauge the potential of seismic methods for the estima-
tion of gas content in coal, the ultrasonic response of a
sample saturated in turn with He, N2, CH4, and CO2 has
been investigated. Specifically, traveltimes were used to
determine P-wave velocity as a function of the difference
between confining pressure and pore pressure. After crush-
ing the sample to powder, adsorption isotherms for CO2 and
CH4 were measured and then used to estimate the bulk den-
sities, P-wave moduli, and impedances during the traveltime
measurements. The data suggest a significant difference in
density, P-wave modulus, and impedance under CO2

relative to CH4 saturation. Though these findings are based
on the assumption that adsorption capacity of the sample
when confined was similar to that measured after crushing,
they are also roughly supported by isostatic strain measure-
ments taken during swelling. Two possible causes of this
behavior are, first, the mechanical properties of the adsorbed
phase may be more liquid than gaslike. Second, the swelling
of coal under confining pressure should lead to the closure of
soft pores, thus stiffening the frame.

INTRODUCTION

It has become desirable to understand the seismic/sonic response
of coal as a function of fluid content, especially in the context of
restructuring the world’s economy for a low-emissions future. For
example, in countries such as Australia where it is anticipated that
regulatory regimes will require reporting of greenhouse emissions,
there will be a need for better methods to account for gas-in-place in
coal mines. Furthermore, it is expected that where carbon trading
schemes or taxes are in place, the coal seam gas industry will use the
preferential adsorption by coal of CO2 over CH4, in a process
known as enhanced coal bed methane (ECBM), to both enhance

production of CH4 and offset costs through credits obtained for
CO2 storage. An ability to estimate concentration and composition
of gas in a coal seam saturated with either CO2 or CH4 based on a
seismic/sonic contrast would obviously be useful. This would not
be possible if fluids in coal behaved as in a conventional sandstone
reservoir where the rock is considered inert and the only contribu-
tion to a difference in seismic/sonic response, due to the presence of
different gases, is through their similar gas-phase mechanical prop-
erties. However, as is discussed below, the behavior of coal in the
presence of fluids is quite different.
Coal has a nanoporous structure and therefore a large internal

surface area to which large amounts of fluid can become bound
via van der Waals forces. This interaction is known as physical
adsorption. Not only do large amounts of fluid become bound,
but uptake also varies significantly between different species.
For instance, a study (Saghafi et al., 2007) of the in situ adsorption
capacity of coals from the Sydney Basin, Australia, showed a vari-
ation in maximum CO2 storage capacity of between 40 and 80 m3

per ton. This corresponds to a density change of up to approxi-
mately 10% relative to a dry density of 1300 kg∕m3. The same
study noted the adsorption capacity of CH4 and N2 to be about
1∕2 and 1∕6, or in mass terms, roughly 1∕6 and 1∕18, respectively,
of that for CO2. This large density contrast under CO2 saturation
compared with other gases will have a commensurate effect on
velocity and impedance. Of course, these figures represent the max-
imum uptake, and in general, in-seam concentrations will be lower.
Given the amount of gas that can be adsorbed, it is not surprising

that, at least in the case of CO2, the results of a neutron scattering
study by Melnichenko et al. (2009) suggest that the density of the
adsorbed state can be considerably larger (up to that of the liquid
phase) than the free gas. This implies that the modulus of the
adsorbed phase may also be more liquid-like. If so, a contrast in
total modulus similar to that distinguishing liquid from gas satura-
tion can be expected to exist between strongly and weakly adsorbed
species.
Physical adsorption on solid (like liquid) surfaces reduces surface

