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Our goal for this set of experiments was to measure the 
physical and flow properties of coal, with a focus on 
collecting data relevant to current CBM fluid flow 
simulators. 

We measured deformation, ultrasonic velocities, and gas 
permeability as a function of effective stress, pore 
pressure, and CO

2
 saturation, using helium as an inert 

reference gas.

Powdered samples were crushed and sieved through a 
size 60 mesh. All samples were dried under vacuum for 24 
hours prior to testing. All measurements were conducted 
at room temperature, ~22 C. 
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Predictions of the potential for 
CO

2 
sequestration at a given site 

are dependent on numerical 
models and fluid flow simulations.

Precision of these models can be 
improved by constraining key 
input parameters in the laboratory. 
  
In particular, a better understand-
ing of the effects of adsorption and 
desorption on the physical and 
flow properties of coal is required 
before advanced models can be 
constructed.

Motivation and Goals

Laboratory measurements of coal samples from the 
PRB suggest that the physical properties of this coal 
change significantly when exposed to CO

2
.

Static bulk modulus was observed to decrease with ad-
sorption of CO

2
 at a given effective stress. Saturating 

samples with CO
2
 pressurized to 1 MPa caused the 

static bulk modulus to decrease by a factor of 2.

In contrast, the dynamic bulk modulus was observed to 
increase with adsorption of CO

2
 at a given effective 

stress. Increasing the CO
2
 pore pressure from 1 - 4 MPa 

resulted in a 10% increase in modulus.

Permeability decreases due to changes in effective 
stress were approximately equal to decreases caused 
by coal swelling in response to adsorption of CO

2
.

Significant viscoplastic deformation was observed in 
samples saturated with CO

2
. In contrast, samples satu-

rated with Helium simply deformed elastically.  

Field Location and Sample Description

We characterize the mechanical properties of coal samples from the Powder 
River Basin (Wyoming, USA) by conducting laboratory experiments. We pres-
ent results from laboratory measurements of adsorption, static and dynamic 
elastic moduli, and permeability as a function of effective stress, pore pressure, 
and gas species. Notably, we observe that CO

2
 adsorption causes the static 

bulk modulus to decrease by a factor of two, while simultaneously causing the 
dynamic bulk modulus to increase by several percent. Permeability of both 
intact and powdered samples decreases by approximately an order of magni-
tude in the presence of CO

2
, which is consistent with observations of adsorp-

tion-related swelling of the coal matrix. Interestingly, CO
2
 appears to change the 

constitutive behavior of coal; helium saturated samples exhibit elastic behavior, 
while CO

2
 saturated samples exhibit viscous, anelastic behavior, as evidenced 

by creep strain observations. 
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Introduction

Bulk modulus of intact PRB coal samples as a function
of effective pressure. Pore pressure is constant and 
equal to 1 MPa. Interestingly, static bulk modulus 
decreases by a factor of 2 after the coal is saturated 
with CO

2
.

To investigate the effect of CO
2
 adsorption on the flow properties of PRB 

coal, we measured gas permeability as a function of effective pressure. 
When saturated with helium, both powdered and intact samples show a 
decrease in permeability with effective pressure. However, we also ob-
serve a sharp decrease in permeability when the samples are saturated 
with CO

2
. This decrease is independent of the effective pressure. It is pos-

sible that the permeabilty decrease caused by swelling of the coal matrix 
in response to adsorption of CO

2
. We explore this further in the panel 

below.

Creep Strain Observations

The apparatus is configured for maximum flexibility. Stress
and pore pressure can be controlled independently. Defor-
mation, ultrasonic velocities, and permeability can all be 
measured simultaneously. 

Conclusions

Dynamic bulk modulus as a function of both effective pressure
and pore pressure. At a given effective pressure, modulus is 
observed to increase with pore pressure for samples saturated
with CO

2
.

