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Abstract
In this paper, we present an experimental investigation regarding the stress sensitivity of permeability in naturally fractured 
shale. Gas permeability tests were performed on the fractured cylindrical shale samples under loading and unloading con-
ditions. Different hydrostatic stress and gas pressure levels were chosen to investigate the dependence of permeability on 
stress. The permeability of the fractured shale decreases with increasing hydrostatic stress, re-increases during unloading 
and is irreversible during loading and unloading processes. The gas pressure exhibits a significant effect on the permeability 
in comparison with the hydrostatic stress. Small gas pressure changes (e.g., 2 MPa) induce a comparable change in perme-
ability with a large hydrostatic stress change (e.g., 40 MPa). The gas pressure gradient on the permeability will be discussed. 
The fracture aperture was estimated by recording the volume change during loading and shows that the aperture change is 
consistent with the permeability evolution during loading, which is more complicated at a higher hydrostatic stress value. The 
roughness of the fractured surface was also analyzed and will be discussed in combination with the permeability evolution.
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Introduction

In recent years, shale gas has been considered to be a clean 
energy in many countries, which can be utilized to help solve 
the energy crisis and reduce the greenhouse effect. How-
ever, only a few countries (e.g., United States, Mexico, and 
China) have realized the commercial exploitation of shale 
gas because of a series of difficulties, among which the low 
permeability of shale is an important factor that restricts gas 
production. To enhance the production of shale gas, two key 
technologies (i.e., horizontal drilling and hydraulic fractur-
ing) have been significantly advanced. Horizontal drilling 
can create a maximum borehole surface area, and hydrau-
lic fracturing can provide a high conductivity pathway by 

increasing the artificial fractures around the well bores. The 
permeability of natural or induced fractured shale is crucial 
to understanding the production performance after hydraulic 
fracturing operations, and hence, it is an important param-
eter to evaluate the production of shale gas. Therefore, per-
meability characterization is an important issue in the shale 
gas productivity evaluation.

A significant number of studies (Carey et al. 2015; Chen 
et al. 2015; Cho et al. 2013; Gale et al. 2007; Gutierrez et al. 
2010, 2015; Yang et al. 2017; Zhou et al. 2016; Zhang et al. 
2013) have been conducted to investigate the permeability of 
intact shales and fractured shales. The results show that the 
permeability of both intact shale and fractured shales strongly 
depends on the applied stresses. The stress dependence of 
the permeability of intact rock is often described by an expo-
nential relationship or a power law between the permeability 
and porosity (Dong et al. 2010; Wang et al. 2011; Yang et al. 
2017). The influence of stresses on the permeability of frac-
tured shale is more significant than that of intact shale (Gutier-
rez et al. 2015). The permeability of fractured shales depends 
on both the applied stress and fracture surface. To investigate 
the fracture permeability, fractures are often artificially created 
through tensile testing (e.g., Brazilian test) or the saw cut. Per-
meability tests are usually conducted in a triaxial cell with or 
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without a shear displacement (Hofmann et al. 2016) or shear 
box (Vogler et al. 2016; Xiong et al. 2011). It is found that the 
fracture permeability will decline with increasing confining 
stress, which compacts the fracture aperture, while the fracture 
permeability will increase under a high shear stress, which can 
increase the fracture width due to an offset in the two fracture 
surfaces. Several researchers have found that cyclic loading 
and unloading significantly affects permeability and induces 
a notable hysteresis effect (Gutierrez et al. 2015; Smart et al. 
2001; Lu et al. 2018a, b). Although the effective stress princi-
ple is widely applied to consider the effect of pore pressure on 
permeability, the effective stress coefficient is often difficult to 
determine. Moreover, the hydromechanical coupling phenom-
enon cannot be ignored in many cases (Figueiredo et al. 2015; 
Lu et al. 2018a, b). Thus, it is necessary to further investigate 
the effect of pore pressure on the permeability of fractured 
shales. Because it is challenging to obtain natural fractures in 
standard samples, there are relatively few studies addressing 
on the permeability of natural fractured shale (Vogler et al. 
2016; Ye et al. 2017). This paper will present an experimental 
study on the permeability of naturally fractured samples under 
coupled hydromechanical loading and unloading conditions.