energy, or equivalently surface-tension (which is defined as surface
energy per unit area) (Bangham, 1937; Yates, 1954) leading to a
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positive volumetric strain known as swelling. This is readily under-
stood when it is realized that surface-tension is derived from an
asymmetrical distribution of molecular forces at an interface and
will therefore under vacuum (hydrostatic effects aside) have a com-
pressive effect (Yates, 1954). The adsorption of fluids produces
swelling by reducing this asymmetry. Because of its large internal
surface-to-volume ratio, this effect can be significant in coal. For
example, Pan and Connell (2007) cite cases of one-dimensional
strain of the order of 1% for unconfined samples immersed in
CO2 at several MPa, with strain induced by CH4 about one-half
of this. These authors modeled bulk swelling under the implicit
assumption that it is driven by an internal negative hydrostatic
stress, in which porosity was unaffected, much like that discussed
by Yates (1954). Though a satisfactory description of bulk strain, it
is an inadequate description for the purpose of accounting for the
effect of swelling on seismic response. This is because it does not
predict a reduction of porosity such as observed under room
conditions for wet, as opposed to dry coal (water, like many gases
produces a substantial swelling effect [Fry et al., 2009]). Liu and
Rutqvist (2010) have recently explained the effect of swelling on
permeability. They have defined an effective stress for pore strain
by including an internal swelling pressure, which is added to the
confining stress and is therefore compressive with respect to pore
strain. The tendency to swell, which is known to cause a reduction
in permeability through the compression of relatively soft fractures,
should for the same reason increase the elastic modulus of (or
stiffen) the rock frame. The sensitivity of rock moduli to effective
stress, resulting from the presence of soft porosity is well known
(see, for example, Mavko and Jizba (1991) or Avseth et al (2005)).
Finally, Larsen (2004) has conjectured that in addition to being

adsorbed, CO2 is absorbed (dissolves in) by, and consequently
acts as a plasticizer, of coal (the term sorption encompasses both
adsorption and absorption). If one interprets this as meaning that
the matrix then acts in a viscoelastic manner, a frequency-dependant
change in the elastic properties of the solid frame can be expected,
with a relative softening at low compared to high frequencies. The
gases CH4, N2, and He are not thought to plasticize coal.
Observations (McCrank and Lawton, 2009) of the 3D seismic

response of a CO2 plume injected into a water-saturated seam
are of interest, despite an absence of comparative information on
other gases. These authors observed a slight decrease in impedance
not accounted for by Gassmann’s equation and have given two pos-
sible reasons for this (for a discussion of the effect of fluid proper-
ties on seismic contrast predicted by this equation, see Mavko et al,
2009, p. 273). First, in contrast to the view stated above, it was
suggested that there might be a decrease in modulus due to a
reduction of surface-tension at the solid-fluid interface. This non-
linear effect is possible in view of the large absorption-induced
strains observed at MPa pore pressures. However, it is not consistent
with work in which a constant modulus was used to model un-
confined adsorption-induced strain at elevated pore pressure (Pan
and Connell, 2007). Second, citing Larsen (2004), it was suggested
that CO2-induced plasticization may have caused a matrix soften-
ing. Though credible, this does not immediately follow from the
plasticization of coal, as it is not known if a softening will be man-
ifest at seismic frequencies.
To investigate the matter of the effect of different gases on

the seismic/sonic response of coal, I have performed laboratory
measurements of ultrasonic P-wave velocity on a bituminous

sample as a function of both the difference in confining and pore
pressure (i.e., “differential” pressure) as well as adsorbed gas
species. At the same time, axial sample length was monitored with
linearly variable displacement transducers (LVDTs). Adsorption
curves for CO2 and CH4 were then obtained for the same sample
after it had been crushed to a powder. I have used this latter data to
estimate density during the velocity measurements and hence allow
an estimate of ultrasonic P-wave modulus and impedance. The
results indicate a significant increase in density, P-wave modulus
and impedance for CO2- over CH4-saturated coal and are discussed
in the light of the behavior outlined above. In addition, a framework
for calculation of the magnitude of that effect resulting from the
compression of soft pores, as a function of the amount and species
of adsorbed gas, is discussed.
It is acknowledged that sorption capacity of a powdered sample

after crushing will not necessarily be similar to that of the same
sample in bulk form and under confining stress. It is thought that
confining stress may reduce adsorption capacity through a reduc-
tion in the aperture of nanometer-sized pores. On the other hand,
it is thought possible that, for larger pores, confining stress may
increase adsorption capacity through a cooperative interaction
between adsorbate molecules on opposing pore walls (G. Birkett,
personal communication, 2010). Little published data on absorption
by intact confined coal exists, although Pone et al (2009) have mea-
sured a reduction of CH4 adsorption capacity by an intact sample at
confining pressures of 6.9 and 13.8 MPa (3 MPa pore pressure) of
around 90% relative to a similar powdered sample. On the other
hand, Jikich et al (2009) observed a relatively small reduction
(5%–10%) in uptake of CO2 at a confining pressures of up to
5.5 MPa (pore pressure up to 4 MPa). The aforementioned aside,
it will be seen that the ultrasonic response predicted herein by using
the sorption data from the powdered sample corroborates with what
would be expected based on the axial strain data obtained during
time-of-flight measurements. It is argued that this justifies the
use of sorption data from a powdered sample as an approximation,
and supports the essential nature of the conclusions drawn.

