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Shale permeability and its variation under high stress are vital for gas production from deep shale gas reservoirs.
Most experiments of stress-dependent permeability for organic-rich shale were conducted under lower stress less
than 40 MPa, therefore, shale permeability evolution under high stress is not clear. In this work, the effects of
high stress on the permeability and fracture compressibility of shales were investigated experimentally.
Moreover, the impact of stress cycling on permeability were also studied. Four shale samples including two
intact samples and two fractured samples from Cambrian Niutitang Shale formation and Silurian Longmaxi Shale
formation were used. Permeability was measured using Helium under different stress conditions, including
different confining pressure, different gas pressure, and constant effective stress. The highest effective stress and
gas pressure in this work was 59.5 MPa and 10 MPa, respectively. Fracture compressibilities were calculated
using the stress-dependent permeability data. The results show that the permeability of the intact samples and
fractured samples decreased by one order of magnitude and three orders of magnitude, respectively, with the
effective stress changing from 1.5 MPa to 59.5 MPa. The shale permeability results show a two-stage characteristic and nonlinearly decreasing trend with the increase of effective stress, demonstrating that the fracture
compressibility is stress dependent and decreases with stress. The permeability hysteresis occurs between the
loading and unloading cycles due to the inelastic compression of the pore. The modelling results also show that
the Klinkenberg constant show a positive correlation with effective stress, as effective stress reduces the fracture
opening and absolute permeability.

1. Introduction
Unconventional natural gas especially shale gas has attracted a lot
of attention due to the depletion of conventional gas reservoirs. The
horizontal drilling and multi-staged hydraulic fracturing are the two
essential steps to the production of shale gas because of its ultra-low
permeability (Tan et al., 2017, 2018). The permeability of shale and its
variation also attract lots of research interests because the permeability
is a key parameter evaluating the efficiency of hydraulic fracturing and
the gas flow abilities during shale gas production (Cui et al., 2018a).
The permeability of shale is highly dependent on the effective stress
(Cao et al., 2016; Cui et al., 2018b; Pan et al., 2015b). Shale permeability declines with the increase of effective stress (Chen et al., 2015a).
Two cases of high effective stress usually occur in shale gas reservoir.
The first is because of the high in-situ stress which is often observed in

∗

the deep shale reservoirs. Assuming a representative specific total unit
weight of 25 kN/m3 for overburden strata, the total overburden stress
acting on a 4 km deep shale reservoir can be as high as 100 MPa
(Gutierrez et al., 2015). For example, the shale gas reservoir of Longmaxi formation in Fushun-Yongchuan region, Sichuan Basin of China is
3200–4500 m deep (Pan et al., 2015a). The second is gas depletion
induced effective stress increase. For example, the Marcellus Shale in
the Appalachian Basin America is about 2600 m depth, and the initial
gas pressure and the bottom hole pressure are 32.6 MPa and 3.7 MPa,
respectively (Yu and Sepehrnoori, 2014). During the gas production
process, the effective stress could increase up to 50 MPa, especially near
the wellbore or the hydraulic fractures. More and more shale wells are
drilled in deeper formations, therefore, the impact of high effective
stress on permeability would be of great importance especially for the
long-term shale gas production.
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Fig. 1. Literature results of shale permeability with respect to effective stress.

the bedding direction but at the location where fractures were visible at
the bedding direction, thus, the prepared shale core samples contain
visible natural fractures along the axial direction. All samples were cut
to a diameter of 50 mm and a length of 100 mm. Four samples were
used in this study including one intact Longmaxi Shale sample, one
Longmaxi Shale with natural fractures, one intact Niutitang Shale and
one Niutitang Shale with natural fractures. The ends of the two fractured shale samples used in this work are shown in Fig. 2. From the
figure, it can be seen clearly that one fracture runs through the top and
bottom ends of the Longmaxi Shale sample and there are two such
fractures in the Niutitang Shale sample. It should be noted that the
Niutitang sample with natural fractures is still a coherent piece, however, the Longmaxi sample with an original fracture is already separated in two pieces.
In order to analyze the evolution degree of the fractures and the
integrity of the samples, the wave velocities of the shale samples were
measured. During the measurement of wave velocity, pure water was
used instead of the coupling medium to avoid the pores being blocked
in the sample. To avoid the influence of water on permeability measurement, the shale samples were dried at a temperature of 40 °C in the
temperature controlled oven until the weight of the samples remained
unchanged.