Material and sample preparation

In this study, the tested material is Longmaxi (LM) shale 
collected from the outcrop shale block of the Lower Silu-
rian Longmaxi (LM) shale formation located in Qianjiang, 
southeast of Chongqing, China. The Longmaxi shale forma-
tion comprised of dark gray to black graptolite shale, carbo-
naceous shale, siliceous shale, silty shale, and argillaceous 
siltstone (Yang et al. 2017). The organic content of shale 
is larger than 0.5% with a mean TOC of 2.54%. The LM 
shales are mainly composed of clay (54%), quartz (33%) 
with minor quantities of pyrite and feldspar. The grain den-
sity of the shale sample was approximately 2.72 g/cm3 with 
a total porosity of 0.25–3.25%, and the initial water content 
was less than 4%. The shale block was naturally fractured, 
and three cylindrical samples with diameters of 25.0 mm 
and lengths of 50.0 mm were drilled from this block. The 
coring orientation was chosen to allow the natural fractures 
to align parallel to the longitudinal axis of the cylindrical 
samples (see Fig. 1).

Methods and procedures

Experimental method

To measure the permeability of the fractured shale samples, 
a steady-state method was preferred because it has a better 
accuracy for measurements of high permeability values. To 
avoid the interaction between water and shale (Zhang et al. 

2013), the dry nitrogen gas was used as the fluid for the gas 
measurements. The gas permeability under a constant pres-
sure gradient resulting in a constant flow rate was estimated 
using the following formula (Davy et al. 2007):

where P is the pressure across the sample (Pa), subscripts 
0, 1 and 2 denote the average, upstream and downstream 
pressures, respectively, µ is the viscosity of the gas (Pa.s), 
q is the flow rate (m3/s), L is the length of the sample (m), 
and A is the cross-sectional area of the sample (m2). This 
solution is based on Darcy’s law and assumes that the ideal 
gas law is valid.

To explain the fracture permeability test, the fracture 
hydraulic opening “e” is often used and is expressed as fol-
lows for an ideal gas (Su et al. 2017):

where D (m) is the diameter of the sample. The hydraulic 
opening “e” can be derived from the permeability K and 
both can express the transmissivity of the fracture. In this 
study, the permeability K is used.

The fractured shale sample was placed in a triaxial cell 
that was designed for cylindrical samples with diameter of 
25 mm. The axial and confining stresses up to 56 MPa were 
independently applied using two ISCO-260D pumps with 
control up to ± 1 kPa. The gas pressure in the upstream is 
controlled by an ISCO-500D pump. The flow rate was meas-
ured using an improved bubble gas flow meter. The gas vol-
ume was equal to the volume of water extruded from bottle 
A to bottle B, in which the increased weight was recorded 
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Fig. 1   Photos of natural fractured shale
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continuously (see Fig. 2). The flowmeter was connected to 
the outlet of the fluid pipelines and the atmosphere. The 
apparatus was placed in an oven, where the temperature 
was controlled, and its variation was within ± 0.1 °C during 
testing.

Experimental procedure

To eliminate water–rock interactions, the fractured shale 
samples were first dried in the oven for 24 h and then placed 
in the triaxial cell. The air in the sample fracture and con-
necting pipes was removed through a vacuuming procedure 
before permeability test. All tests were conducted at a con-
stant temperature of 25 °C. To evaluate the stress-dependent 
permeability of the fractured shale, different hydrostatic 
stresses and gas pressures were applied on the fractured 
sample. Generally, four gas pressures (i.e., 0.5 MPa, 1 MPa, 
2 MPa and 3 MPa) were chosen as the input pressure for the 
steady-state flow gas permeability measurements. The out-
let pressure is kept as atmospheric pressure. The pressures 
were constant during the mechanical loading and unload-
ing processes. Considering the in situ stress of Lower Silu-
rian Longmaxi (LM) shale formation (Ren et al. 2015), the 
hydrostatic stress in tests progressively increased from 5 to 
10 MPa, 20 to 30 MPa, 40 to 45 MPa, and then decreased 
to 40 MPa, 30 MPa, 20 MPa, 10 MPa and 5 MPa. At each 
mechanical loading step, the gas permeability was measured. 
These conditions were adjusted for the three samples, e.g., 
only three gas pressures were imposed on sample no. 2. The 

permeability was then calculated using Eq. (1). The detailed 
loading paths of these three samples are presented with the 
experimental results in Fig. 3.