METHOD

I performed this experiment on a single 77-mm-long, 38-mm-
diameter plug that had been dried in an N2 atmosphere for several
weeks after its extraction from of a block of bituminous coal. The
plug axis was perpendicular to the bedding plane. The block was
obtained from the Peak Downs mine in central Queensland. This
sample was designated PD2-6. No attempt was made to remove
atmospheric gases from the sample by applying a vacuum before
the experiments.
First, I measured P-wave velocity as a function of the differential

pressure (confining pressure minus pore pressure) by ultrasonic
time-of-flight measurements on the sample confined in a Hoek cell,
while under saturation with each gas in turn (see Figure 1 for sche-
matic). Prior to gas injection, I carried out three bedding-in cycles,
at atmospheric pore pressure (no-gas), in which uniform confining
pressure was increased from 5 to 40 MPa and back. Both the axial
pressure, which was applied through a hydraulic ram and the lateral
pressure, which was applied across a membrane in which the sam-
ple is enclosed, were controlled manually by independent hand
pumps. Tests were conducted beforehand to ensure that all pressure
gauge readings were consistent to within a fraction of 1%.
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Helium was then injected to 5.1 MPa, while maintaining a
positive differential pressure. Full saturation was taken to have been
established by constant outputs from 3 LVDTs set up to monitor
axial displacement throughout the experiment. I then loaded the
sample from 5 to 35 MPa differential pressure, while recording
traveltimes. After this, the confining pressure was reduced to its
initial value and the gas was vented. This procedure was repeated
forN2, CH4, and CO2 also injected at 5.1 MPa in turn. After venting
and prior to injection of the next gas, I established repeatability of
loading at low differential pressure by time-of-flight measurements.
Variations in these measurements, at 5 MPa, span a period of
approximately 0.25 μs. The sampling interval was 0.1 μs. I had
established during the bedding-in cycles that variation in time-
of-flight from cycle to cycle, at atmospheric pore pressure, quickly
became unresolvable as differential pressure increased. Due to
differing degrees of swelling and the consequent effect on perme-
ability, the time required to reach saturation varied from 4 hours for
helium, to 1–2 days for CO2. Times allowed for venting were
slightly longer. The period for each loading-release cycle was
the same, with incremental differential pressure increases and cor-
responding traveltime measurements made at 10-minute intervals.
The temperature was 275� 1 K.
To determine ultrasonic P-wave velocities, I first estimated a

relative time-of-flight by crosscorrelation with a baseline obtained
for the sample at the same differential pressure but with no-gas. To
this, I then added the absolute time-of-flight of the baseline. Only
the first peak of each waveform (see Figure 2) was used in the cross-
correlation, as it is the only part of the directly arriving P-wave
resolved from the many scattered and reflected wavelets forming
a significant tail (not shown in the figure) and containing most
of the transmitted power. The first peak is approximately equal
in width to the extra time of travel for an indirect arrival reflected
off the sample sides. This method provides a measurement approxi-
mately equal to the phase velocity of the received central frequency
(roughly 150 kHz as determined by fast Fourier transform [FFT]).

Corrections to distance of travel due to loading caps and changes in
sample length, as logged by the LVDTs have also been made.
The same sample was then crushed for the purpose of carrying

out “proximate and ultimate” analysis, petrographic analysis and
adsorption isotherms under CO2 and CH4 saturation. The former
two, the results of which are shown in Tables 1, 2, and 3, were
carried out in commercial laboratories according to Australian
standards, while the latter was performed at the University of
Queensland, Australia (see acknowledgments).
Adsorption isotherms were obtained by the volumetric method.

In this method, gas at a known pressure is released from a reference
volume into the sample chamber, also of known volume. The
dependant variable is the final pressure of the system. Knowing

Figure 1. Schematic of apparatus used in traveltime measurements.
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Figure 2. First arrivals of the transmitted waveforms, at differential
pressures 5–35 MPa, when saturated in turn with each gas. Also
shown is the waveform recorded prior to the first gas injection
(no-gas) and used as a baseline for the timing of the others.

