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ABSTRACT  
 
This study was aimed primarily at enhancing the capability to model matrix volumetric 
strain induced in coals with methane depletion and subsequent injection of CO2. 
Volumetric strain modeling is critical to prediction of permeability changes in coalbed 
methane (CBM) reservoirs during primary depletion. This is even more critical in 
enhanced coalbed methane recovery (ECBM)/sequestration operations for proper 
evaluation of injectivity. The critical parameters for proper modeling are the pore 
volume, or cleat, compressibility (Cp) and matrix shrinkage/swelling coefficient (Cm

*). 
Hence, the objective of this study was to establish trends of variation in pore volume and 
matrix shrinkage parameters of coal under field replicated conditions in a multi-gas 
environment. 
 

In order to obtain reliable estimates of Cp and Cm
*, mathematical expressions were first 

developed starting with basic principles of rock/fracture mechanics, definitions of 
compressibility and porosity. This was followed by measuring the grain/matrix 
compressibility (Cg) and bulk compressibility (Cb) under best replicated in situ conditions 
of stress and strain and, using the results, the values of Cp and Cm

* were estimated. The 
experimental work was not completed during the project period and conclusions based on 
partial results obtained until the time of preparation of the final report would be highly 
pre-mature. However, for unconstrained conditions, the sorption-induced strain () was 
shown to be of the Langmuir form for methane and CO2 and the Langmuir-type 
constants, εmax and P, were estimated for the two gases.   
 

As a separate effort, an experimental system was designed to estimate the strength of coal 
as a result of methane depletion and injection of CO2 in order to determine if “coal 
weakening” with continued exposure to CO2 is, in fact, a real phenomenon. Based on the 
ultrasonic wave velocity technique, when fully developed, the system would be the first-
of-its-kind that enables continuous monitoring of coal strength using a non-destructive 
method as methane gets gradually replaced with CO2. The results would also indicate if 
the increase in stresses associated with CO2 injection is high enough to result in coal 
failure and induction of microfracturing, thus leading to increased permeability and 
improved CO2 injectivity.  
 

The preliminary work completed as a part of this study was used to request US 
Department of Energy, DCEO/ICCI and a consortium of industrial organizations for 
support to continue the work in the two areas. Funding for continued effort was secured 
and the work reported here will continue in the future.   



EXECUTIVE SUMMARY 
 
This study was a continuation of a prior study funded jointly by DCEO/ICCI, US 
Department of Energy (US DOE) and a consortium of nine organizations considering 
CO2 sequestration in deep coals, while enhancing the production of coalbed methane 
(CBM). An important DOE program goal for CO2 sequestration in unmineable coals is to 
perform enhanced coalbed methane recovery (ECBM) field operations ensuring that 
injectivity is maintained at 90% (or greater) of its initial value. Since this objective is 
strongly dependent on how coal permeability reacts to CO2 injection, it is an obvious 
issue to address. Equally important is the change in permeability of coal with continued 
methane production from CBM reservoirs, followed by CO2 injection. Efforts to model 
this effectively have not been successful, necessitating changes in the various input 
parameters without an adequate understanding of their behavior in multi-gas 
environments.  
 
The primary objective of this research project was to develop a means to improve the 
capability to model flow of gas in coal, in particular, the variation in permeability with 
continued methane production, followed by CO2 injection. The most disputed parameters 
required as an integral part of the modeling exercise are pore volume, or cleat, 
compressibility (Cp) and matrix shrinkage/swelling coefficient (Cm

*) since the two impact 
changes in permeability in a significant way. The permeability models developed to date 
are divided as to the variation in the values of these parameters with depletion/injection. 
Some modelers assume the values to be constant while the others treat it as variables. 
Some believe in the concept of uniaxial strain, that is, zero horizontal strain with 
continued production/injection while others treat a coal reservoir as a constant volume 
media. This study was aimed at establishing a database to answer the basic question 
whether the values of these two critical parameters change with pore pressure, which 
decreases with methane production and increases with CO2 injection.  
 
A secondary objective of this study was to develop a means to estimate the changes in 
mechanical properties of coal as a result of continued methane production as well as CO2 
injection. Typically, the tests to determine the strength of coal/rock are destructive and do 
not permit establishing trends of changes in strength with depletion/injection. The 
extremely heterogeneous nature of coal does not allow using two different samples for 
identical tests in order to compare the results and conclusively answer the question 
regarding the changes in strength of coal when it is exposed to CO2. Hence, the need to 
develop a non-destructive technique, where strength of coal would be estimated with 
continued methane production, followed by CO2 injection, was felt to be critical.  
 
As a first task, grain compressibility of coal was estimated using the measured volumetric 
strain induced due to mechanical compression of solid coal when it was flooded with a 
non-sorptive gas (helium). This was followed by flooding the coal with methane/CO2 to 
estimate the swelling induced due to adsorption of the two gases.  Using the measured 
strains, swelling coefficients for the two gases were calculated. Also, Langmuir-type 
model was used to fit the data and the two coefficients, max and Pc, were estimated to 
enable calculating the strain at any pressure. Finally, as expected, the results showed that 



the volumetric strain induced by CO2 was significantly higher than that induced by 
methane.  
 