To further investigate the effect of the gas pressure gra-
dient on the permeability, an additional permeability test 
was performed on sample no. 2. When the gas perme-
ability tests under cyclic loading and unloading finished, 
the hydrostatic stress and gas pressure were decreased to 
20 MPa and 1 MPa, respectively. Then, the gas pressure 
was successively increased from 1 to 5 MPa under constant 
hydrostatic stresses (20 MPa, 30 MPa, 40 MPa), and the gas 
permeability tests were carried out. The measured perme-
abilities are shown in “Permeability versus gas pressure at a 
constant hydrostatic stress” section.

Results

Permeability versus hydrostatic stress at a constant 
gas pressure

The permeability of sample no. 1 at a hydrostatic stress of 
5 MPa and a gas pressure of 0.5 MPa is 4.96 × 10−15 m2 and 
is much larger than that of sample no. 2 (8.44 × 10−17 m2) 
and sample no. 3 (2.82 × 10−16 m2) under the same stress 
conditions. The permeability of fractured shale samples 
is much larger than that of intact shale matrix, which is 
between 10−20 and 10−22 m2 through previous tests (Yang 
et al. 2017). Thus, the transmissivity of the shale matrix 

Fig. 2   Schematic of the experimental setup
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is ignored in the following analysis and the gas flow is all 
attributed to the transmissivity of shale fracture. To clearly 
describe the evolution in permeability during loading and 
unloading, the permeability ratio is defined as the ratio 
between the measured permeability (K) and the initial per-
meability (K0) at the initial state (hydrostatic stress = 5 MPa 
and gas pressure = 0.5 MPa). The evolutions in the perme-
ability ratio for the three samples under different constant 
gas pressures are plotted in Fig. 3a–c. The results show that 
the permeability ratio varies similarly for the three samples 
under constant gas pressures, decreases during loading and 
re-increases during unloading. Moreover, the ratio is irre-
versible during loading and unloading. The permeability 
ratio is also nonlinear during loading, which indicates that 
the permeability changes decrease with increasing hydro-
static stress. Figure 3a–c shows that the permeability ratios 
of the three samples are different. Specifically, the permea-
bility ratio varies between 1 and 0.15 for sample no. 1 during 
loading under a gas pressure of 0.5 MPa, and the ratio varies 
between 2.92 and 0.28, and between 2.22 and 0.88 during 

loading under a gas pressure of 2 MPa for samples no. 2 and 
no. 3, respectively. Therefore, the dependence of the perme-
ability upon hydrostatic stress is significant and varies for 
different fractured shales. The difference should be related 
to the roughness of the fractures and will be discussed in the 
following with a scanning analysis of the fracture surfaces. 
Note that the loading and unloading paths were adjusted 
slightly during the testing of samples no. 1 and no. 3 at a 
high constant gas pressure (3 MPa) because the permeability 
of the samples at a low hydrostatic stress (5 MPa) is very 
high in comparison with that during other stages. Sample no. 
2 was not tested at a gas pressure of 3 MPa.

Permeability versus gas pressure at a constant 
hydrostatic stress

Figure 4 shows the results of the effect of the gas pressure 
on permeability: the small change in gas pressure induces 
a notable change in the permeability. To describe this nota-
ble effect, the relationship between the gas pressure and 

Fig. 3   Permeability ratio versus hydrostatic stress: a sample no. 1; b sample no. 2; and c sample no. 3
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permeability ratio of the samples no. 1, no. 2, no. 3 at dif-
ferent hydrostatic stresses is illustrated in Fig. 4a–d, respec-
tively. It is found that the permeability ratio increases with 
increasing gas pressure and the evolution of the ratio is also 
different for the three samples. The relationship between the 
permeability ratio and gas pressure is quasi-linear for sample 
no. 3 under different hydrostatic stresses, and it is quasi-
linear for sample no. 1 at low hydrostatic stress (5 MPa) and 
nonlinear under high hydrostatic stress (30 MPa, 40 MPa). 
For sample no. 2, the relationship between the permeability 
ratio and gas pressure is quasi-linear and is similar under 
two different loading paths (i.e., cyclic loading and unload-
ing in Fig. 4b and under a constant hydrostatic stress with 
increasing gas pressure in Fig. 4d). Such a relationship can-
not be simply explained using the effective stress princi-
ple, which indicates a similar evolution due to a hydrostatic 
stress change, as shown in Fig. 5. The effect of gas pressure 
seems much notable in comparison with that of the hydro-
static stress. For example, the permeability ratio of sample 

no. 2 varies from 0.6 to 1.5 when gas pressure increases 
from 0.5 MPa to 2 MPa at a hydrostatic stress of 10 MPa 
and also from 1.6 to 0.3 when the hydrostatic stress increases 
from 5 to 45 MPa for the gas pressure of 1 MPa. This result 
indicates that the gas pressure induces a larger permeability 
change compared with the same magnitude of stress change. 
The increase in gas pressure not only reduces the effective 
stress but also changes the matching of the two fractured 
surfaces, which is another important factor influencing the 
permeability. Moreover, as the gas pressure in the down-
stream of the test is constant, the high pressure means a 
high-pressure gradient, which plays an important role in the 
gas permeability measurement.

