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Using the unsteady pressure drop method, permeability measurements of coal sam-
ples were conducted across various bedding directions under different effective 
stresses. Mercury injection, SEM, and micro-CT techniques were employed to ana-
lyze pore/fracture structures. By integrating experimental data, existing stress-sen-
sitive permeability models were validated and refined. The results demonstrated 
that gas permeability in cores from different directions exponentially correlates 
with effective stress. During decompression, the permeability exhibited limited 
recovery and irreversible damage. Stress sensitivity assessments with varying pa-
rameters indicated high sensitivity of coal permeability to effective stress, both 
perpendicular and parallel to bedding planes. The revised permeability model pre-
dicts permeability with an error margin of less than 15%.
Key words: coalbed methane, stress sensitive, bedding direction,  
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Introduction

In CBM production, water production and methane gas desorption reduce coal res-
ervoir pressure, leading to a decrease in effective stress. This, in turn, significantly alters coal 
permeability [1, 2]. Accurate prediction of coal permeability under varying effective stress is 
crucial. Numerous empirical relationships have been established to describe the stress-depen-
dent permeability of various rock types [3, 4]. However, the stress-dependent permeability 
mechanism in coal reservoirs is particularly complex due to CBM unique characteristics, in-
cluding high compressibility, intricate pore/fracture structures, and low porosity. This paper 
first examines the stress sensitivity of coal permeability. Subsequently, it analyzes the stress 
sensitivity mechanism using SEM, mercury injection, and CT techniques. Lastly, based on the 
Walsh fracture permeability model, the permeability-stress model is refined by incorporating 
fracture aperture, achieving a precision exceeding 85%.

Stress sensitivity experiment

Coal samples were selected from eastern Yunnan and western Guizhou, China. The 
ten cores from different seams were drilled in parallel and vertical bedding directions. Based 
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on the unsteady pressure drop method, coal permeability was measured with nitrogen at indoor 
temperature.

Stress-permeability relationship

Figure 1 shows the relationship between dimensionless permeability and effective 
stress. On both vertical and parallel bedding directions, coal permeability decreases sharply and 
then tends to be stable with the increase of the effective stress.

Figure 1. The graph of dimensionless permeability variation with  
effective stress on vertical and parallel directions

Stress-permeability sensitivity evaluation

The permeability damage rate Dk1 is calculated:
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where Dk1 is the permeability damage maximum in the process of stress increasing to the high-
est point, K1 – the permeability of coal sample for the first stress point, and Kmin – the minimum 
permeability value of coal sample after reaching the critical stress.

The irreversible permeability damage rate Dk2 can be calculated:
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where Dk2 is the permeability damage rate after the stress restoring to the first stress point and 
K1r – the coal permeability corresponding to final stress point.

The stress sensitivity coefficient, Ss, is given [3]:
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where Ss is the stress sensitive coefficient, K – the permeability under the condition of applied 
stress, and K0 – the permeability under the condition of initial pressure σ0. 

Table 1 shows that both vertical and parallel bedding directions of the coal samples 
have strong stress sensitivity. The permeability damage rate of each coal sample is over 94%. 
The irreversible damage rate is as high as 70%.
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Table 1. Different evaluation parameters for permeability damage

Sample
number

k0 kmin k′ 0 Dk1 Dk2 Ss
Stress sensitivity degree

[mD] [mD] [mD] [%] [%] Dk1 Ss

1-V 0.2417 0.0135 0.0790 94.42 67.31 1.1355 Extremely high Extremely high
2-P 2.6516 0.0550 0.7679 97.92 71.04 0.8629 Extremely high High
3-V 0.1915 0.0055 0.0627 97.12 67.23 0.8208 Extremely high High
4-P 0.5764 0.0078 0.1793 98.65 68.90 0.9017 Extremely high High
5-V 0.1528 0.0032 0.0347 97.94 77.28 0.9326 Extremely high High
6-P 2.0823 0.2141 0.7137 89.72 65.73 0.8346 Extremely high High
7-V 0.5696 0.6321 3.4667 99.83 69.72 1.0412 Extremely high Extremely high
8-P 0.3849 0.0256 0.1258 93.34 67.32 1.1075 Extremely high Extremely high
9-V 0.0201 0.0002 0.0065 99.06 67.68 0.9706 Extremely high High
10-P 0.0652 0.0014 0.0192 97.85 70.53 1.1338 Extremely high Extremely high

V is the vertical bedding direction and P is the parallel bedding direction.