Table 1. Proximate and ultimate or elemental analysis (d.a.f.,
i.e., dry ash free) of sample PD2-6.

Sample number PD2-6

Proximate analysis

Moisture % 1.0

Ash % 14.0

Volatile matter % 19.0

Fixed carbon % 66.0

Total sulphur % 0.58

Carbonate carbon % 0.20

Ultimate analysis (d.a.f.)

Carbon % 88.72

Hydrogen % 5.00

Nitrogen % 1.98

Sulfur % 0.68

Oxygen % 3.62

Ultrasonic response of coal E157
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the pressure that would have been attained in the absence of the
adsorbing sample, one can then calculate the “amount excess.” This
quantity is the amount of gas in the system per unit mass of adsor-
bent above or below that which would be present at the same
temperature and pressure without the adsorbent. To calculate the
absolute amount of gas adsorbed, the volume of gas displaced
by the adsorbent is added to the amount excess. Calculation of
the displaced gas requires knowledge of the porosity that is often
obtained by using helium. Instead, I have estimated the porosity
iteratively, using a starting value of 5%, as that which is consistent
with the volume required to accommodate the adsorbed CH4 at a
liquid phase density of 350 kg∕m3 (bulk liquid CH4 has a density
approximately equal to 350 kg∕m3 just below 190 K). Although
higher than many literature values of porosity, it is stressed that
the ultrasonic response as determined by using the procedure is
not particularly sensitive to porosity over the range of 5–14%.
An estimate of the density during the time-of-flight measurements
is provided by the mass sum of the amount excess, the displaced
gas, and the solid, divided by the frame volume. The mass of

displaced gas can be closely approximated by multiplying gas
density data (Lemmon et al., 2009) by the solid volume. A small
correction to frame volume (1% and 2% for CH4 and CO2, respec-
tively) was made to account for swelling. Density under helium
saturation can be approximated by assuming that helium is not
adsorbed.

RESULTS

Figure 2 shows the waveforms of the first arrivals after transmis-
sion through the sample during the loading cycles, and Figure 3
shows the P-wave velocities calculated from this data. There is a
systematic increase in P-wave velocity as a function of differential
pressure for He, N2, and CH4 saturation in turn. The CO2 curve
crosses the CH4 curve and is substantially flatter.
Figure 4(a) shows the adsorption curves for CH4 and CO2, and

Figure 4(b) shows the total sample density due to this level of
adsorption, as a function of pore pressure. Thus, at a pore pressure
of 5.1 MPa, the bulk density during the time-of-flight measurements
could be as much as 3.4% and 12% (49 m3 and 66 m3 per ton of

Table 2. Petrographic analysis of sample PD2-6.

Maceral analysis

Maceral
Vol. %
(aa)

Vol. %
(mmf)

Maceral
Subgroup

Vol. %
(aa)

Vol. %
(mmf) Maceral No.

Vol. %
(aa)

Vol. %
(mmf)

Textinite 0 0.0 0.0

Telovitrinite 35.1 37.2 Texto-ulminite 0 0.0 0.0

Eu-ulminite 0 0.0 0.0

Telocollinite 181 35.1 37.2

Vitrinite 59.1 62.7 Attrinite 0 0.0 0.0

Detrovitrinite 24.0 25.5 Densinite 0 0.0 0.0

Desmocollinite 124 24.0 25.5

Corpogelinite 0 0.0 0.0

Gelovitrinite 0.0 0.0 Porigelinite 0 0.0 0.0

Eugelinite 0 0.0 0.0

Sporinite 0 0.0 0.0

Cutinite 0 0.0 0.0

Resinite 0 0.0 0.0

Liptodetrinite 0 0.0 0.0

Liptinite 0.0 0.0 0.0 0.0 Alginite 0 0.0 0.0

Suberinite 0 0.0 0.0

Fluorinite 0 0.0 0.0

Exsudatinite 0 0.0 0.0

Bituminite 0 0.0 0.0

Fusinite 18 3.5 3.7

Telo-inertinite 27.3 29.0 Semifusinite 123 23.8 25.3

Inertinite 35.1 37.2 Sclerotinite 0 0.0 0.0

Detro-inertinite 7.8 8.2 Inertodetrinite 40 7.8 8.2

Micrinite 0 0.0 0.0

Gelo-inertinite 0.0 0.0 Macrinite 0 0.0 0.0

Minerals 5.8 n/a 5.8 n/a 30 5.8 n/a

Total 100.0 99.9 100.0 99.9 516 100.0 99.9
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coal) for CH4 and CO2, respectively, above the no-gas value. Poros-
ities of 0.12–0.16 and 0.22 for CH4 and CO2, respectively, are
required to accommodate this amount of adsorbed gas, even assum-
ing liquid-like adsorbed phase densities (approximately 300−
400 kg∕m3 for bulk liquid CH4 below 190 K and 800 kg∕m3