Volume change versus hydrostatic stress

The permeability of rock not only depends on the applied 
stress but is also closely related to the fracture charac-
teristics, such as the aperture, frequency, length, specific 

Fig. 4   Permeability ratio versus gas pressure: a sample no. 1; b sample no. 2; c sample no. 3; and d sample no. 2 under constant hydrostatic 
stress
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orientation, interconnectivity of the network, filling materi-
als, and features of the fracture surface (Shimi 1995). The 
volume change is the origin of the permeability variation, 
and it can be estimated by the measured deformation in 
the materials. In this study, the fracture aperture change 
(Δb) of the fractured shale was estimated as the following: 
Δb = ΔV/A, where A denotes the area of the fractured surface 
and ΔV stands for the volume change in the sample during 
the loading and unloading processes. Because the fracture 
surface is close to the center of the sample and is along the 
axial direction, the area may be estimated by multiplying the 
diameter and the length of the sample. During testing, the 
oil volume change around the sample was recorded by the 
ISCO pump, and ΔV is the difference between the volume 
change in the fractured shale (ΔVf) and that of the intact 
shale with the same size of the tested fractured shale (ΔVi). 
The aperture change in sample no. 2 is illustrated in Fig. 6. 
The aperture change nonlinearly increases with increasing 
hydrostatic stress, i.e., the aperture change decreases at high 

hydrostatic stress. This evolution is consistent with the per-
meability change during loading (See Fig. 3). It is found that 
when the hydrostatic stress exceeds 40 MPa for sample no. 
2, the aperture change becomes negative, which indicates 
that the fracture reopen at high stress. This variation could 
be related to asperity damage and rotation induced by high 
pressure.

Roughness of the fractured surface

Because rock roughness is a key factor that influences 
the permeability of fractured rocks (Barton et al. 1985; 
Hakami et al. 1996; Li et al. 2015), to further investigate 
the roughness of the fractures, the fracture surfaces of the 
three samples were scanned using a REVscan 3D scanner 
with a resolution of 50 μm, since the scanning area is larger 
than the fracture surface area, the redundant information of 
the scanning area. The data obtained from REV scan 3D 
is the space coordinate data, which is recorded as (x, y, z). 

(a) (b)

(c)

Fig. 5   Permeability ratio versus effective stress (i.e., hydrostatic stress minus gas pressure)
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The coordinate of “z” represents the height of the surface. 
To clearly describe the roughness, the height data are com-
pared to a plane that fits the recorded coordinate data best 
using a least square method. To transform the unstructured 
coordinate data to a structured 2D grid for 3D surface visu-
alization, the grid data function was employed due to its 
better precision and adaptability compared with the interp2d 
function from the interpolate module of the SciPy package. 
Finally, the Python graph library Plotly was used to visualize 
the scanned surface. The surface roughness was quantified 
with the asperity height, which is shown through the heat 
map. The heat map (Fig. 7) was drawn using the matplotlib 
library for Python. Figure 7 illustrates that the roughness of 
the fracture surfaces is very different for the three samples.

The ratio of the total (At) to planar (Ap) fracture surface 
area is considered to be roughness here and is 1.002, 1.001, 
and 1.01 for samples no. 1, no. 2 and no. 3, respectively. The 
quantified ratio of roughness shows that a low ratio means 
a low fracture surface roughness. Sample no. 2 has a small-
est ratio, and the initial permeability of the sample is low-
est among the three samples. A similar behavior was also 
found in fractured granite samples (Hofmann et al. 2016). 
The height variation along the axial direction of the sample 
at three selected profiles (Y = 5, 10 and 15 mm in Fig. 7) 
is the smallest for sample no. 2 (Fig. 8). Sample no. 3 has 
the highest ratio, but its permeability is lower than that of 
sample no. 1. It indicates that the quantified ratio of rough-
ness here is not sufficient for comparison of permeability 
between different fracture surfaces. The large permeability 
of the sample no.1 may be related to the initial mismatch-
ing when the two parts of the samples were placed in the 
cell and they were not well matched. Other factors, such as 
height variation rate, may also influence the transmissivity 
of fracture surface.