As a second task, a core of coal was stressed horizontally and vertically to replicate the 
conditions in situ and flooded with helium at in situ pressure. The pressure was then 
brought down in a step-wise manner under uniaxial strain condition, that is, the core was 
not allowed to swell/shrink in the horizontal direction to best replicate the in situ 
conditions, where coal is confined laterally. Strain in the vertical direction was monitored 
in order to calculate the volumetric strain with continued reduction in pressure. This was 
followed by injecting methane at in situ pressure and bringing the pressure down under 
uniaxial strain condition.  The core was prevented from shrinking by reducing the 
horizontal stress, ensuring that its diameter remained constant throughout the experiment. 
The original plan was to follow this with a CO2 injection cycle to determine the impact of 
replacing methane with a higher sorbing gas. Unfortunately, this part of the experiment 
could not be started due to the long equilibrium time required for each pressure step with 
methane injection. However, this effort will continue beyond this study.  
 
The results showed that the horizontal stress changed significantly with reduction in 
pressure and this resulted in an increase in permeability. The interesting finding at the 
time of completion of the study was that the change in the sample length with reduction 
in pressure is close to zero. In other words, the overall volume of the core did not change 
for pressure reduction from 900 to 400 psi. However, a significant amount of desorption 
takes place at pressure below 400 psi and there might be shrinkage of sample in the 
vertical direction in the future. At this time, it can not be said conclusively that the core 
volume remains constant with depletion. The results to date suggest that the increase in 
cleat volume indicated by increased permeability is at the cost of changes in grain volume 
and shrinkage of coal associated with desorption of methane.  
 
The last task involving development of a laboratory and numerical technique to measure 
the strength of coal in a dynamic methane/CO2 environment with depletion/injection 
started with a thorough review of various non-destructive testing methods. The most 
appropriate technique was identified to be application of ultrasonic wave velocity, 
specifically the through transmission pulse echo method. For application of this 
technique in the laboratory, an experimental setup and procedure were developed to 
estimate the mechanical parameters, Young’s modulus, Poisson’s ratio, bulk modulus and 
shear modulus of coal while methane is depleted and CO2 is injected. The technique is 
unique since similar work has not been undertaken in the past.  The experimental work 
developed to date was presented to US DOE and several members of the Coal-Seq II 
Consortium. After finalizing the laboratory work, a formal proposal was submitted to US 
DOE under the auspices of Coal-Seq III, a new consortium to continue evaluating the 
overall science of sequestering CO2 in unmineable coals.  
 
The work initiated under this study will continue for two more years under the auspices 
DCEO/ICCI and US DOE Program “Coal-Seq III Consortium: Advancing the Science of 
CO2 Sequestration in Coal Seam and Gas Shale Reservoirs”. It is anticipated that the two 
aspects of the study initiated in this study will be completed. First, the variation in the 



value of cleat compressibility with methane depletion and CO2 injection will be 
established for use in the models developed to predict changes in permeability. The 
question about variation in the values of Cp and Cm

* will be answered with definite 
information about whether a typical CBM reservoir is a “constant volume” media or it is 
under uniaxial strain condition. Second, the impact of exposure of coal to CO2 will be 
established and the question whether coal “weakens” will be answered. If, in fact, coal is 
shown to weaken when exposed to CO2, the degree of weakening will be established. 
Furthermore, the “excess” and “reduced” stresses associated with injection of CO2 and 
depletion in CBM reservoirs will also become known. 
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OBJECTIVES 
 
Overall Project Objective: The overall objective of this research study was to enhance 
the capability to model coal matrix volumetric strain induced in coals with methane 
depletion and subsequent injection of CO2. Volumetric strain modeling is critical to 
prediction of permeability changes in coalbed methane (CBM) reservoirs during primary 
depletion as well as enhanced CBM (ECBM) and CO2 sequestration operations, where 
injectivity is a critical parameter. 
 
Specific Objectives of this Study: The study was aimed at establishing trends of 
variation in pore volume compressibility and matrix shrinkage parameters of Illinois coal 
under field replicated conditions in a multi-gas environment. 
 
The work was divided into the following different tasks: 
 
TASK 1 - Measurement of Pore Volume Compressibility: This task involved 
measuring the grain/matrix compressibility (Cg), followed by measurement of bulk 
compressibility (Cb) under in situ conditions of stress. Using basic definitions of porosity 
(), bulk, grain and pore volume compressibilities (Cb, Cg and Cp), a mathematical 
relationship was derived to estimate Cp and used to estimate the variation in its value with 
continued methane production and injection of CO2.      
    