Micro-structure analysis

Figure 2 shows a typical slice of 2-D 
gray-scale CT scanning for coal sample. 
Large-scale fractures can be observed clearly 
in the coal sample, to a certain extent, it can 
reflect the coal seepage channel morphology 
intuitively. The CT images usually used the 
pixels to characterize the size of CT value, 
the areas with a low CT value shows the dark 
black, which is mainly pores and fractures in 
the coal and rock samples. The regions with a 
high CT value shows the white, which is main-
ly high density material in the coal sample.

Figure 3 shows the SEM images of var-
ious coal samples. We can find that fracture 
width is mainly at nanometer-micron level. 
Pore size is in the range of a few nanometers 
to hundreds of nanometers. The micro-fracture 
has a good connectivity and plays the domi-
nant role for seepage.

Figure 4 is the diagram of relationship 
between pore size and mercury saturation gra-
dient. Pore diameter distribution has a big pore 
peak at about 40 μ, which suggests that there exist a large amount of microfracture in coal sam-
ples that control most of the permeability. More than 80% of pore distributes between 10 μm 
and 70 μm. However, the coal samples may be compressed and generate new fractures under 
high pressure, which may bring some error. Coal is a typical dual medium with both pore and 
micro-fracture systems. Microfractures are easy to compress and show a strong stress sensitivi-
ty. With the increase of effective stress, the fractures are deformed by compressive stress. It may 
block the seepage channel and bring a great permeability damage. 

Figure 2. The CT scan images of coal;  
(a) Sample-1 (25 mm) and (b) Sample-1 (2 mm)

Figure 3. The SEM images of coal
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Fracture permeability model 

Walsh model improvement

Based on the Poiseuille flow formula for 
plate fractures, Walsh [5] derives the permea-
bility stress-sensitive expression of plate-like 
fracture model. According to the experimental 
results, Walsh et al. [4] revises the simplified 
equation:
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where h is the mean square root of height dis-
tribution of fracture and a0 – the fracture aper-
ture under the reference pressure. 

By referencing the establishing process of Walsh model, the influence of effective stress 
on fracture aperture is introduced into the permeability model. The change of fracture aperture and 
contact area of fractures with the stress is characterized by introducing the parameter α:
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where a is the aperture degree.
According to the research of Greenwood et al. [6] and Whitehouse et al. [7], it can 

confirm the relationship:
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where E and n are the elastic modulus of coal and the Poisson’s ratio and f – the coefficient 
associated with the fracture aperture.

After the extrusion, the local fracture is broken or split, and the contact area increas-
es, the compression quantity of fracture surface shows the exponential characteristic, and the 
exponential function is [8]: 
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where x is the compression amount of fracture plane, a0 – the initial aperture of fracture, a – the 
aperture degree (when the effective stress is σe), σe0 – the initial effective stress, and kn – the 
normal stiffness of fracture surface.

According to eqs. (6), (8), and (5), after organizing and integrating, the formula can 
be obtained:
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Figure 4. The relationship between pore size and 
mercury saturation
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where b is the change rate of contact area of fracture with the increase of effective stress, which 
is related to the fracture roughness and the mechanical properties of rock.

In the low pressure stage, the contact area of the fracture can be regarded as a con-
stant, the fracture aperture decreases with the increase of applied effective stress, thus the con-
stant b is zero approximately. Equation (9) can be written:
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Model validation

As shown in fig. 5, the experimental results were fitted by the model and the fitting 
correlation coefficients are greater than 0.94. The logarithm value of coal permeability is lin-
ear with effective stress. Therefore, we can get the value of for each coal seam. Figure 6 shows 
the model predicted errors under different effective stress. It can be found that the relative errors 
of the model are within 15% basically. The parameters in this model are easy to obtain. The 
model is simple and suitable for engineering applications. However, the error at initial effective 
stress is high. It needs further work to make the calculation of more precise.

            Figure 5. Experimental data and model fitting        Figure 6. Model errors of coal permeability

Conclusion

With the increase of the effective stress, the permeability decreases sharply and then 
tends to be stable. The coal samples from eastern Yunnan and western Guizhou have strong 
stress sensitivity. The damage rate of coal samples is more than 94%. The irreversible damage 
rate is about 70%. The improved Walsh model can better describe the change law of coal per-
meability with stress. The permeability prediction error is basically less than 15%.
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Nomenclature
a0  – fracture aperture, [m]
Dk  – permeability damage rate, [–]
E  – elastic modulus, [MPa]
h  – mean square root of fracture height, [m]
K  – permeability of coal sample, [10–15 m2]
Kmin  – minimum permeability value, [10–15 m2]

kn  – normal stiffness of fracture  
surface, [MPacm–1]

Ss  – stress sensitivity coefficient

Greek symbols

σe  – effective stress, [MPa]
n  – Poisson’s ratio, [–]
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