The impacts of effective stress on the gas permeability have been
studied extensively in the laboratory. Fig. 1 summarized the experimental data from the literatures on the permeability and effective
stress. It can be observed that the effective stress is below 30 MPa for
most of the work, as shown in Fig. 1 (Tan et al., 2017, 2018; Pan et al.,
2015b; Chalmers et al., 2012; Ghanizadeh et al., 2013; Heller et al.,
2014; Ismail et al., 2014; Moghaddam and Jamiolahmady, 2016; Qu
et al., 2016; Zhang et al., 2015, 2016; Zhang and Wang, 2018; Zhou
et al., 2016). Only in the study of Chalmers (Chalmers et al., 2012), the
effective stress was up to 40 MPa. It can be observed from Fig. 1 that the
permeabilities of organic-rich shale decrease rapidly with the increased
effective stress especially for the shales with permeability less than 1μD.
For the low effective stress range, an exponential decrease trend can be
observed between the permeability and effective stress, while the gas
permeability change behavior at high effective stress is not well studied.
Therefore, in this work, permeability measurements on four shale
core samples were performed to study the permeability variation behavior with high effective stress. Confining pressure up to 60 MPa and
pore pressure up to 10 MPa were used in the experiment and the effective stress ranged from 1.5 MPa to 59.5 MPa. Helium was used in the
measurement. Compressibilities were calculated with respect to stress
and a mathematical model was then used to characterize the compressibility relationship with stress.

2.2. Pore characterization and geochemical properties

2. Experimental

In order to obtain the mineral composition and pore size distribution and observe the pore structures, samples from the same shale block
were prepared for the following measurements. For the high-pressure
mercury intrusion tests, small cores with the diameter of 25 mm and the
length of 50 mm were prepared. High-pressure mercury intrusion tests
were performed to obtain pore volume and pore size distribution for
pores larger than 4 nm in diameter. To observe the microstructure,
small quadrilateral blocks were cut and then subjected to ion polishing
under a voltage of 6 KV and 4 KV for 1.5 h and 4.5 h, respectively. The
microstructure was observed by Quanta250 scanning electron microscope (SEM). Then, offcut shale samples were ground into powder for
geochemical properties and pore structure measurements. X-ray diffraction (XRD) analysis was performed to obtain the mineral composition of the shale samples. Total organic carbon content (TOC) and vitrinite reflectance of the shale samples were determined. Low-pressure
(< 127 kPa) N2 adsorption measurements at −196 °C(77 K) were conducted to investigate the characteristics of the pore structure in the
larger micro-pore (> 2 nm) to macro-pore (< 50 nm) range. Low
pressure (< 127 kPa) CO2 adsorption was used to describe the pores
less than 2 nm in diameter in the shale samples.

2.1. Shale samples
Shale samples from the outcrop of Niutitang formation in the
Changde city, Hunan province and the outcrop of Longmaxi formation
in the Yibin city, Sichuan province were used in this work. Fresh rock
blocks from the outcrops were collected and transported to the laboratory and prepared to cylindrical core samples for permeability
measurements. As matrix and fracture in organic-rich shales are two
types of main gas migration channels, two types of experiments, the
permeability experiments of the intact shale sample and the samples
with natural fractures, were performed to investigate the permeability
evolution of matrix and fracture under high stress. Moreover, slippage
effect would be strong in smaller pores and the change of pore structure
caused by high stress may also affect the slippage effect. Therefore,
permeabilities at different gas pressures were measured to investigate
slippage effect change.
Therefore, two types of core samples were drilled. One type of shale
core samples were drilled along the bedding direction without visible
fracture. The other type of shale core samples were also drilled along
2
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Fig. 2. The ends of the fractured Niutitang Shale and the fractured Longmaxi Shale.