TASK 2 - Matrix Shrinkage Parameters: Matrix volumetric strains associated with 
sorption of methane/CO2 for constrained and unconstrained conditions were measured. 
The purpose of these tests was to determine the “swelling” of coal with methane and CO2 
injection and estimate the relative swelling when methane and CO2 sorb on coal. The 
sorption-induced volumetric strain was measured to determine the effect of gas injection 
on coal, and using these strains, the swelling coefficients for Illinois coals were 
estimated.  
 
TASK 3 - Injection of CO2: This task was intended to replicate the CBM reservoir 
condition at the end of methane depletion, when CO2 is injected in increasing pressure 
steps and monitor the sorption induced swelling. The volumetric swelling () for CO2 was 
calculated and the two swelling parameters (max and P) were established for increasing 
CO2 pressure. However, the final values of compressibilities under constrained conditions 
could not be measured due to the unexpected long duration to achieve equilibrium with 
methane injection. There was insufficient time to initiate injection of CO2. This task will 
continue in the future with funding from ICCI and US Department of Energy (US DOE).  
 
TASK 4 - Plan to Investigate Coal “Weakening” with Exposure to CO2: The purpose 
of this task was to review the past theories and experimental investigations related to the 
strength of the coal in methane/CO2 environment and develop an experimental technique, 
based on non-destructive testing, to estimate the continuous change in mechanical 
properties of coal in an environment where methane is gradually replaced with CO2. The 
ultimate objective of this task was to develop the experimental plan to the level required 
prior to submitting a proposal to US DOE for continuation of research under the auspices 
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of Coal-Seq III to evaluate the suitability of CBM reservoirs as a suitable storehouse for 
CO2.   
 
 

INTRODUCTION AND BACKGROUND 
 

Modeling of changes in permeability with continued production of methane from CBM 
reservoirs has been an ongoing effort. Several models have been developed to date [1-5] 
although only three are used extensively by operators. Recently, these models have been 
modified/extended to include CBM operations where CO2 is injected in reservoirs in 
order to enhance the production of methane for incremental recovery as well as in CO2 
sequestration operations. These models are based on principles of rock mechanics and 
theory of coal volumetric strain associated with sorption of gas, the so called matrix 
“shrinkage/swelling” effect. However, there is a major fundamental difference between 
the three models used in field operations.  One treats pore volume, or cleat, 
compressibility (Cp) and matrix shrinkage compressibility (Cm

*) as constants throughout 
the life of a reservoir, the second treats Cp as a constant but Cm

* as a variable, while the 
third treats both as variables. At this time, there is a lack of fundamental studies to 
support any one of the assumptions.  
 
Although Cp and Cm

* are critical parameters in determining the changes in permeability 
of a CBM reservoir, they are even more critical when a higher sorbing gas like CO2 is 
injected into coal since it has two distinct effects. First, increase in gas pressure opens up 
the cleats resulting in increased permeability. Second, the sorption associate swelling of 
coal matrix tends to close the cleats, reversing the increased permeability effect and 
resulting in reduced injectivity. The “swelling” of coal with sorption of CO2 is a definite 
phenomenon and has been measured to be significant [6].  This has resulted in a serious 
concern about an overall permeability reduction and has led US DOE to consider CO2 
sequestration in unmineable coals and perform ECBM field operations only if it can be 
shown that injectivity is maintained at 90% (or greater) of its initial value.   
 
Field pilots completed to date, and summarized in a previous ICCI report [6], suggest that 
there is an initial loss of injectivity with injection of CO2 but that there is a reverse effect 
with continued injection resulting in improved injectivity. The reason for this is not 
known although it is suspected that the properties of coal change when it is exposed to 
CO2. Two theories have been proposed to explain the increased injectivity. The first one 
states that coal “weakens” when exposed to CO2 [7-10]. The second uses the theory of 
coal failure due to “excess” stresses resulting from coal swelling in situ and its inability 
to swell due to lateral confinement [6, 2].  Due to the destructive nature of rock strength 
testing procedures in the laboratory, work completed to date has been conducted on 
different coal samples and the extremely heterogeneous nature of coal has led to results 
of these studies as being inconclusive.   
 
Based on the above premise, the overall objective of this research study was two-fold. 
The first part involved answering the question whether the values of Cp and Cm

* vary in 
CBM/ECBM/CO2 sequestration operations by estimating their values for depletion and 
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injection alternatives under best replicated field conditions. The second part involved 
designing and developing an experimental system where the strength of coal would be 
estimated continuously as methane is depleted, or is gradually replaced with CO2. The 
final objective of the study was to make an effort to secure support for a detailed study of 
the latter and actually implement the system in order to understand the phenomenon of 
coal weakening and promote the use of coal as a storehouse for CO2.  
 
 

EXPERIMENTAL PROCEDURES 
 
Measurement of Pore Volume Compressibility 
 
Sample Procurement and Preparation: Cylindrical cores, two inches in diameter and 
three to four inches in length, were prepared using standard rock mechanics specimen 
preparation techniques. The two end surfaces of the specimen were polished to enable 
proper placement in the triaxial cell. Core was preserved in its native state to prevent any 
damage due to weathering by storing it in an environmental chamber, with no source of 
light and under controlled conditions of temperature and humidity.  
 
