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In order to investigate the change law of different gas permeability of tectonic coal under circumstances of different 
gas pressure and different stress condition, take the tectonic coal with low permeability and outburst hazard as 
research object and study on the different gas permeability change law of tectonic coal in complete stress-strain 
process by using the triaxial servo-controlled seepage equipment for thermo-fluid-solid coupling of coal containing 
gas. The experimental results show that the complete stress-strain curve of coal containing methane is  similar to that 
of coal containing carbon dioxide, which can be divided into five stages with unique characteristics respectively, and
there are the minimum value of permeability corresponding to the neighboring juncture between stageⅡand phaseⅢ
in complete stress-strain process. In addition, there are existing Klinkenberg effects not only for absorbing gas, such 
as methane and carbon dioxide but also for non-absorbing gas such as helium gas in the gas-bearing coal seam. 
Moreover, the Klinkenberg effect on the methane permeability of coal exists in all the stress condition of coal in 
complete stress-strain process and that on carbon dioxide permeability of coal only appears in the coal compaction 
named by phaseⅠ. Therefore, occurrence of Klinkenberg effect have something to do with structure of coal mass, 
but also are related to gas type and stress condition of coal mass.
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1. Introduction

Coal and rock belong to typical of porous media; therefore, underground coal/rock seams are capable 
of preserving large quantities of ground, petroleum gas and coal bed gas. The coal bed gas produced in the 
process of coal mining, which is called methane, is one kind of harmfu l gas affecting and threatening 
safety in production of coal mine, and is one kind of energy that is pollution free, convenient and 
inexpensive and belongs to golf calorific  value of unconventional gas resources. Coal bed gas has been 
the takeover energy subsequent to coal, petroleum and natural gas in China, which have attracted the 
attention of scholars and have been distinctly important research subjects, inject ion of gas into unminable 
coal bed of which not only can enhance coal bed methane recovery but also accomplish the aim of 
greenhouse gases sequestration. Currently, the technologies of inject ion of gas into coal seam still have 
been drawing lessons from the theories, points of view and methods in the Oil & Gas Industry that had 
been proved that these measures had been possessed of better yield-increasing effect in the Oil & Gas 
Industry, which have not been achieving the results expected on the whole in the CBM explo itation. This 
phenomenon occurred is partly because nine out of ten of coal bed gas in the coal seam exists in the 
adsorption state, which is be contrary to petroleum gas existing in the unbound state, and partly because 
the mechanical perfo rmance and motion theory of fluid body are different due to existential state of fluid  
body in the porous media. Therefore, it is difficult to increase coal bed gas production and its recovery 
percent, which is due to strongly rely on the min ing theories and production technique of the Oil & Gas 
Industry. In addition, it is generally acknowledged that a necessary condition on coal and gas outburst that 
occurs is the existence of tectonic soft coal, so the main coal-p roducing countries of the world have been 
committing to the research of coal and gas outburst mechanism as well as its main influencing factors in 
order to find out the occurrence regularity of coal and gas outburst and then effectively control 
occurrences of outburst.

All these research that seek breakthrough need to understand the change law of permeability of 
coal/rock mass under the circumstances of different geolog ical conditions, especially for permeability 
change law of tectonic coal contained gas under load, which not only indicate the physical parameters 
giving expression to complexity of gas flow through porous media in coal/rock mass, but also are the 
important parameter of permeation flu id mechanics and engineering. Geostress plays a decisive role in 
coal seam permeability in all the essential parameter influencing over gas migrat ion, and moreover, coal 
seam permeability p lays a decisive ro le in  the CBM exploitation and the gas drainage, so it is be of prime 
importance for study on the permeability change law of coal/rock mass exerted by applied stress to refine 
theories of CBM exploitation and gas migration as well as prevent coal and gas outburst from happening.

Scientists at home and abroad are carrying out successful research in the coal and rock permeability. 
W.J. Sommerton et al[1] earlier investigated the effect of stress on permeability of coal mass; C. R. McKee 
et al[2] respectively investigated the relationship between stress, porosity factor and permeability of coal 
mass, J. R. E. Enever and A. Henning[3] studied the influence rules of effective stress on permeability of 
coal mass. Based on the synthesized hypothesis of coal and gas outburst, outburst is one kind of 
phenomenon caused by combined action of geostatic stress, gas pressure and physical and mechanical 
properties of coal, so considerable related research have carried out by many domestic scientific research 
workers. Lin Boquan and Zhou Shining[4] respectively investigated the relationship between permeability, 
deformation of coal mass and pore gas pressure on condition that confining pressure is invariable by using 
independently developing Gas Permeability Test Equipment of Coal Mass. Tan Xueshu and Xian Xuefu[5]