2.3. Permeability measurements

leakage. The volumes of the upstream and downstream gas injection
system are important parameters to calculate permeability. The voids in
the gaskets and valves, and the volumes of the stainless steel tubes and
tube fittings all belong to the volume of the gas injection system. Before
the permeability experiments, a stainless steel cylindrical piece of the
same stiffness as the platens was used to calibrate the gas leakage of the
upstream and downstream gas injection systems and the void volume of
the system. After the calibration, the shale sample wrapped by the
thermal-shrinkable sleeve was installed between the upper press head
and the lower platform in the triaxial cell for permeability measurement. The upstream gas cylinder has the same volume as the downstream cylinder to ensure measurement accuracy (Pan et al., 2015c). In
this work, both the up and downstream volumes are about 40 ml.
Helium with the purity of 99.999% was used to measure the permeability. In order to eliminate the contamination of the air, the gas
injection system and the shale sample were vacuumed for at least 72 h
after the sample installation. Then the hydrostatic pressure with a
loading rate of 1 MPa/min was applied on the sample. The transient
method established by Brace et al. (1968) was used in this work. The
helium was injected into the upstream and downstream gas system, and
the gas pressure was adjusted to establish the pressure difference between the upstream and downstream gas system (Brace et al., 1968):

The permeability experiments in this study were performed using
the multi-field coupling triaxial apparatus, as shown in Fig. 3. The experimental system can provide hydrostatic pressure and deviatoric
stress condition for permeability measurement. The confining pressure
and axial stress can reach 70 MPa and 600 KN respectively and are
controlled by two high precision piston pumps, which can control the
pressure and the flow rate within 0.01 MPa and 0.01 ml/min, respectively (Chen et al., 2015b, 2018). As permeability of organic-rich shale
is typically ultra-low, the permeability measurement is time-consuming. The two pumps can maintain continuous and stable operation
for six months, making it possible to test tight rock permeability. There
are another two Quizix pumps, Q5210 and Q5207, applied to control
gas pressure and measure gas volume, and the maximum pressure can
reach 68.9 MPa and 51.7 MPa, respectively. The two pumps both have a
pressure precision of ± 0.2% of full scale (FS) and a flow rate accuracy
of ± 0.2% of set flow rate. Two Keller pressure sensors were used for
monitoring gas pressure in the upstream and downstream of the gas
injection system, the measuring range and accuracy of which is
0–20 MPa and 0.01% FS, respectively. One Keller differential pressure
transducer was installed between the upstream gas injection system and
the downstream gas injection system. The measuring range and accuracy of the differential pressure transducer are 0–1 MPa and 0.1% FS,
respectively.
As shown in Fig. 3, two stainless porous gaskets were used to ensure
shale sample ends fully exposed to the gas. Gas shale is tight and its
permeability typically ranges from nD to μD, thus, gas tightness of the
system must be ensured to avoid the measurement errors caused by gas

(Pu
(Pu,0

Pd)
=e
Pd,0)

t

(1)

where Pu and Pd are the pressure of the upstream reservoir and the
downstream reservoir at time t during permeability measurement, respectively. Pu,0 and Pd,0 are the pressure of the upstream gas system and
3
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Fig. 3. Schematic diagram of the experimental setup.

the downstream gas system at the initial time of permeability measurement, respectively. is the pressure decay exponent, it can be expressed as (Brace et al., 1968):

=

kA (Pu,0 + Pd,0) 1
1
+
2µL
Vu
Vd

permeability experiments were repeated three times. The four shale
samples were all subjected to the sane loading paths described above.
Moreover, in order to estimate the effects of pore pressure on permeability, the confining pressure and the gas pressure were increased
simultaneously and the effective stress (defined as confining pressure
minus pore pressure) were kept constant. The constant effective stress
experiments were conducted only on the intact Longmaxi Shale. In the
constant effective stress experiments, the gas pressure was increased
from 0.5 MPa to 1 MPa and 2 MPa, and then to 10 MPa with an increment of 2 MPa. All experiments in this study were performed at 30 °C.