Volumetric strain as a function of time for both intact and powdered
coal samples. Initially, the samples are saturated with helium. At ~3
hours, the samples are flooded with CO

2
. Swelling begins as soon 

as the samples are exposed to CO
2
, and approaches a maximum of 

~1% at a pore pressure of 1 MPa.

Volumetric creep strain as a function of time for both powdered and intact
coal samples. For these tests, pore pressure was held constant at 1 MPa, 
and the effective pressure was held constant at 5 MPa. For reference, the
intact, helium saturated sample exhibits elastic behavior (no creep strain).
In contrast, adsorption of CO

2
 causes intact samples to creep and deform 

as a function of time.
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Fluid flow maps reveal that the injected CO2 migrates upwards at 
first and then along the top of the coal (figures above).  The 
upward migration of gas is caused by buoyancy forces, owing to 
the density difference between injected CO2 and resident water - 
the gas is less dense than the water, so the gas rises relative to 
the water (Ross, Zoback, and Hagin, 2007).

The PRB contains the fastest growing coalbed 
methane (CBM) play in the United States, with 
approximately 18,000 CBM wells currently in 
place.

Infrastructure for Carbon Capture and Storage 
exists: Wyoming has a number of point 
sources for CO2 capture, as well as  a CO2 
pipeline network, with a proposed extension to 
the PRB.

We focused our study on the Wyodak-
Anderson coal zone of the Paleocene aged 
Fort Union Formation.

The depth to this coal unit is ~1300 feet and 
coalbed thickness varies from 20 to 100 feet. 
Matrix porosity is ~10%, and cleat permeabil-
ity is 1-10 millidarcies.

.

Powder River Basin, Wyoming
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Location map of the Powder River Basin (modified 
from Colmenares and Zoback, 2007).  The red box 
shows the approximate location of our study area. 
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Coal Swelling Observations

One-inch cylindrical cores of coal can be mounted in this
set of coreholders. Deformation and stress gauges are 
attached directly to the coreholders. Gas flows through the
sample via the pore pressure inlet/outlet ports.

Gas permeability as a function of effective pressure for both 
powdered and intact coal samples. Pore pressure is constant
and equal to 1 MPa. All of the samples show a decrease in 
permeability with effective pressure. However, independent of
effective pressure, adsorption of CO

2
 causes an order of 

magnitude decrease in permeability,  

To investigate the effect of CO
2
 adsorption on the 

mechanical properties of PRB coal, we measured bulk 
modulus using both static and dynamic techniques. Static 
bulk modulus is determined by measuring changes in 
volumetric strain in response to changes in effective 
pressure. Dynamic bulk modulus is calculated from 
ultrasonic P and S wave velocities and the sample density. 

When the samples are saturated with helium, an inert gas, 
we observe typical elastic behavior, in which modulus 
increases with effective pressure. However, we observe 
changes in behavior when the samples are saturated with 
CO

2
. Static bulk modulus decreases significantly, while the 

dynamic bulk modulus is observed to increase slightly. 

We are investigating the effect of CO
2
 on the constitutive behavior of coal. 

Coal has been observed to undergo a glass-rubber transition at high tem-
peratures (~ 300 C). Anecdotal evidence from the literature (e.g. White, 
2003) suggests that CO

2
 causes coal to go through the glass-rubber tran-

sition and “plasticize” at low temperature (~ 80 C). To date, we have con-
ducted creep strain experiments at room temperature. Interestingly, we ob-
serve significant creep and viscoplastic deformation in samples that are 
saturated with CO

2
. We plan to conduct similar tests at elevated tempera-

tures in future studies.

Coal exhibits shrinkage and swelling behavior, in association with the des-
orption and adsorption of gasses such as methane and carbon dioxide. In 
order to quantify the swelling associated with adsorption of CO

2
, we mea-

sured volumetric strain as a function of time. Both pore pressure and effec-
tive pressure were held constant at 1 MPa. In the figure below, negative 
volumetric strain indicates an expansion (swelling) of the sample. 

Helium CO
2