primary studied on the permeability of coal under circumstances of different stress condition, different 
electric field and different temperature, as well as in the process of deformation and failure of coal by 
using independently developing methane seepage flow system. Zhao Yangsheng[6] investigated the effect 
of gas adsorption and coal body deformation on the permeability of coal body by laboratory experiment, 
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and obtained the change law of osmotic coefficient as change of effect ive volume stress and gas pressure. 
Yin Guangzhi and Xu Jiang et al[7-10] from Chongqing University systematically investigated the change 
law of methane permeability of coal mass in the process of complete stress-strain by using independently 
developing triaxial servo-controlled seepage equipment for thermo-fluid-solid coupling of coal containing 
methane.

These above-mentioned experimental researches on the permeability of coal had been carried out
almost aimed at the methane permeability of coal. Currently, the study of different gas permeability of 
tectonic coal under load is less widely reported in the literatures, especially in complete stress-strain 
process. Therefore, the understanding change laws of different gas permeability of tectonic coal under
circumstances of different gas pressure and stress is the topic of this study

2. Experimental set-up

2.1. Sample preparing

Experimental coal samples taken from 2#  coal seam in the Yangdong mine belong to the tectonic coal 
with outburst hazard, which are made by using special mold because this kind of coal is soft broken and 
can not be sampled as block specimen. Therefore, this kind of coal sample is designated by the name of 
briquette hereinafter. In addit ion, polishing the two ends of these experimental coal samples (Φ5×10cm) 
can make the two ends and press ram contact with each other, and relieve the additional frict ion caused by 
ends of coal samples. Although the voids volume, the deformation degree and peak strength of 
undeformed coal sample and briquette exist difference to some extend, change laws of these influencing 
factors have better consistency[11], which sort out to deal with problem that the mechanical properties of 
tectonic coal can be studies under circumstances of conventional experiment. The sample making step can 
be seen in the figure 1.

Fig 1 production process of coal sample

2.2. Laboratory equipment

Seepage experiment of tectonic coal is accomplished at the triaxial servo-controlled seepage 
equipment fo r thermo-fluid-solid  coupling of coal containing gas, which is composed of electro-



1179Lei Meng et al. / Procedia Engineering 26 (2011) 1176 – 11834 Lei Meng et al/ Procedia Engineering 00 (2011) 000–000

hydraulics servo loading system, triaxial cell, water bath with thermostatic control system, pore pressure 
control system, data acquisition system and experimental auxiliary system, all of which are shown as in 
the literature 7. The seepage law of coal-bed gas and the characteristics of deformation and failure of 
coal/rock mass containing gas in the process of coal bed methane seepage flow under circumstances of 
combined act ion of geostress and gas pressure by using the laboratory equipment can be completed, 
which is important for revealing gas transport mechanism of coal bed.

3. Interpretation of experimental result

3.1. Different gas permeability of coal in complete stress-strain process

The gas permeability of briquettes in complete stress-strain process is measured under circumstances 
of confining pressure invariab leness (2MPa) and pore pressure invariab leness (0.4MPa), which are shown 
as in the figure 2 and 3. In the triaxial compression experiment of gas-bearing coal, the complete stress-
strain curve of methane-bearing coal and the complete stress-strain curve of carbon dioxide-bearing can 
both are divided into five stages and there is similar gas permeability change law for methane and carbon 
dioxide in  the five stages. In the coal compaction named by phaseⅠ, when external  load in itial ly 
increases, partial init ial fissure and pore is gradually closed, which forms the primeval nonlinear 
deformation, narrows the gas flow path and finally results in the decrease of permeability. In  the elastic 
deformation stage named by phaseⅡ, there is existing l inear approximation relation between stress and 
strain. External load continuously increases make coal part icles compressed and initial clearance filled up, 
which increases closing face of pore, further makes the gas flow path narrowed and results in the decrease 
of permeability. From a macroscopic perspective, gas flow in the stageⅡ constantly decreases and is 
harder than in  the stageⅠ and there are the min imum value of permeability  corresponding to the 
neighboring juncture between stageⅡand phaseⅢ. In the plastic stage of coal mass named by phase Ⅲ, 
coal deformation change qualitatively and varies from elastic deformat ion stage to plastic deformation 
stage. As the stress continuously increases, there occurs shearing motion within  coal particles, which 
urges crackle of coal to continuously extend. Therefore, expansion of in itial fissure and production of 
epigenetic fissure results in the starting increase of permeability of coal in the phaseⅢ. In the stress drop 
stage named by phase Ⅳ, when the bearing capacity of tectonic coal arrives in peak stress and as axial  
deformation continuously increase, internal structure of coal is seriously damaged and fissure of coal cuts 
through and forms a strip of shuttered zone. Therefore, with the result of that, porosity factor of coal 
increases sharply and results in that permeability increases sharply. In the residual stress stage named by 
phase Ⅴ, coal deformation enters into creep stage with stress remaining practically unchanged and lateral 
deformation growing sustained. So, the expansion of micro crack results in permeability increasing 
sustained, but tend towards stability.
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Fig 2 Relation curves of axial stress and methane permeability with axial strain

