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ABSTRACT 
 
To reduce the emission of CO2 into the atmosphere, it is proposed to store CO2 into deep un-mineable 
coalbeds. Many studies have been reported investigating the effect of CO2 injection on the flow 
properties to provide a means of estimating the recoverable CH4 and storable CO2. However, 
assessment of the long-term integrity of stored CO2 and the potentially damaging effects of CO2 on the 
mechanical response of coal have been largely neglected. Understanding the geomechanical 
response of coalbeds to CO2 injection can be crucial in site selection, in designing and planning CO2 
ECBM and coalbed geo-sequestration operations. To investigate the effects of CO2 adsorption on the 
mechanical strength and stiffness of coal, a series of core specimens of Australian black coal have 
been tested. The behaviour of water-saturated and CO2 saturated specimens have been investigated 
at confining stresses up to 2.5 MPa at room temperature. The strengths of CO2 saturated specimens 
are found to be significantly less than those of water-saturated specimens, and the CO2 saturated 
specimens also have reduced stiffness. The reduced strength and stiffness following CO2 saturation 
are associated with changes in micro-structure which are evident in scanning electron microscope 
photographs.  
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1 INTRODUCTION 
 
The process of pumping CO2 into deep geological formations such as coalbeds has been proposed to 
reduce greenhouse gas emissions into the atmosphere. Coalbeds are of interest because they have 
naturally stored methane which can be displaced by injecting CO2 and thus produce a clean and 
valuable hydrocarbon that can partly offset the cost of sequestration. Thus, this process is also called 
CO2-ehanced coalbed methane recovery (ECBM). 
 
Coal is an organic sedimentary rock that has a complex porous structure in which the pore sizes range 
widely from a few nano-metres to a few millimetres. Coal is often considered to be comprised of micro-
porous matrix blocks which are separated by an orthogonal system of fractures, known as cleats. 
Thus, coal can be modelled as a multiple-porosity or simply a dual-porosity medium. It is known that 
the coal matrix is composed of a polymerised layered structure of condensed aromatic planar units 
(1.0 - 1.3 nanometre in length). These unit layers tend to stack parallel to each other (with a spacing of 
3.3 - 4.0 Å) although their orientation and planarity are imperfect (Sharma et al., 2000). The layered 
structure of the coal matrix provides a large internal surface area. The cleats, which are natural 
fractures in the coal, control the viscous flow of fluids, while the micro-pores provide pathways for 
diffusive flux and also the surface area for storage of gas by a phenomenon called adsorption (Harris 
and Yust, 1976; Pashin, 2008). During the adsorption of CO2 by coal, the volume of the coal matrix 
increases, a process known as swelling (e.g. Reucroft and Patel, 1986; Stacy and Jones, 1986; 
Walker et al., 1988).  
 
The coal matrix behaves as a glassy polymer at room temperature where the molecular structure of 
the coal is effectively “frozen” in place (Green et al., 1991; Lucht et al., 1987). However, as the 
temperature rises a transition takes place and the coal polymers change from a glassy to a rubbery 
state. This transition is characterized by the glass transition temperature, Tg, which for coal is in the 
range 580-623 K (Lucht et al., 1987).  It has been suggested that presence of CO2 decreases the 
glass transition temperature of coal (Larsen, 2004), and the transition from a glassy solid state to a 
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rubbery state is now widely accepted as an explanation for the swelling process. This explanation 
implies changes in the molecular structure of the coal, and hence changes in the mechanical 
properties of solid coal may be expected. To further understand the swelling process described above, 
many studies have been conducted to perform analysis of, and visualise, the changes to the micro-
structure of coal (e.g. Sharma et al., 2000) when CO2 or other gases are adsorbed.  
 
Several studies have investigated the effect of swelling on the hydraulic properties of coal and have 
provided a range of analytical and numerical models for the prediction of coalbed permeability during 
gas production and/or injection (e.g. Palmer and Mansoori, 1996; Shi and Durucan, 2005). Relatively 
few studies have investigated the effect of CO2 on the mechanical properties of coal, but these all 
suggest there is an effect. Czapliriski & Holda (1982) reported large reductions in the force required to 
crush small cube samples after saturation with CO2, while Aziz and Ming-Li (1999) reported the 
greatest ease of drilling in CO2 -saturated coal samples. More recently, Viete and Ranjith (2006, 2007) 
found that the uniaxial compressive strength and elastic modulus of CO2 -saturated Victorian brown 
coal samples were less than those of air-saturated specimens by 13% and 26%, respectively. 
However, they also observed that the reduction in strength diminished with stress level and CO2 
saturation had little effect when the confining stress was 10 MPa. Masoudian et al. (2011) also 
showed that the strength and elastic modulus of black coal from the Sydney Basin decreases in the 
presence of low pressure CO2.  
 