Discussions

The results show that the permeability of natural fractured 
shale strongly depends on both the hydrostatic stress and 
gas pressure. Such a dependence has been often found and 
investigated (Dong et al. 2010; Seidle et al. 1992; Palmer 
and Monsoori 1998) and is frequently expressed using an 
exponential law or a power law. The effective stress is 
often used in these formulae and is defined by ��

= � − bp , 
where �′ is the Cauchy stress tensor, p is the pore pres-
sure and b is Biot’s coefficient. An increase in hydrostatic 
stress or a decrease in pore pressure will compress the rock 
and reduce the effective porosity or fracture aperture and 
lead to a decrease in the permeability. This point is sup-
ported by the obtained results (Figs. 3, 4), but the effective 
stress principle cannot fully explain the fact that a small 
gas pressure change induces a high permeability varia-
tion in comparison with the large hydrostatic stress change 
as indicated above. This finding means that the effect of 
gas pressure on the permeability is larger than that of the 
hydrostatic stress when changed at the same magnitude 
and is contrary to the effective stress principle. Because 
Biot’s coefficient is often less than 1, the contribution of 
the gas pressure on the effective stress should be less than 
that of the hydrostatic stress. This effect is possibly due 
to that fact that the gas permeability of the fractured shale 
can be influenced by not only the stress but also other fac-
tors, e.g., gas slippage, surface roughness, and shear defor-
mation. The high gas pressure can reduce the gas slippage 
effect, which could be dominant at low gas pressures for 
intact tight rocks. In this study, the gas slippage effect is 
believed to be eliminated for the significant effect of gas 
pressure on the gas permeability relative to the hydrostatic 
stress. Fracture permeability could be varied due to the 
change of fracture surface roughness. However, the rough-
ness change, which is closely related to the variation of 
effective stress, also cannot explain the dominant effect of 
gas pressure on the permeability. Mismatch between the 
rough fracture surfaces could greatly influence the fracture 
permeability (Wu et al. 2017; Ye et al. 2017). It is not a 
plausible explanation that small gas pressure change would 
induce the same mismatch compared to a much larger 
confining pressure under hydrostatic stress state. In Su 
et al. (2017) found a notable impact of the pressure gradi-
ent on the fracture hydraulic opening. Su and coworkers 
determined that the change in the gas permeability of the 
fracture as function of pressure gradient can be explained 
by the change in the flow regime inside the fracture. The 
turbulence of the flow increased the interaction of the gas 
flow with the fracture walls. In this study, the flow rate 
is recorded and it is found that the relationship between 
the flow rate and gas pressure gradient during testing is 

Fig. 6   Aperture change in the fractured shale
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nonlinear as shown in Fig. 9, which present the results 
of the sample no. 2. Such a phenomenon can lead to an 
overestimation of the gas permeability for high gas pres-
sures. Change of gas flow channels along the fracture sur-
face under high gas pressure would be another factor that 
greatly influence fracture permeability. The high perme-
ability induced by high gas pressures should be further 
investigated in the future.

Conclusions

To investigate the stress-dependent permeability of natural 
fractured shale, a series of gas permeability tests were 
carried out under loading and unloading conditions. The 
results show that the permeability of the fractured shale 
decreases with increasing hydrostatic stress re-increases 

Fig. 7   Heat map of the fractured surfaces: a sample no. 1; b sample no. 2; and c sample no. 3



Environmental Earth Sciences (2019) 78:55	

1 3

Page 9 of 10  55

during unloading and is irreversible during loading and 
unloading. The gas pressure exhibits a significantly larger 
effect on permeability compared with the hydrostatic 
stress. A small gas pressure change (e.g., 2 MPa) induces 
a comparable change in the permeability with a large 
hydrostatic stress change (e.g., 40 MPa). The nonlinear 
relationship between the flow rate and gas pressure gra-
dient leads to an overestimation of the gas permeability. 
The aperture of fractures was estimated by recording the 
volume change during loading and shows that the aperture 
change is consistent with the permeability evolution dur-
ing loading. The fractured surfaces were scanned, and the 
smoother surfaces exhibited a lower permeability.
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Fig. 8   Selected profiles of the fractured surfaces: a sample no. 1; b sample no. 2; and c sample no. 3

Fig. 9   Flow rate versus gas pressure gradient curves of sample no. 2 
under a constant hydrostatic stress
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