for liquid CO2 at 295 K and 5.1 MPa (Lemmon et al., 2009).
For the purposes of this discussion, a nominal porosity of 0.14
is used, and it is assumed that CO2 is both absorbed and adsorbed.
Though this estimate is high in comparison with literature values,
which vary from 0.03–0.1 (Melnichenko et al., 2009; Saghafi et al.,
2007), it is consistent with the adsorption data.
Figure 5 shows the LVDT data that were recorded during both

swelling and the loading cycles of each experiment for He, CH4,
and then CO2 saturation. It can be seen that the effect of pore
expansion due to the presence of He is minor. On the other hand,
the swelling strains produced by both CH4 and CO2 saturation are
much larger. In the former case, the axial swelling strain is similar in
magnitude to that produced by the 30 MPa change in confining
pressure during the loading cycle. In the latter case, it is roughly
twice that produced by a 30 MPa confining pressure. Finally, the
compression phase data of the loading cycles have been used to
produce the isostatic stress displacement curves shown in Figure 6.
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Figure 4. (a) Adsorption isotherms for CH4 and CO2, T ¼ 295 K.
(b) Total density of sample, calculated as described in text.
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Figure 5. Averages of the sample axial length measurements, ob-
tained from the three LVDTs, when saturated in turn with He, CH4,
and CO2. The period covered begins with gas injection at low dif-
ferential pressure and continues through the period of swelling to
the loading/unloading cycle during which the time-of-flight mea-
surements were made. A complication is the variation in sample
length due the manual regulation of pressure. In general, an expand-
ing sample will cause a buildup of pressure in unregulated hydraulic
lines. The manual release of this pressure produces an increase in
the axial length. Such behavior was observed during CH4 flooding.
In contrast, swelling during CO2 saturation produced larger pres-
sure changes in the radial than the axial pressure lines. In this case,
manual regulation of pressure resulted in a decrease in axial length.
This may be related anisotropic swelling under CO2 saturation.

Table 3. Vitrinite reflectance of sample PD2-6 mean
maximum reflectance measured in oil.

Ro max Range n Standard deviation

Telovitrinite 1.38 1.32–1.48 73 0.048

Detrovitrinite 1.36 1.33–1.43 27 0.036

Total vitrinite 1.38 1.32–1.48 100 0.047
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As can been seen, there is a progressive increase in both the relative
isostatic bulk modulus and the linearity of the curves, under He, N2,
and then CH4 saturation. On the other hand, in the case of CO2,
there has been a decrease relative to CH4.
The velocity data of Figure 3 and the total densities calculated as

described above have been used to estimate P-wave modulus and
P-wave impedance under saturation with He, CH4, and CO2. The
resulting data as a function of differential pressure are shown in
Figure 7(a) and (b). This figure shows a systematic and signifi-
cant increase in both modulus and impedance (above 10% at
low differential pressures) for the CO2 over the CH4-saturated case.

DISCUSSION

It was postulated in the introduction that an increase in modulus
may be due to a denser and/or stiffer adsorbed phase, or a reduction
in soft porosity due to swelling. Although an assessment of the for-
mer effect might be made (in the low-frequency limit), using liquid
properties and Gassmanns equation, the information required to
carry this out is not presently at hand (e.g., solid phase moduli,
low-frequency data). The presence of the latter effect is, however,
suggested by the quasistatic axial-stress displacement curves of
Figure 6, which show an increasing quasistatic modulus, and an
increase in linearity commensurate with the removal of soft pores,
for He, N2, and CH4 in turn. On the other hand, the CO2 curve
shows a decrease relative to CH4. This may be due to plasticization.