(2)

where k is the permeability, A is the cross-sectional area of the sample,
L is the length of the sample, µ is the viscosity of the fluid flowing
through the sample, Vu and Vd are the volumes of the upstream gas
system and the downstream gas system, respectively.
The loading paths of permeability experiments are presented in
Fig. 4. The confining pressure was increased from 2 MPa to 3, 5, 7, 10,
15 and 20 MPa, and then to 60 MPa with an increment of 10 MPa. After
the loading path for permeability was completed, the confining pressure was reduced to 2 MPa following the reversed confining pressure
steps. The pore pressure was 0.5 MPa in the experiments. For the purpose of understanding the cycling effect of stress on permeability, the

3. Results
3.1. Pore structure and size distribution characteristics
The geochemical properties and the clay minerals content of the
shale samples are listed in Table 1 and Table 2. The main brittle minerals in the Niutitang Shale are quartz and feldspar, and that in the
Longmaxi Shale are quartz, calcite and dolomite. The content of total
organic carbon (TOC) and maturity of the Niutitang Shale are higher
than those of the Longmaxi Shale. The main clay mineral in the Niutitang Shale and Longmaxi Shale is illite, however, 22% and 3% of clay
minerals in the Longmaxi Shale are mixed layer minerals (interlayered
montmorillonite and illite) and chlorite, respectively. The higher contents of TOC and clay minerals of Niutitang Shale indicate that there
may have more pores for fluid flow in the Niutitang Shale. Geochemistry properties of Niutitang and Longmaxi Shale cores from the shale
gas wells near outcrop sampling sites are also collected from literature
(Chen et al., 2011; Lin et al., 2014) and listed in Table 1. It can be seen
from the table that the mineral composition of the shale samples from
the outcrop and that from the wells is similar. The content of TOC and
maturity of the outcrop samples for Niutitang Shale are higher than that

Fig. 4. Stress path of the experiments of permeability.
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Table 1
Geochemical properties of the shale samples).
Sample ID

Mineral compositions (%)

Niutitang Shale, this work
Niutitang Shale from Chang 1 Well (Lin et al., 2014)
Longmaxi Shale, this work
Longmaxi Shale from N203 well and W201well (Chen et al., 2011)

Quartz

Feldspar

Pyrite

Clay minerals

Calcite

Dolomite

59.76
50.1
32.45
37.7

10.57
6.5
3.42
4.0

0.74
4.7
3.13
2.2

20.87
32.4
18.57
25.9

/
2.1
32.16
29.3

/
3.3
8.02
/

Interlayered montmorillonite and illite

Illite

Chlorite

Niutitang Shale
Longmaxi Shale

/
20%

100%
77%

/
3%

Ro,max (%)

5.06
3.9
2.24
3.9

3.27
2.6
2.41
2.5

from Fig. 5(b). The intragranular pores mainly develop in feldspar and
organic matters. The intergranular pores mainly develop among different brittle minerals, such as between feldspar and quartz, pyrite and
quartz.
Fig. 6 shows the results of high-pressure mercury intrusion tests
which describes the frequency of pore width. As shown in Fig. 6, the
diameters of the pores in the Niutitang Shale range from 10 nm to
25 nm, and those in the Longmaxi Shale range from 4 nm to 40 nm.
Thus, the pore diameter of the Longmaxi Shale has a wider distribution
range. The frequencies of the pores in Niutitang Shale are higher. The
results of low-pressure N2 adsorption measurements are presented in
Fig. 7, which shows the relationship between pore volume and mesopore width. It was noted that the samples used in high-pressure mercury
intrusion tests and low-pressure N2 adsorption measurements are intact
cores and crushed particles, respectively, which results in low-pressure
N2 adsorption measurements can access the pores that cannot be entered and detected by high-pressure mercury intrusion tests. It is apparent in this figure that the incremental pore volume for pores