In a companion paper Masoudian et al. (2012) demonstrate that changes in stiffness can have a 
significant impact on the sequestration process, and thus there is a need to better understand the 
magnitude and mechanisms involved in the changing strength and stiffness following CO2 saturation. 
To achieve this a series of over 30 triaxial tests have been performed to study the influence of CO2 
adsorption on the mechanical properties of Australian black coal, and selected specimens have been 
examined in a scanning electron microscope (SEM) to investigate changes at the micro scale.  
 
 
2 EXPERIMENTAL PROCEDURE  
 
Specimens with diameter of 25 mm and height to diameter ratio of 2 were cored from blocks of 
bituminous black coal obtained from the stockpile of a mine in the Sydney Basin. The specimens had 
an average dry density of 1.29 g/cm3 and a porosity of about 15 %.  Only specimens which appeared 
to be homogeneous and contained no cleats were used for the triaxial tests. The triaxial tests were 
performed using a standard soil mechanics cell mounted in a 70 kN load frame. Water pressure inside 
the triaxial cell was provided from a GDS pressure controller which could also measure volume 
changes during CO2 saturation. 33 triaxial tests have been carried out with confining stresses of up to 
2.5 MPa. Water saturated specimens were prepared by first permeating the air-dry coal specimen with 
water followed by the use of an elevated back pressure to ensure saturation before isotropic 
compression to the desired stress level. The CO2 saturated specimens were prepared by isotropic 
compression of the air-dry coal to the desired stress level and then by permeation with CO2. During 
permeation the CO2 injection pressure was chosen to be the same as the confining pressure, while the 
other end of the specimen was open to the atmosphere. The CO2 saturated samples were exposed to 
CO2 for at least 72 hours. Shearing commenced after closing the gas injection tap and specimens 
were loaded to failure in about 60 minutes, with the drain line open to the atmosphere. The 
experimental procedure and coal type are similar to those reported in Masoudian et al. (2011). 
 
Scanning Electron Microscopic (SEM) images have been obtained using a Zeiss ULTRA Plus SEM at 
the Australian Centre for Microscopy and Microanalysis at the University of Sydney. The CO2 
saturated specimens were saturated in the triaxial apparatus, and transferred as quickly as possible to 
the SEM to minimise any effects due to de-saturation.  
 
 
3 RESULTS AND DISCUSSION  
 
3.1 Softening effect of CO2 
 
The strength and elastic Young’s modulus of the 33 triaxial coal specimens are illustrated in Figure 1. 
There is considerable scatter in the data which is believed to be due to the natural variability of the 
coal and the existence of very small fractures which could not be detected visually.  When best-fit lines 
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are put through the data, as shown in Figure 1a, it is clear that the elastic modulus of the CO2-
saturated specimens is lower than that of the water-saturated samples. Figure 1b shows the strength 
of the coal is also reduced following CO2 saturation. These results are consistent with the results of 
previous studies (e.g. Masoudian et al., 2011; Viete and Ranjith, 2007). During CO2 saturation volume 
changes occur which have previously been associated with the change of state from glassy to 
rubbery, but the damaging effect of CO2 on the mechanical properties has not been previously 
explained.  
 