Experimental Setup and Procedure: In order to replicate the conditions in situ, 
controlling and monitoring of external stress conditions and gas pressure are very 
important. The experimental setup for pore volume compressibility measurement, 
therefore, included independent control of stress and strain conditions, gas pressure 
(upstream and downstream), and measurement of gas flowrate. The unique feature of the 
experimental setup was that it replicated the best in situ conditions under uniaxial strain 
condition, that is, constant vertical stress replicating the overburden and zero horizontal 
strain due to lateral confinement, where coal cannot expand/shrink. The setup consisted 
of a triaxial cell, a circumferential extensometer to monitor and control shrinkage and 
swelling of the core, a Linear Variable Differential Transducer (LVDT) to monitor the 
change in the length of the sample during methane depletion, a loading system, and a 
means to monitor and measure flowrate. A schematic of the experimental setup is shown 
in Figure 1. The setup enabled applying both confining and axial stresses initially to 
replicate the conditions in situ. The axial stress was applied by placing the cell in a load 
frame hooked to a hydraulic system. The triaxial cell was connected to the hydraulic 
system for application of the confining stress. The perforated steel disks and porous metal 
plates were placed at both ends of the sample to distribute (and collect) the gas and 
prevent small particles from entering the tubing. The temperature of the triaxial cell was 
kept constant using a heating jacket and temperature controller. The gas containers at the 
inlet and outlet were placed in a water bath, set at the same temperature as that of the 
triaxial cell. The gases entering and coming out of the triaxial cell were, therefore, at the 
same temperature. To keep the downstream pressure constant, a relief valve was used. 
 
The core used for the pore volume compressibility experiment was subjected to in situ 
conditions of vertical and horizontal stresses and virgin gas pressure. Prior to starting the 
experiment, the core, along with the perforated steel disks and porous metal plate, was 
sealed using PVC shrinkage tubing in order to avoid seepage of oil into the core during 
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application of stress. The circumferential extensometer was placed around the core and 
PVC shrinkage tubing. The step-wise procedure is shown pictorially in Figure 2. The 
entire setup was placed in the triaxial cell, which in turn, was placed in the load frame. 
The sample was then stressed triaxially. 
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Figure 1: Schematic of the experimental setup. 

 
After attaining stress equilibrium, a non-sorptive gas, helium, was injected in to the 
sample in a step-wise manner to measure the bulk compressibility under in situ 
conditions. Once the sample attained pressure and strain equilibrium, the circumferential 
strain was set to zero. The variation in the sample length was monitored by the LVDT 
system for a step-wise reduction in pressure. Using this, bulk compressibility (Cb for 
helium) of coal was computed. After helium was completely depleted, the core was 
saturated with methane at the desired pressure. Again, the sample was allowed to attain 
pressure and strain equilibrium and the circumferential strain was set to zero, that is, no 
further strain was allowed. The “swelling/shrinkage” due to methane depletion and the 
resulting sorption-induced strain was prevented by controlling the confining stress 
appropriately. For each depletion step, the change in sample length was monitored. Using 
this, the shrinkage coefficient was calculated and pore volume compressibility (Cp) was 
obtained. In addition to the variation in sample length, core permeability was also 
estimated for each step. For equilibrium conditions at each step, a pressure gradient of 
~40 psi was applied across the sample using the relief valve and the measured flowrate 
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was used to calculate the permeability. Since it took several days to attain equilibrium at 
each pressure step, a complete test required between six and eight months. 
 
 

 
 
Figure 2: Sealing of core, perforated steel disks, porous metal plate with shrinkage 

tubing, extensometer attachment and placement in triaxial cell. 
 
 
Coal Matrix Swelling/Shrinkage Compressibility Measurement 
 
Sample Preparation: Samples for shrinkage/swelling experiments were prepared using 
core retrieved from Springfield and Seelyville seams in the Illinois Basin. A total of four 
samples, two from each seam, were prepared to determine the shrinkage/swelling of coal 
matrix associated with sorption of methane/CO2. The core was split in to four quadrants 
and samples with the least cleats were selected. Figure 3 shows a typical sample 
schematically and pictorially. Subsequent to preparation, the test specimens were kept in 
an environmental chamber under controlled conditions of temperature and humidity until 
initiating the experiment. 
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Figure 3: Schematic and pictorial diagrams of the sample for volumetric strain. 
 
Experimental Setup and Procedure: The experimental setup for the study was designed 
to enable measurement of volumetric strain due to methane/CO2 sorption. A schematic of 
the experimental setup is shown in Figure 4. The main components of the setup were 
pressure vessels capable of withstanding very high pressures, a data acquisition system to 
monitor strain, and a gas chromatograph (GC) to measure the composition of gas 
mixtures in the pressure vessels. Since sorption is very sensitive to temperature, the 
pressure vessels were placed in a constant temperature bath. Three strain gages were 
affixed to the surface of each sample in order to monitor strain in the three orthogonal 
directions. The gages were affixed using an epoxy recommended by the manufacturer. 
After attaching the gages, leads were attached to each strain gage. The entire assembly 
was then placed in the pressure vessel with the required outlets for gage connection to a 
data acquisition system.  
 