Table 2
The clay minerals relative content of the shale samples.
Sample ID

TOC (%)

for the shale cores from the well. However, compared with the shale
cores from the wells, the outcrop samples for Longmaxi Shale has a
slightly lower content of TOC and maturity.
The SEM results of mineral composition and microstructure of the
shale samples are shown in Fig. 5. It can be seen from Fig. 5(a) that the
main skeleton is composed of calcite, dolomite, quartz and feldspar for
Longmaxi Shale. Some pores were developed in mineral grains, such as
dolomite and feldspar. Other pores were formed among different mineral grains, such as among quartz, feldspar and Calcite. Intragranular
pores and intergranular pores can also be observed in Niutitang Shale

Fig. 5. The typical mineral composition and microstructure of the shale (Ca: Calcite; D: dolomite; C: clay; Q: quartz; F: feldspar; P: pyrite; OM: organic matter).
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also be seen in the table that the wave velocity of the shale sample with
natural fractures is lower than that of the intact shale sample, implying
good penetration and connectivity of the natural fractures in the shale
sample. It should be noted that there are two fractures through the top
and bottom ends of the fractured Niutitang Shale sample, which affects
the propagation of waves. Therefore, the wave velocity in this sample
cannot be measured.
3.2. Shale permeability under different stress cycles
Fig. 9 shows the permeability changes of the intact Longmaxi Shale
and the intact Niutitang Shale under different loading and unloading
cycles. The permeability values of the shale at unloading steps are lower
than that at loading steps under the same confining pressure. The shale
permeability shows considerable hysteresis between the first and the
second loading cycles, because of the sample consolidation under high
stress. The permeability hysteresis between the second and the third
loading cycles becomes small. The shale permeability hysteresis is more
significant when confining pressure is lower than 20 MPa in this study.
For the different unloading cycles, the permeability difference under
the same confining pressure is small.
The relative difference in permeability at the same confining pressure between the loading and unloading cycles is defined as permeability hysteresis ratio. The hysteresis ratios at high confining pressures
are lower than that at low confining pressures. The permeability hysteresis ratio of the intact Longmaxi Shale is as high as 97% at the
confining pressure of 2 MPa. When the confining pressure is higher than
30 MPa, the permeability hysteresis ratios of the intact Niutitang Shale
and Longmaxi Shale are both less than 10%. The hysteresis ratios of
permeability decrease with the increase of loading cycle times. The
permeability hysteresis ratios of the first, the second and the third
loading and unloading cycles for the intact Longmaxi Shale range from
97% to 5%, 66%–5% and 63%–5% respectively.
The permeabilities of the fractured Niutitang Shale sample and the
fractured Longmaxi Shale sample under different confining pressure are
presented in Fig. 10. The hysteresis ratios can also be observed from the
permeability results of the fractured shale samples during the different
loading cycles. They decrease with the increase of stress cycle times,
and increase first and then decrease with the increase of confining
pressure. The permeability hysteresis ratios of the first, the second and
the third loading and unloading cycles for the fractured Niutitang Shale

Fig. 6. The frequency of pore with different width.

between 1.6 nm and 54 nm in diameter of Longmaxi Shale and Niutitang Shale shows unimodal distribution and multimodal distribution,
respectively. It can also be seen that the increase of cumulative pore
volume shows two stages: the cumulative pore volume increases rapidly
with respect to pore diameter followed by a much slower increase
tendency. For the pores smaller than 10 nm in diameter, the increase
rate of cumulative pore volume with respect to a pore diameter of
Longmaxi Shale is higher than that of Niutitang Shale. The cumulative
volume of pores less than 10 nm in diameter for Longmaxi Shale and
Niutitang Shale account for 71.38% and 29.29% of the total pore volume, respectively. The results of low-pressure CO2 isotherms are presented in Fig. 8. It is obvious from the figure that the incremental pore
volume of Longmaxi Shale and Niutitang Shale between 0.3 nm and
1.47 nm in diameter both show multimodal distribution. To summarize,
the total volume of pores less than 50 nm in diameter for Longmaxi
Shale and Niutitang Shale are approximately the same, however, the
total volume of pores less than 2 nm in diameter for Niutitang Shale is
higher than that for Longmaxi Shale.
Table 3 shows the density and wave velocity of the shale samples. It
can be seen from the table that the density and wave velocity of the
intact Longmaxi Shale both are higher than the intact Niutitang Shale,
indicating that Longmaxi Shale is tighter than Niutitang Shale. It can