An explanation for the damage can be found in the phenomenon known as the plasticisation effect in 
polymer science. As discussed earlier Larsen (2004) has explained that coal has a chemical structure 
similar to those observed in short-chain polymers. From polymer science we know that a plasticiser 
shortens the polymer chain length and therefore increases viscosity and fluidity, and CO2 is a known 
plasticiser, being used in the polymer industry as a plasticiser for different kinds of polymers (Tomasko 
et al., 2003).  A plasticiser reduces the glass transition temperature, thus under the same pressure 
and temperature, a plasticised polymer would show a larger displacement in response to a load, 
compared to a non-plasticised polymer. Assuming coal behaves in a similar manner to other polymers 
we can understand the process when CO2 is injected into coal as follows. As the CO2 diffuses into the 
coal matrix it interacts with the coal structure leading to a partial breakdown of the polymerised 
molecules and shortens the length of its polymer chains. This reduces the entanglement of the 
polymer chains and the resistance to deformation, that is the modulus reduces. The reduction in 
entanglement of the polymer chains also leads to a reduction in strength, as the strength of a polymer 
is a function of the entanglement of the polymer chains. In addition to these damaging effects the 
release of energy from the partial breakdown of the polymerisation leads to rearrangement  of the coal 
structure and swelling results. When the coal matrix swells, the micro-structure changes and leads to 
a higher porosity and in other polymers to a more amorphous structure. The softening effect of 
plasticisers is used in many polymer manufacturing techniques to enable the production of flexible 
polymeric materials, such as flexible PVC (e.g. Gezovich and Geil, 1971), and as mentioned above 
many polymer studies have reported the plasticising effect of CO2 (e.g. Verreck et al., 2006; Wang et 
al., 1982). The softening effects of CO2 in coal are consistent with this explanation.  

 
 

Figure 1. The results of triaxial tests: (a) Elastic Modulus (b) Peak Strength and failure envelope  
 
The effect of adding plasticisers on the micro-structure of polymers has been studied by many 
researchers using microscopy. Figure 2 shows typical scanning electron micrographs (from Gezovich 
and Geil, 1971) of the effect of adding a plasticiser on the micro-structure of Polyvinylchloride (PVC). It 
can be observed that after the addition of the plasticiser (dioctylphthalate), the surface roughness and 
crystalline texture decrease and the surface texture is smoother with a less grainy and nodular 
structure. These observations are consistent with a shortening of the polymer chains due to reduced 
interactions between structural units (monomers) of polymer as a result of plasticiser addition 
(Gezovich and Geil, 1971).  
 
To observe the similarity between the softening effect of plasticisers in polymers and the softening 
effect of CO2 in coal, some SEM images of coal are shown in Figure 3. It may be seen that the surface 
of the CO2 saturated coal is smoother and the structural features are smaller than those from the 
water saturated specimen. When the magnification is higher, the surface roughness of the CO2-
saturated coal is more visible and the more granular structure is visible. It can be expected that if the 
gas pressure and/or temperature is higher additional breakdown of the polymeric structure will occur 
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and this will lead to further effects on the coal micro-structure beyond those shown here for the CO2 
saturated specimens.  
 

 
Figure 2. SEM images of PVC: (a) unplasticised (b) plasticised (Gezovich and Geil, 1971)  

 

 
Figure 3. SEM images of coal: (a) water-saturated 1000X magnification (b) 1000X magnification CO2-

saturated, (c) water-saturated 3000X magnification (d) 3000X magnification CO2-saturated  
 
3.2 Elastic modulus reduction model  
 
As shown earlier (Figure 1a), the elastic modulus of coal decreases when it is saturated with CO2. The 
simplest strategy in modelling the effect of CO2 on the properties of coal is to consider a linear 
relationship between the concentration of adsorbed CO2 and the change in the properties. In order to 
determine this, a model to estimate the amount of adsorbed gas is required. The most-widely used 
gas adsorption model is the Langmuir model described by Equation 1.  
 
ζ= (ζM b P)/(1 + b P) (1) 
 
where ζ is the adsorbed volume of gas per unit mass of coal, ζM is a constant that represent the 
maximum monolayer adsorption, and P is the gas pressure. Previous studies of the adsorption of CO2 
on black coals from the Sydney Basin have shown that the Langmuir model is reasonable and as 
Saghafi et al. (2007) reported the Langmuir parameter, b, is approximately 0.3×10-6 Pa-1. Using this 
value, the amount of adsorbed gas can be estimated from Equation 1. If this is then combined with an 
assumed linear relationship between CO2 concentration and the elastic modulus of the coal, given by 
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Equation 2, the effect of CO2 on the modulus can then be evaluated by substituting Equation 1 into 
Equation 2. 
  