A total of four samples, two from each of the two seams, were placed in the four 
containers. The samples were first subjected to increasing helium pressure of 800 psi. 
Helium being non-adsorptive, the volumetric strain was purely due to mechanical 
compression of solid coal resulting from changes in the external pressure. The measured 
volumetric strain was used to calculate the matrix, or grain, compressibility of the 
samples. Helium was bled out from the sample containers. All four samples were then 
subjected to step-wise flooding with methane by increasing the pressure in steps of ~200 
psi to a final pressure of 800 psi. The same procedure was repeated for CO2. Using the 
measured volumetric strain, the swelling coefficients for the two gases were calculated.  
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Figure 4: Schematic of the experimental setup used for shrinkage/swelling experiment. 
 
Investigate Coal “Weakening” with Exposure to CO2 
 
Based on the need to develop a non-destructive method to estimate the strength of coal, 
the following experimental technique was developed to test the mechanical properties of 
coal with continued depletion of methane, accompanied by injection of CO2. This part of 
the study was aimed at developing an experimental setup and procedure based on sound 
scientific principles and not actually fabricating the system.  
 
Of all the non-destructive testing methods, ultrasonic technique was felt to be the most 
appropriate one for the proposed study. This method measures ultrasonic wave velocity 
to determine the mechanical properties of a material under various stress conditions 
without breaking the sample being tested. Furthermore, through transmission pulse echo 
technique was felt to be more appropriate for determining the strength of coal in an 
environment where methane is gradually replaced by CO2.  The measured ultrasonic 
velocity is then used to calculate the dynamic material properties, such as, Young’s 
modulus of elasticity, Poisson’s ratio, shear modulus, bulk modulus using the following 
equations [11]: 
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Young’s Modulus of Elasticity (E) = 
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s vρ         (3) 

 

Bulk Modulus (K) = 
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where, vs is the ultrasonic S-wave velocity (m/s), vl is P-wave velocity (m/s) and ρ is the 
density (kg/m3). 
 
It is well known that dynamic properties are empirically related to the strength of a 
material. Hence, the parameters described above would be indicative of the strength of 
coal under CO2 and methane environments.  
 
Proposed Experimental Setup: The proposed experimental setup consists of a triaxial 
cell, a loading system, an ultrasonic velocity measurement system (UVMS), a means to 
monitor and measure flowrate, temperature, and vertical and horizontal strains. Figure 5 
shows a schematic of the proposed experimental setup. The UVMS system consists of 
ultrasonic transducers embedded in upper and lower platens of the triaxial cell, along 
with a pulser to generate ultrasonic signal and a receiver to receive the signal that passes 
through the sample, and a digital oscilloscope to analyze the output signal. The unique 
feature of the experimental setup is that it replicates the best in situ stress conditions 
under zero horizontal strain, that is, the core is not permitted to physically expand/ 
contract, just like it cannot under in situ conditions due to lateral confinement. This is 
achieved by changing the horizontal stress when the sample starts to swell/shrink. The 
vertical stress is applied by placing the cell in a load frame while the horizontal stress is 
applied by connecting the triaxial cell to a hydraulic pump. Two perforated steel discs are 
placed at the two ends of the sample to distribute and collect the flowing gas. The 
temperature of the triaxial cell is kept constant using a heating jacket and temperature 
controller. The gas lines at the inlet and outlet ends are placed in the water bath, set at the 
same temperature as that of the triaxial cell. A relief valve is used to keep the 
downstream pressure constant and apply and maintain a pressure gradient to measure gas 
flow though the sample. The gas composition in the sample during the methane/CO2 
exchange is determined using a gas chromatograph.  
 
Experimental Procedure: The experiment starts by scanning the sample using the 
ultrasonic equipment to evaluate the initial condition (structural) of the sample. The core, 
along with the perforated steel disks, is then sealed using PVC shrinkage tubing and 
placed in the triaxial cell. The platens embedded with transmitting and receiving 
transducers are placed at the upper and lower ends of the sample respectively. The 
distance between transmitting and receiving transducers is measured accurately. Once the 
complete experimental setup is in place, the following procedure would assure 
determination of ultrasonic wave velocity within in the sample under various conditions: 
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Figure 5: Schematic of the proposed experimental setup. 

 

1. The sample is stressed traxially using the load frame for axial stress and hydraulic 
system for confining stress. The two stresses are applied gradually in a step-wise 
manner allowing time to attain equilibrium for each step. 

2. As ultrasonic wave velocity is very sensitive to temperature, prior to injecting gas into 
the sample, the triaxial cell is insulated with heating jacket to maintain constant 
temperature.  