Fig. 7. The relationship of pore volume with mesopore width.
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Fig. 8. The relationship of pore volume with micropore width.
Table 3
The density and wave velocity of the shale samples.
Sample ID

Intact Niutitang Shale

Fractured Niutitang Shale

Intact Longmaxi Shale

Fractured Longmaxi Shale

Density (g/cm3)
Wave velocity (m/s)

2.21
3943

2.26
/

2.59
4692

2.55
4508

range from 62% to 92%, 34%–80% and 35%–80% respectively with the
confining pressure from 3 MPa to 15 MPa, and that range from 91% to
36%, 80%–25% and 76%–19% respectively with the confining pressure
from 20 MPa to 50 MPa. The permeability hysteresis ratios of the first,
the second and the third loading and unloading cycles for the fractured
Longmaxi Shale vary from 83% to 93%, 27%–46%, and 22%–38% respectively with the confining pressure from 3 MPa to 7 MPa, and that
range from 89% to 27%, 50%–23% and 35%–18% respectively with the
confining pressure from 10 MPa to 50 MPa.
3.3. Shale permeability at different confining pressures
As seen in Fig. 9, the permeability of the intact Longmaxi Shale and
Niutitang Shale both decrease with the increase of confining pressure
by about three orders of magnitude and one order of magnitude with
confining pressure from 5 MPa to 60 MPa during the first loading stage,
respectively. The decrease of shale permeability with the increase of the
confining pressure can be divided into two stages: rapid decrease at low
confining pressure and slow decrease at high confining pressure. The
degree of permeability reduction decreases with the increase of loading
cycle times. The permeability of the intact Longmaxi Shale for the first
loading and unloading cycle is reduced by about 99% and 93%, respectively, when the confining pressure increases from 2 MPa to
10 MPa. They are reduced by 95% and 88% respectively for the third
loading and unloading cycle. The permeabilities are reduced by 90%
and 65% respectively for the confining pressure from 10 to 60 MPa for
the first loading and unloading steps and they are reduced by 59% and
51% respectively for the third loading and unloading cycle. The permeability of the intact Niutitang Shale is reduced by about 41%, when
the confining pressure increases from 2 MPa to 10 MPa in the first
loading steps. They are reduced by 1% and 20% respectively for the
second loading and unloading steps. The permeabilities are reduced by

Fig. 9. The permeability of the intact shale samples (including Sichuan
Longmaxi Shale and Hunan Niutitang Shale) under different confining pressures
(Solid symbol: loading cycle; Empty symbol: unloading cycle; Dashed line:
modeling result of different loading cycles).

63% for the confining pressure from 10 to 60 MPa at the first loading
steps and that are reduced by 51% and 47% respectively at the second
loading and unloading steps.
After the compaction during the first loading and unloading cycle,
the differences of shale permeability at the same confining pressure of
the different cycles are small. Thus, the permeability of shale samples
for different formation is compared using the experimental results of
the last loading cycle. From Fig. 9, it can be observed that the
7
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Fig. 10. The permeability of the Niutitang Shale sample and the Longmaxi Shale sample with fractures under different confining pressures (Solid symbol: loading
cycle; Empty symbol: unloading cycle; Dashed line: modeling result of different loading cycles).