The presence of plasticization by CO2 is, however, not evident in
the ultrasonic waveforms. In the context of wave propagation, a vis-
coelastic effect should be apparent as an increase in dispersion
(spreading) in the CO2 waveform relative to the others. An inspec-
tion of the first arrivals (at 5 MPa differential pressure) after being
superimposed (Figure 8) via a time shift determined by cross-
correlation, reveals that there is less dispersion during CO2 satura-
tion, at this stress, than for the other gases. However, because the
effect of swelling-induced pore closure will also affect dispersion
but in the opposite sense to plasticization, the issue of whether
the effects of the latter will be apparent at seismic or sonic frequen-
cies is unresolved. It should be noted that waveforms recorded at
higher differential pressure (not shown) indicate that the variation in
dispersion in Figure 8 diminishes as differential pressure increases,
so that at 35 MPa, the superimposed first arrivals are indistin-
guishable.
Notwithstanding the contribution of the adsorbed fluid to the

modulus, it is obvious that in the light of the large strains observed
during swelling, a significant effect on ultrasonic/seismic response
is predicted by a modification to effective stress, such as defined by
Liu and Rutqvist (2010). These authors have defined an effective
stress with respect to pore strain and although both the elastic prop-
erties of coal and coal swelling are known to be anisotropic (Fry
et al., 2009), under the approximation of isotropy, this definition
can be expressed as

0 50 100 150 200
0

5

10

15

20

25

30

35

40

Decrease in sample length ∆L (µm) 

D
iff

er
en

tia
l p

re
ss

ur
e 

P
d 

(M
P

a)

He
N

2

CH
4

CO
2

No-gas

0 50 100 150 200
0

5

10

15

20

25

30

35

40

Decrease in sample length ∆L (µm) 

D
iff

er
en

tia
l p

re
ss

ur
e 

P
d 

(M
P

a)

NoGas P
d
=0.0001303∆L2 +0.136∆L+4.96

He      P
d
=0.0001219∆L2 +0.140∆L+4.92

N2      Pd=0.0000918∆L2 +0.149∆L+5.04
CH4    Pd=−0.0000153∆L2 +0.174∆L+5.32
CO2    Pd =0.0000398∆L2 +0.147∆L+5.20

He
N

2

CH
4

CO
2

No-gas

a)

b)
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Pe ¼ Pc þ PΦ − αP (1)

where Pc is confining pressure, P is the pore pressure, 0 < α ≤ 1 is
measure of the effectiveness of pore pressure at relieving compres-
sive pore strain, and PΦ is an effective pressure that drives swelling.
The characteristic behavior of the dependence of modulus upon

effective pressure is a monotonic increase at a diminishing rate,
approaching a horizontal line in the limit of pressure large enough
to compress all pores. A shift equal to the swelling pressure PΦ will
produce curves that are higher (without exceeding the limit) and
flatter for larger PΦ. These features are roughly displayed by the
curves of Figure 7(a).
The effective swelling pressure PΦ has been estimated based on

the LVDT data in Figure 5. The results are shown in Table 4. It is
noted that in the definition of effective stress for bulk strain, PΦ will
have the opposite sign of that used in equation 1, which defines
effective stress for pore strain (i.e., for bulk strain, Pe ¼ Pc−
PΦ − αP). The estimates of PΦ based on the LVDT data and shown
in Table 4 were made by multiplying the change in sample length
due to swelling by an estimate of the modulus for drained compres-
sion (specifically, the secant slope obtained from the no-gas
compression data shown in Figure 6). The changes in sample length
due to CH4 and CO2 swelling were obtained by subtracting the
change in sample length due to pore pressure only ΔLHe, from
ΔLCH4 and ΔLCO2, the changes in length during CH4 and CO2

flooding, respectively.
For the moment, ignoring the possibility that the adsorbed fluid

makes a significant contribution to the modulus, the swelling pres-
sures PΦ under CH4 and CO2 saturation have also been estimated
from the shifts, relative to the He curve, in the modulus versus dif-
ferential pressure curve of Figure 7(a). The shift, PΦ for the CO2

curve was estimated by adding the shift in the CO2 curve relative to
CH4, to the shift in the CH4 curve relative to the He curve. The
results are also shown in Table 4. By their nature, these are impre-
cise quantities.
The following concerns a framework for calculating the size of

the swelling pressure as a function of the amount and species of gas
adsorbed. Pan and Connell (2007) used a micromechanical model
due to Scherer (1986) to relate adsorption-induced strain in un-
confined coal to the change in surface energy per unit mass ΔΦ
of adsorbent. For the purpose of calculating the swelling pressure,
which by definition is a term they used to account for hydrostatic
compression, can be ignored and their expression for strain Δl∕l
reduces to