3. The core sample is initially saturated with helium by injecting gas through the upper 
porous plate and sufficient time is allowed to ensure that the sample stabilizes. At this 
stage, both longitudinal (P-wave) and shear wave (S-wave) velocities are measured 
using the ultrasonic testing equipment.  

4. The helium within the sample is replaced with methane gradually in a step-wise 
manner. At each step, the concentration of gas at the outlet is analyzed to determine 
the methane saturation level within the core. Once core sample is fully saturated with 
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methane at the desired pressure, sufficient time is allowed to attain equilibrium and 
ultrasonic wave velocity is measured. This condition is assumed to be the ‘zero’ 
condition since it replicates the native state of a CBM reservoir.  

5. The core is then flooded with CO2 in a step-wise manner, maintaining the overall gas 
pressure constant.  The outlet gas mixture is analyzed using gas chromatograph to 
obtain methane and CO2 concentration within the core sample.  

6. Due to the higher adsorptive affinity of coal for CO2, methane concentration in the 
core sample would decrease while the concentration of CO2 would increase. 
Sufficient time is allowed to stabilize the gas concentration within the core and P-
wave and S-wave velocities are measured.  This is continued until the core is fully 
saturated with CO2. 

7. In order to replicate the natural conditions, sorption-induced swelling of the core as 
methane desorbs and CO2 adsorbs is not allowed by adjusting the confining stress.  

8. After completion of the experiment, core is taken out of the triaxial cell and scanned 
with the ultrasonic sensor to examine for any structural damage due to CO2 
adsorption. 

 
 

RESULTS AND DISCUSSION 
 
Task1: Measurement of Pore Volume Compressibility 
 
This part of the study was unique since, to the best knowledge of the Principal 
Investigator, similar work has not been reported prior to this investigation in spite of the 
controversies between opinions of various researchers whether the values of Cp and Cm

* 

are constant or vary over the life of a CBM reservoir. As mentioned previously, the two 
parameters are significantly more critical when CO2 is injected in a CBM reservoir in 
ECBM/sequestration operations.  
 
Following the procedure described in the previous section, a trial test was first carried out 
using a coal sample for the purpose of calibrating the experimental setup and 
understanding the behavior of hydraulic, mechanical and electronic components of the 
entire system, including the LVDT performance. Based on these trial tests, a few 
modifications were made to improve the setup prior to starting the experiment using the 
core. 
 
Theory of Pore Volume Compressibility 
 
Definition: According to Zimmerman [12], the bulk compressibility (Cb), pore volume 
compressibility (Cp) and grain compressibility (Cg) are mathematically given as: 
 

p
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 11

p

p

p
p dP

dV

V

1
C          (6) 

 

p

g

g
g dP

dV

V

1
C          (7) 

 
where, Vb, Vp and Vg are the bulk, pore (in case of coal, cleat) and grain volumes of coal 
and dPp is the change in pore pressure (reservoir pressure). 
 
Of the three compressibilities, pore volume compressibility (Cp) affects CBM production 
the most since it describes the nature of cleat deformation, and hence, the permeability 
with gas depletion. Cp is, in fact, a key parameter when modeling the variation of cleat 
permeability. Theoretically, Cp is a complex function of moduli, initial porosity, sorption 
and matrix shrinkage/swelling parameters. It is included in Palmer and Mansoori, Shi and 
Durucan and ARI models developed to predict changes in permeability with gas 
depletion [1-3].  However, two of the models treat it as a constant over the life of a 
producing reservoir while the third treats it as a variable. The importance of Cp becomes 
even more critical when CO2 is injected into coal for ECBM/sequestration since CO2 
swells the coal and result in a reduction in the cleat aperture and, hence, the cleat volume.  
 
Pore Volume Compressibility Calculation: Theoretically, Cp can be measured based on 
its definition. From Eq. (6), this would require successful measurement of the cleat 

volumetric strain (
p

p

V

ΔV
). However, it is difficult to measure the cleat volume under in 

situ conditions, and some indirect method is required to estimate Cp in the laboratory. 
 
The porosity of coal is defined as the volume of pore space as a function of bulk volume 
of coal. Mathematically, coal porosity is defined as follows: 
 

b

p

V

V
           (8) 

 
where,  is the porosity. Bulk volume is given as: 
 

pgb VVV            (9) 

The differential form of equation for Eq. (9) is given as: 
 

pgb dVdVdV           (10) 

 
Using Eq. (5), (6), (7), (8), (9) and (10), Cp is derived as: 
 

])C(1[C
1

C gbp 


         (11) 
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Pore Volume Compressibility Results: During helium injection, the sample was 
subjected to axial and confining stresses of 2100 and 1400 psi respectively. After 
achieving the desired stress level, the sample was flooded with helium at a pressure of 
900 psi and allowed to equilibrate. The circumferential extensometer was set to zero in 
order to prevent any further horizontal strain. The variation in the sample length over the 
duration of the experiment under uniaxial strain condition was monitored and the results 
are shown in Figure 6.  
 