3–5 orders of magnitude higher than that of the intact Niutitang Shale.

permeability of Longmaxi Shale is higher than that of Niutitang Shale
when confining pressures are lower than 7 MPa and it is lower when
confining pressures are higher than 7 MPa.
As can be seen from Fig. 10, the permeability for shale samples with
natural fractures also decreases with the increase of confining pressure.
The two-stage characteristics for the decrease of the permeability can
also be observed. The permeability of the fractured shale samples shows
a rapid decrease in the initial period of confining pressure increase
followed by a much slower decrease at higher confining pressure during
the later loading stage. The permeability turning point for the fractured
Niutitang Shale sample and the fractured Longmaxi Shale sample is
about 30 MPa and 20 MPa, respectively, which are higher than that for
the intact shale samples. The permeability of the fractured Niutitang
Shale for the first, the second and the third loading steps are reduced by
about 93%, 95% and 96% respectively, when the confining pressure
increases from 2 MPa to 30 MPa, and they are reduced by 90%, 81%
and 78% respectively with the confining pressure from 30 to 60 MPa.
The permeability of the fractured Longmaxi Shale for the first, the
second and the third loading steps are reduced by about 93%, 78% and
80% respectively, when the confining pressure increases from 2 MPa to
20 MPa, and they are reduced by 90%, 62% and 82% respectively with
the confining pressure from 20 to 60 MPa. When the confining pressure
is lower than the turning point pressure, the degree of permeability
reduction during the loading process is higher than that at the same
stress during the unloading process, and it shows an opposite trend at
the confining pressure above the turning point. The permeability of the
fractured Niutitang Shale during the first, the second and the third
unloading stage are all reduced by about 99%, when the confining
pressure increase from 2 MPa to 30 MPa. They are all reduced by about
47% with the confining pressure from 30 to 60 MPa. The permeability
of the fractured Longmaxi Shale for the first, the second and the third
unloading steps are reduced by about 86%, 81% and 86% respectively,
when the confining pressure increases from 2 MPa to 20 MPa, and they
are reduced by 36%, 41% and 74% respectively with the confining
pressure from 20 to 60 MPa.
Comparing Figs. 9 and 10, it can be concluded that the permeability
of the fractured shale samples is much higher than that of the intact
shale sample. The permeability of the fractured Longmaxi Shale is
about 3-4 orders of magnitude higher than that of the intact Longmaxi
Shale, and the permeability of the fractured Niutitang Shale is about

3.4. Shale permeability at constant effective stress and different gas
pressures
Fig. 11 shows the relationship between the permeability of the intact Longmaxi Shale sample and the effective stress under different gas
pressures. Fig. 12 shows the same data as those in Fig. 11, but with
respect to gas pressure under different effective stress. As shown in
Figs. 11 and 12, the shale permeability at low gas pressure is obviously
higher than that at high gas pressure under the same effective stress,
which indicates that the slippage effect of the gas flow in shale.
As seen in Fig. 11, when the gas pressure is higher than 4 MPa, the
permeability of the shale sample for different gas pressure has the same
trend with respect to effective stress, nevertheless, the permeability
measured at the gas pressure lower than 4 MPa deviates obviously from
this trend. For gas pressure of 0.5 MPa, the shale permeability at the
effective stress of 49.5 MPa decrease by about 97% compared with that
at the effective stress of 1.5 MPa in the third loading cycle, and that
decreases by about 94% during the third unloading cycle. The magnitudes of the reduction ratio of the permeability at different gas pressure
show little differences. The decrease degree of shale permeability at
high gas pressure increases with the increase of gas pressure. It is lower
in the process of unloading than that in the process of loading. Compared to the permeability at the gas pressure of 0.5 MPa, the decrease
ratios increase from 64% at the gas pressure of 1 MPa–85% at the gas
pressure of 4 MPa and from 56% to 80% during the loading and unloading process, respectively, and that increases from 85% at the gas
pressure of 4 MPa–95% at the gas pressure of 10 MPa and from 80% to
88% during the loading and unloading processes, respectively.
As can be seen from Fig. 12, when the effective stress is higher than
19.5 MPa, the permeability of the shale sample has the same trend with
respect to gas pressure for different effective stress, nevertheless, the
permeability measured at the effective stress lower than 19.5 MPa deviates obviously from the trend. Compared to the permeability at the
effective stress of 1.5 MPa, the decrease ratios increase from 48% at the
effective stress of 2.5 MPa–96% at the effective stress of 9.5 MPa and
from 69% to 90% during the loading and unloading process for the gas
pressure of 0.5 MPa, respectively, and that increases from 96% at the
effective stress of 14.5 MPa–97% at the effective stress of 49.5 MPa and
8
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Fig. 11. The relationship between the permeability of the intact Longmaxi Shale sample and the effective stress under different gas pressures (Solid symbol:
pressurization cycle; Empty symbol: depressurization cycle).