Δl
l

¼ −
ΔγAρs
Es

fðx; νsÞ ¼ −
ΔΦρs
Es

fðx; νsÞ. (2)

where Δγ is the change in surface tension, A is the specific surface
area, and ρs and Es are the solid phase density and Young’s
modulus. fðx; νsÞ is a dimensionless function of the solid phase
Poisson’s ratio νs and a parameter x that is determined by the
porosity ϕ. The magnitude of the swelling pressure can be stated,
using expressions for elastic constants of the model developed by
Scherer (1977, 1985), as follows (see Appendix A):

PΦ ¼ 3K
Δl
l
¼ ΔΦρsgðϕ; νsÞ; (3)

where K is the total bulk modulus and gðϕ; νsÞ is a function similar
to fðx; νsÞ, having magnitude of order unity except at porosities less
than around 5%.
For the purpose of calculating ΔΦ, Pan and Connell (2007)

demonstrate that at modest pressures (such as the 5.1 MPa used
herein), volume changes in the solid phase can be ignored so that
the Gibbs adsorption isotherm gives a satisfactorily estimate. Thus,
for unconfined adsorbents, at constant temperature and for modest
pressures, ΔΦ can be expressed as

ΔΦ ¼
Z

2

1

ndμ ¼
Z

2

1

nVdP; (4)

where, n is the total number of moles adsorbed, μ is chemical
potential, V is specific volume of the gas, and P is pore pressure.
Assuming this approximation is also satisfactory for confined sam-
ples, the adsorption data of Figure 4 was used to obtain numerical
solutions for ΔΦ at a pore pressure of 5.1 MPa. Table 4 shows sub-
sequently determined values for PΦ calculated with equation 3
using ϕ ¼ 0.14 and νs ¼ 0.38 to give gðϕ; νsÞ ¼ 1.2.
Referring to Table 4, the swelling pressures estimated from the

strain data are seen to be roughly equal to the upper bound of the
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Figure 8. First peaks of the waveforms (5 MPa differential pres-
sure) after a bodily shift by a time determined by crosscoloration
with the no-gas reference waveform. Note that amplitudes have not
been normalized.

Table 4. The swelling pressure PΦ as estimated first from
LVDT dataa; second, from the observed shift in the P-wave
modulus curvesb; and third, as calculated from the change
in surface energy ΔΦ.

Gas

Based on
LVDT data
(MPa)

Observed shift in P-wave
modulus curves

(MPa) ΔΦ (J∕kg)
Calculatedc

(MPa)

CH4 27 15–25 6500 12.3

CO2 59 45–55 10300 19.5

aSee Figure 5.
bSee Figure 7(a).
cSee equation (3).
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estimated shifts in the modulus curves. Given that the latter are
inferred results, as discussed, this degree of corroboration is prob-
ably all that could be expected at this stage of investigation. On the
other hand, the calculated values are just below the lower bound for
CH4 and significantly below for CO2. These calculations have,
however, been included more for the purpose of discussion than
with an expectation that they would provide accurate results at
present. More work, both experimental and theoretical, is required
before enough confidence can be placed in the data for qualitative
purposes. Obviously, it would be ideal to carry out adsorption mea-
surements simultaneously with time-of-flight measurements. Also,
it is unlikely that the effect of CO2 sorption can be explained so
simply. First, this is because of the issue of plasticization; and
second, because it is felt the large amount of CO2 sorption that
has occurred should contribute significantly to the modulus.
Although the confidence required to make quantitative predic-

tions is still lacking, these results do suggest that in some circum-
stances, a significant contrast in seismic response will exist between
coal containing CH4 and that containing CO2. In the context of
EBCM, seismic impedance can be a more useful attribute than
velocity as coal seams are often quite thin. The contrast in ultrasonic
P-wave impedance shown in Figure 7(b) is 9%–10% of the value for
the CH4 curve. Such contrasts are resolvable by surface seismic for
seams of the order of 10 m (McCrank and Lawton, 2009). Also, the
presence of cleats will increase sensitivity to effective-pressure. In
the context of mining, gas levels are often of the order of a few cubic
meters per ton or less. Lower concentrations of gas will naturally
result in a reduced effect, perhaps limiting application to borehole
techniques; although this will be mitigated somewhat by the non-
linearity in sensitivity, with greater sensitivity being expected at
lower concentrations.