ECO2/Ewater = 1 - α ζ/ζM (2) 
 
Where α is a dimensionless coefficient which could be expected to vary with coal type or rank. Hence  
 
ECO2/Ewater = 1 - α (b P)/(1 + b P) (3) 
 
The difference between the best-fit lines to the data presented in Figure 1a, can be described by 
Equation 3 using a value of α of 0.34. It may be noted that Figure 1a shows the reduction in modulus 
increasing with confining pressure, which is a consequence in these tests of the CO2 saturation 
pressure increasing with confining pressure. Thus, although Equation 3, can predict the change in 
initial elastic modulus of coal after CO2 injection further tests covering a range of CO2 saturation 
pressures are needed to confirm its reliability.  
 
3.3 Strength reduction model  
 
The data presented in Figure 1b were used to determine the failure envelope of coal using the Hoek – 
Brown failure criterion. The most recent version of this empirical failure criterion (Hoek et al., 2002) 
can be expressed as below  
 
σ1 = σ3 + σci [mi (σ1/σci) + 1]a  (4) 
 
where σ1 and σ3 are major principal stresses, σci is the uniaxial compressive strength of intact rock, 
and a and mi are the rock mass constants. The failure envelopes determined from the presented data 
are shown in Figure 1b. Also, the values of Hoek – Brown parameters and equivalent Mohr – Coulomb 
parameters are presented in Table 1.  
 
Table 1: Strength parameters of water-saturated and CO2-saturated coal specimens for two different 
failure criteria  

Failure criterion Parameters Water CO2 

Hoek – Brown 
σci (MPa) 29.125 29.125 
mi 10.335 7.949 
a 0.5 0.5 

Mohr – Coulomb 
c (MPa) 5.267 5.804 
φ (deg) 47.91  44.60 

 
To model the effect of CO2 adsorption on the mechanical strength, a similar approach to the elastic 
modulus prediction can be used. A linear relationship between the gas concentration and the 
reduction in strength of the coal can be described using the equation below.  
 
SCO2/Swater = 1 - β ζ/ζqM (5) 
 
where S represents the peak strength of the coal in the triaxial test and β is a dimensionless 
coefficient that could be expected to vary with coal type or rank. Substituting Equation 1 into 
Equation 5 gives  
 
SCO2/Swater = 1 - β (b P)/(1 + b P) (6) 
 
When the coefficient of β is 0.25 and the peak strength of water saturated specimens is given by the 
best fit Hoek-Brown parameters from Table 1, the predicted failure relation of the CO2-saturated coal 
agrees closely with the experimental data as shown on Figure 1b.  
 
 
4 CONCLUSION 
 
Understanding the geomechanical response of coalbeds to CO2 injection can be crucial in site 
selection, in designing and planning CO2-ECBM and for coalbed geo-sequestration operations. In this 
study a series of triaxial compression tests have been used to investigate the effect of CO2 adsorption 
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on the mechanical properties of a bituminous coal. The results show that the mechanical strength and 
elastic modulus of the coal can decrease significantly when the coal is saturated with CO2. Simple 
models have been proposed to predict the CO2-induced changes in elastic modulus and mechanical 
strength of coal based on a linear relationship with the adsorbed gas concentration. The softening 
effect of the CO2 in coal was explained by its action in breaking down and plasticising the coal polymer 
structure. This explanation was supported by SEM images showing changes to the micro-structure 
following CO2 saturation, and in particular the breakdown of the fibrous coal fabric. Further tests at 
higher pressures and temperatures are in progress to prove the accuracy of the proposed models and 
investigate whether similar effects occur for conditions relevant to practical sequestration operations.  
 