The results show that the vertical strain under uniaxial strain condition during helium 
depletion is close to zero. In other words, there is no bulk strain in the sample with 
helium depletion, that is, Cb is zero. Therefore, Eq.11 can be rewritten as: 
 

gp )C
1

(1C


        (12) 

If the porosity is assumed to be constant, the value of Cp would only depend on Cg. 
Assuming in situ porosity to be 0.1%, the value of Cp becomes: 
 

gp -999CC          (13) 

 
In order to obtain an estimate of Cp for methane, methane injection was carried out 
gradually up to a final pressure of 900 psi. After achieving equilibrium, the uniaxial strain 
condition was maintained throughout the experiment. Horizontal stress was adjusted in 
order to maintain constant horizontal strain. During the entire experiment, vertical strain 
was monitored. The variation in vertical strain over the duration of the experiment under 
uniaxial strain condition for methane, along with vertical and horizontal stresses, for 
pressure decrease from 900 to 400 psi is shown in Figure 7.  
 
From Figure 7, it is apparent that there is no vertical strain during pressure reduction from 
900 to 400 psi. However, this does not necessarily mean that there is no vertical strain 
during methane depletion since the most sensitive pressure range is 400 to 50 psi when 
most of the gas desorbs. It is, therefore, important to defer the conclusion regarding the 
variation in the value of Cp until the pressure is reduced as close to zero as possible. 
However, there may be another reason for the absence of vertical strain with depletion 
and that is the “scaling effect”. The sample length may be somewhat small to induce 
changes in its length during depletion.  
 
Permeability Calculation 
 
Darcy’s Law, modified for compressible fluids, was used to calculate the permeability of 
the coal sample. The equation is given as:  
 

o o

m

μ Q L P
k

A ΔP P
          (14) 
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Figure 6: Variation in sample length and horizontal stress under uniaxial strain condition 

    for helium depletion. 
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Figure 7: Variation of vertical strain and horizontal stress under uniaxial condition for 
    methane depletion. 

 



 14

where, μ is the viscosity of the gas, Q0 is the volumetric flow rate at the outlet, A is the 
cross sectional area of the sample, L is the length of the sample, P0 is the gas pressure at 
the outlet, ΔP is the pressure difference between upstream and downstream (P0-Pi), and 
Pm is the mean gas pressure (P0 + Pi)/2. 
 
Permeability Results 
 
For the part of the experiment completed to date, the permeability of coal was calculated 
for step-wise reduction in pressure to 400 psi. The calculated values are shown in Table 
1. The modeled fit is shown in Figure 8. It is not certain what the permeability increase 
trend would be since past studies have shown both, a continuous but significant increase 
as well as a very small increase [13]. The continued change in permeability with pressure 
reduction can, therefore, be anywhere in the shaded region.  
 

y = 8113.8x-1.3492
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Figure 8: Experimental permeability data and best fit. 

 
 

Table 1: Permeability of coal. 
 

Pressure(psi) Permeability(md) k/k0 
892.9 0.12 1.00 
781.4 0.13 1.08 
679.6 0.13 1.10 
539.8 0.14 1.17 
378.6 0.41 3.41 
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Task 2: Matrix Shrinkage Measurement 
 
Results for Helium Injection: The first part of the experimental work involved dosing 
all samples with helium to a pressure of ~800 psi while monitoring the strain 
continuously. As expected, the volume of coal matrix decreased with helium injection 
due to compression of the coal grains. The results for two samples are shown in Figure 9. 
The matrix, or grain, compressibility, defined as the change in the volume of solid coal 
per unit change in pressure, and given as equation (7), was used to calculate Cg. 
However, only the bulk volumetric strain is measured directly in the laboratory. 
Therefore, Cg was derived as a mathematical function of Cb as:   
 




1
b

g

C
C                                                                        (15) 

 
Assuming the porosity of coal to be 0.1%, the average value of grain compressibility was 
calculated to be -8.0 x 10 -7 psi-1. Using Eq. (13), this gave a Cp value of 8.0 x 10-4 psi-1. 
 
Injection of methane and CO2: In sorptive environment, there is an additional sorption-
induced matrix shrinkage/swelling phenomenon accompanying the flow of gas. Hence, 

an additional term, matrix shrinkage coefficient ( *
mC ), is defined as follows:  

 











dP
mdV

.
mV

1*
mC                                                                                   (16)  

 
where, dP is the change in pressure of the sorbing gas. 
 
Following helium flooding, the samples were subjected to a gradually increasing methane 
pressure, in steps of 200 psi, up to a final pressure of 800 psi. Strain was monitored 
continuously until equilibrium was achieved at each step. After attaining equilibrium, the 
procedure was repeated for subsequent steps. Four samples, two from Springfield seam 
and two from Seelyville seam, were used. The same procedure was repeated with CO2.  
Figure 10 and 11 show the data recorded for the four pressure steps for methane and CO2 
respectively.  
 