CONCLUSIONS

These experimental findings infer a significant contrast in both
ultrasonic P-wave impedance and modulus of coal as a function
of the adsorption of different gas species, in particular CH4 and
CO2. Although this impedance contrast is in part due to a large
relative change in density, the cause of the modulus contrast is
not entirely certain, although it is thought to be due to at least
two effects. The first is the presence of a large amount of adsorbed
gas, particularly in the case of CO2, which can exist in a more dense
and likely less compressible state than the free gas. Second, an
effective internal pressure due to adsorption is thought to lead to
the closure of compliant pores, stiffening the rock frame. It is
proposed that within the approximation of isotropy, this effect be
modeled as a shift in effective-pressure. Finally, although the plas-
ticization of the sample by CO2 is suggested by quasistatic modulus
data, this effect is expected to be frequency dependant and no evi-
dence of plasticization was noted at the ultrasonic frequencies used
in this work.
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APPENDIX A

THE SWELLING PRESSURE AS PREDICTED
BY SCHERER’S MODEL

Scherer (1986) proposed the following model to describe the
swelling behavior of porous glass. Pan and Connell (2007) justified
the use of this model to calculate the uniaxial swelling of coal,
partly because of Larsen’s (2004) description of coal as having a
cross-linked glassy structure. The model is composed of unit cells
constructed from three orthogonally intersecting cylinders with base
diameter 2a and length l . Scherer (1986) derived the following
expression relating one-dimensional strain dl∕l (i.e., strain along
the length of a component cylinder) to the change in surface tension
Δγ, times the internal surface area per unit mass of adsorbent A (or
alternatively the change in surface energy per unit mass ΔΦ),

dl
l
¼ −

ΔγAρs
Es

fðx; νsÞ ¼ −
ΔΦρs
Es

fðx; νsÞ; (A-1)

fðx; νsÞ ¼
½2ð1 − νsÞ − ð1þ νsÞcx�½3 − 5νs − 4ð1 − 2νsÞcx�

ð3 − 5νsÞð2 − 3cxÞ ;

(A-2)

where x ¼ a∕l and c ¼ 8
ffiffiffi
2

p
∕ð3πÞ. The solid phase volume of the

cell is Vs ¼ 3πa2l − 3πca3 (Scherer, 1977). As the total cell
volume is V ¼ l 3, the porosity is given by

ϕ ¼ 1 − 3πx2 þ 3πcx3. (A-3)

Thus, f 0ðϕ; νsÞ ¼ fðx; νsÞ can be determined from a knowledge of
ϕ and νs. Note that the porosity ϕ is that of the matrix, that is, it does
not include cleats or cracks.
Scherer (1985) also provides relations between bulk and solid-

phase values of Young’s modulus and Poisson’s ratio for the cell,
which as ρ∕ρs ¼ ð1 − ϕÞ, may be written in porosity terms as
follows,

E ¼ Esρ

3ρs − 2ρ
¼ Esð1 − ϕÞ

3 − 2ð1 − ϕÞ ; (A-4)

ν ¼ νs

�
ρ

3ρs − 2ρ

�1
2 ¼ νs

� ð1 − ϕÞ
3 − 2ð1 − ϕÞ

�1
2

. (A-5)

One can now calculate the pressure that would be required to act
across each face of the cubic cell to produce the volumetric strain
3Δl∕l . That is,

PΦ ¼ −3K
dl
l
¼ −3E

2ð1 − 2νÞ
dl
l
¼ hðϕ; νsÞf 0ðϕ; νsÞΔΦρs

¼ gðϕ; νsÞΔΦρs; (A-6)

where

hðϕ; νsÞ ¼
1 − ϕ

3 − 2ð1 − ϕÞ ×
1 − ϕ

1 − 2νs½ ð1−ϕÞ
3−2ð1−ϕÞ�

. (A-7)
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The response is that of an effective medium constructed from a
cubic array of cells. The fact that such a medium is cubic and
not isotropic appears to have been ignored. It should also be pointed
out that this model is constructed to describe media with midrange
porosities, and that it fails at low porosity (<0.05) below that in
which the bases of the cylinders from adjacent cells start to overlap
and the value of gðϕ; νsÞ approaches infinity. It was, however, used
by Pan and Connell (2007) to model swelling for porosities as low
as 0.049.
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