 
REFERENCES 
 
Aziz, N. I.and Ming-Li, W. (1999). "The effect of sorbed gas on the strength of coal – an experimental study." Geotechnical 
and Geological Engineering, 17, 387-402. 
Czapliriski, A.and Holda, S. (1982). "Changes in mechanical properties of coal due to sorption of carbon dioxide vapour." 
Fuel, 61 (December), 1281-1282. 
Gezovich, D. M.and Geil, P. H. (1971). "Morphology of Plasticized Polyvinylchloride." International Journal of Polymeric 
Materials, 1 (1), 3-16. 
Green, T. K., W. -P. Panand Clark, M. (1991). "Glass transition temperature of modified coals." symposium on liquefaction 
mechanisms. American Chemical Society Symposium, Division of Fuel Chemistry, Atlanta. 
Harris, L. A.and Yust, C. S. (1976). "Transmission electron microscope observations of porosity in coal." Fuel, 55 (July), 233-
236. 
Hoek, E., Carranza, C.and Corkum, B. (2002). "Hoek-Brown failure criterion - 2002 edition." NRAMS-TAC Conference. 
University of Toronto Press, Toronto, Canada, pp. 267-273. 
Larsen, J. W. (2004). "The effects of dissolved CO2 on coal structure and properties." International Journal of Coal Geology, 
57, 63-70. 
Lucht, L. M., J. M. Lamonand Peppas, N. A. (1987). "Macromolecular structure of coals. 9. Molecular structure and glass 
transition temperature." Energy & Fuels, 1 (1), 56-58. 
Masoudian, M. S., Airey, D. W.and El-Zein, A. (2012). "Softening effect of CO2 and its influence on reservoir simulation and 
permeability prediction." 11th Australia New Zealand Conference on Geomechanics, Melbourn, Australia. 
Masoudian, M. S., Airey, D. W., Gainey, A., Morris, T.and Beger, J. (2011). "The mehcanical properties of CO2-saturated coal 
specimens. ." ISRM 2011, Beijing, China. 
Palmer, I.and Mansoori, J. (1996). "How permeability depends on stress and pore pressure in coalbeds: a new model." 1996 
SPE annual technical conference and exhibition, Denver, Colorado, U.S.A. 
Pashin, J. C. (2008). "Coal as a petroleum source rock and reservoir rock." in: Isabel Sua´rez-Ruizand Crelling, J. C. (Eds.), 
Applied coal petrology: the role of petrology in coal utilization. Elsevier Acadmic Press. 
Reucroft, P. J.and Patel, H. (1986). "Gas-induced swelling in coal." Fuel, 65 (June), 816-820. 
Saghafi, A., Faiz, M.and Roberts, D. (2007). "CO2 storage and gas diffusivity properties of coals from Sydney Basin, Australia." 
International Journal of Coal Geology, 70 (1-3), 240-254. 
Sharma, A., T. Kyotaniand Tomita, A. (2000). "Direct Observation of Raw Coals in Lattice Fringe Mode Using High-Resolution 
Transmission Electron Microscopy." Energy & Fuels, 14 (6), 1219-1225. 
Shi, J. Q.and Durucan, S. (2005). "A model for changes in coalbed permeability during primary and enhanced methane 
recovery." SPE Reservoir Evaluation & Engineering, 291-300. 
Stacy, W. O.and Jones, J. C. (1986). "The swelling and adsorption characteristics of Victorian brown coals." Fuel, 65, 1171-
1173. 
Tomasko, D. L., Li, H., Liu, D., Han, X., Wingert, M. J., Lee, L. J.and Koelling, K. W. (2003). "A Review of CO2 Applications  in 
the Processing of Polymers." Industrial & Engineering Chemistry Research, 42 (25), 6431-6456. 
Verreck, G., Decorte, A., Li, H., Tomasko, D., Arien, A., Peeters, J., Rombaut, P., Van den Mooter, G.and Brewster, M. E. 
(2006). "The effect of pressurized carbon dioxide as a plasticizer and foaming agent on the hot melt extrusion process and 
extrudate properties of pharmaceutical polymers." The Journal of Supercritical Fluids, 38 (3), 383-391. 
Viete, D. R.and Ranjith, P. G. (2006). "The Effect of CO2 on the Geomechanical and Permeability Behaviour of Brown Coal: 
Implications for Coal Seam CO2 Sequestration." International Journal of Coal Geology, 66, 204-216. 
Viete, D. R.and Ranjith, P. G. (2007). "The Mechanical Behaviour of Coal with Respect to CO2 Sequestration in Deep Coal 
Seams " International Journal of Coal Geology, 86, 2667-2671. 
Walker, P. L., S. K. Verma, J. Rivera-Utrillaand Khan, M. R. (1988). "A direct measurement of expansion in coals and 
macerals induced by carbon dioxide and methanol." Fuel, 67 (May), 719-726. 
Wang, W.-C. V., Kramer, E. J.and Sachse, W. H. (1982). "Effects of high-pressure CO2 on the glass transition temperature and 
mechanical properties of polystyrene." Journal of Polymer Science: Polymer Physics Edition, 20 (8), 1371-1384. 
 
 

ANZ 2012 Conference Proceedings 733