Fig 3 Relation curves of axial stress and carbon dioxide permeability with axial strain

3.2. The influence of pore pressure on the different gas permeability of coal
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The experimental results show that the helium gas and methane permeability of coal decrease to some 
extent with the increase of pore pressure, and there is the ‘V’ relationship between the carbon dioxide 
permeability of coal and the carbon dioxide pressure, when the carbon dioxide pressure is lower than 
‘critical value’, the permeability decreases with the pore pressure increasing and when the carbon dioxide 
pressure exceeds ‘crit ical value’, the permeability increases with the pore pressure increasing, all of 
which are due to Klinkenberg effect and can be seen from the figure 4.

There are existing Klinkenberg effects not only for absorbing gas, such as methane and carbon dioxide 
but also for non- absorbing gas such as helium gas in  the gas-bearing coal seam, which belongs to low 
permeability coal seam with outburst hazard. In addition, Helium gas permeability of coal is higher than 
absorbing gas permeability, such as methane and carbon dioxide, under circumstances of confining 
pressure invariableness (2MPa) and change of pore pressure in the range of 0.4MPa and 1.5MPa; methane 
permeability is higher than carbon dioxide in the range of 0.4MPa and 0.74MPa, and as the carbon 
dioxide pressure exceeds ‘critical value’, Klinkenberg effect is weakened and the carbon dioxide 
permeability exceeds the methane under circumstances of confining pressure invariableness (2MPa) and 
1.5MPa pore pressure.

3.3. The influence of stress on the different gas permeability of coal

The experimental results also show that the different gas permeability of coal present different 
characteristics based on the gas permeability in the different stress stage extracted from permeability test 
in complete stress-strain process, which can be seen in the figure 2 and 3. The Klinkenberg effect on the 
Methane permeability of coal exists in all the stress condition of coal under load, and as stress increases, 
the Klinkenberg  effect  gradually  weaken, which can  be seen in  the figure 5 and 6. However, the 
Klinkenberg effect on carbon dioxide permeability of coal only appears in  the coal compaction named by 
phaseⅠ and as the stress gradually increases, the permeability also gradually increases. This phenomenon 
that occurs may be the reason that as the stress increases, the desorption volume caused by the 
deformation and failure o f coal accordingly increases, which are in relation to the adsorption capacity of 
coal for d ifferent gases and adsorption equilibrium pressure of coal.
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4. Conclusions

From the thorough analysis of test data, it is found that the complete stress-strain curve of coal 
containing methane is similar to that of coal containing carbon dioxide, which can be d ivided into five 
stages with unique characteristics respectively, such as the coal compaction named by phaseⅠ, the elastic 
deformation stage named by phaseⅡ, the plastic stage of coal mass named by phase Ⅲ, the stress drop 
stage named  by phase Ⅳ and the residual stress stage named by phase Ⅴ, and there are the min imum 
value of permeability corresponding to the neighboring juncture between stageⅡand phaseⅢ in complete 
stress-strain process. In addition, there are existing Klinkenberg effects not only for absorbing gas but 
also for non- absorbing gas in the gas-bearing coal seam, which belongs to low permeability coal seam 
with outburst hazard. Moreover, the different gas permeability of coal present different characteristics 
based on the gas permeability in  the different stress stage; the Klinkenberg effect on the methane 
permeability of coal exists in all the stress condition of coal under load, and as stress increases, the 
Klinkenberg effect gradually weaken and the Klinkenberg effect on carbon dioxide permeability of coal 
only appears in the coal compaction named by phaseⅠ. Therefore, occurrence of Klinkenberg effect have 
something to do with structure of coal mass, but also are related to gas type and stress condition of coal 
mass.

Therefore, study on the change laws of different gas permeability of coal under circumstances of 
different geostress and gas pressure is promising in revealing the gas transport mechanism of coal bed and 
providing the theoretical foundation for CBM development and CO2-ECBM. However, further research is 
necessary in order to investigate the change laws of different gas permeability under circumstances of 
more complex environment.
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