Using the measured strain for methane/CO2, matrix swelling coefficients for these gases 
were determined using Eq. (16). The values of Cm

* for CO2 were calculated to be 13.1 x  
10-6 psi-1and 18.5 x 10-6 psi-1 for Springfield and Seelyville samples respectively. 
Similarly, the values for methane were 5.3 x 10-6 psi-1 and 4.6 x 10-6 psi-1 for Springfield 
and Seelyville samples.  It should be noted that these values are based on the assumption 
that the strain is linearly dependent on gas pressure, and it is apparent from the results 
that this is not the case. However, this is how this parameter is incorporated in CBM 
simulators at this time. For the sake of completeness, more precise calculation of the 
pressure-strain dependence was also carried out. 
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Figure 9: Volumetric strain with increasing helium pressure. 
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Figure 10: Volumetric strain induced with injection of methane for 0-800 psi. 
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Figure 11: Volumetric strain induced with injection of CO2 for 0-800 psi. 
 

For Springfield coal at 800 psi, the average volumetric strain was ~0.42% with 
adsorption of methane and ~1.0% with CO2. Similarly, for Seelyville coal, volumetric 
strain at 800 psi was ~0.37% and 1.4% with adsorption methane and CO2 respectively. 
As expected, the matrix swelling due to CO2 adsorption was higher than methane, clearly 
indicating the sorption dependence of volumetric strain. The CO2/methane differential 
swelling at 800 psi was ~2.3 for Springfield coal and ~3.8 for Seelyville coal. As 
mentioned earlier, sorption induced stain is non-linear and the strain results shown in 
Figure 12 and 13 clearly exhibit a strong similarity with typical sorption isotherms. 
Hence, the measured volumetric strains were fitted to a model similar to the Langmuir 
sorption model, given as: 
 

)P(P

ε P
ε

ε

max


          (17) 

 
where, ε is the volumetric strain at equilibrium pressure P, εmax represents the maximum 
strain which can be achieved at infinite pressure, and P is the pressure at which coal 
attains 50% of the maximum strain. This equation allows calculation of the sorption-
induced volumetric strain at any gas pressure. The modeled results are included in 
Figures 12 and 13. The results show that the modeled volumetric strains match well with 
the measured values. The Langmuir equivalent strain constants (max, P) for methane and 
CO2 are presented in Table 2. 
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Figure 12: Measured and modeled volumetric strain for methane - Springfield and  
      Seelyville coals. 
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Figure 13: Measured and modeled volumetric strain for CO2 - Springfield and Seelyville 

     samples. 
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Table 2: Estimated modeled parameters for Springfield and Seelyville samples. 

 

Sample 

Model Parameters 
Methane CO2 

P max P max 
Springfield 1 773 .0078 275 .0147 
Springfield 2 774 .0088 143 .0114 
Seelyville 1 3392 .0164 526 .0231 
Seelyville 2 3238 .0218 622 .0278 

 
 
Task 3: Injection of CO2 
 

This task could not be started due to the long duration required for the core to equilibrate 
at each pressure step. However, this task will continue in the future.  
 

Task 4: Plan to Investigate Coal “Weakening” with Exposure to CO2 
 
There was no plan to fabricate this experimental setup and carry out experiments as a part 
of the current study. As planned, the design and analytical aspects were completed. The 
actual development of the experimental setup, followed by trial runs and core testing and 
analysis will continue in the future. 
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CONCLUSIONS AND RECOMMENDATIONS 
 
The work completed as a part of the current study is an ongoing effort that will continue 
in the future. A major part of the effort during the reporting period was devoted to 
development of the experimental work since similar studies have not been reported in the 
literature. The conclusions based on the work actually completed are either repetition of 
similar work completed earlier, or are pre-mature at this time.  These are, therefore, given 
below briefly: 
 
 As reported earlier, the sorption-induced volumetric strain follows the sorption 

isotherm trend. It would, therefore, be more appropriate to determine the strain using 
a Langmuir-type model rather than a single coefficient assuming a linear dependence 
of strain on pressure. This would require changing the way this parameter is used 
when conducting simulation using commercial CBM simulators.  

 Swelling of coal matrix with injection of CO2 is two to four times higher than that 
caused with sorption of methane. This suggests that CO2 would cause a permeability 
reduction initially. But it is possible that, with continued injection, the permeability 
would increase, making CO2-ECBM an attractive option.  

 The value of Cp and Cm
* under constrained conditions would not change initially 

when the reservoir pressure is high. It is not known whether this trend would deviate 
at low pressures. However, low pressure range is truly critical in influencing the 
mechanical properties of coal since gas desorption is significant below 400 psi.  

 
Since funding for continued effort has been approved, work in the following areas would 
continue: 
 
 Monitoring the strength of coal as methane is replaced with CO2 would answer the 

specific question: Does coal weaken when exposed to CO2?  

 Monitoring the volumetric strain under constrained conditions would answer the 
questions: Does the value of Cp change with continued methane production, followed 
by CO2 injection? If so, what is the trend of variation in its value? 
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