from 90% to 94% during the loading and unloading processes, respectively. The permeability reductions at other gas pressures are not
significantly different from that at the gas pressure of 0.5 MPa.

Niutitang Shale in this work and that of Barnett Shale and Marcellus
Shale in Heller et al. (2014)’s work only have little difference. The similar mineral components may be a reason for the similar mechanic
properties and compressibilities.
On the contrary, the permeability of the fractured Longmaxi Shale
sample is larger than that obtained from the Barnett Shale 27 and Eagle
Ford Shale 127 containing the carbonate bedding, and Montney Shale
with micro-fracture (Heller et al., 2014). The reason may be that the
cementation of the carbonate bedding with surrounding mineral composition is tight and the connectivity of the micro-fracture is poor for
the Barnett Shale 27 and Eagle Ford Shale 127, leading to the lower
permeability.
According to the results of pore size, there are more pores with pore
diameter less than 10 nm in Longmaxi Shale and more pores with pore
diameter more than 10 nm in Niutitang Shale. Therefore, this could be
one of the reasons that the permeability for the intact Niutitang Shale
sample is higher than that of the intact Longmaxi Shale sample. It can
be seen from SEM images (Fig. 5) that the larger pores in Longmaxi
Shale and Niutitang Shale are distributed among hard and brittle minerals, while the smaller pores are mostly distributed among organic
carbon and clay minerals with lower strength. Under the condition of
lower stress, the soft rock minerals with lower strength are more easily
deformed, resulting in a more rapid decrease in the permeability of
Longmaxi Shale. Under higher stress, the permeability decline trend of
Longmaxi Shale and Niutitang shale is roughly the same. Pore connectivity is another parameter affecting permeability, however, it is
noted that pore connectivity was not measured in this study. Therefore,
the difference in permeability for shales from different formations could
also be attributed to the different pore connectivity of these shales.

4. Discussion
4.1. The comparison of different shale permeability
Most of the shale permeability tests in the literature were performed
without cycling loading. Therefore, the experiment results after the first
loading cycle are compared with literature data as illustrated in Fig. 13.
As shown in Fig. 13(a), the permeability values of intact Longmaxi
Shale in this work are close to the permeabilities of Longmaxi Shale
cores collected from a gas well two thousand meters deep in Zhang
et al. (2015) ’s work. They are also close to the permeabilities of
Longmaxi Shale with original fractures in Tan et al. (2017)’s work, due
to the complete closure of the fracture in their work. The measured
permeabilities of Longmaxi Shale with an original fracture in this work
is close to that in Zhang and Wang (2018)’s work. Moreover, the
measured permeability of Niutitang Shale in this study is also in the
same level of that in Qu et al. (2016)’s work and Tan et al. (2018)’s
work as shown in Fig. 13(b). Furthermore, these permeability results
are also compared with those from the main shale basins in America
(Heller et al., 2014), as shown in Fig. 13(c). From Fig. 13(c), the permeability and its change behavior with effective stress of intact Longmaxi Shale are similar to that of Eagle Ford Shale. The results of Niutitang Shale are similar to those of Barnett Shales and Marcellus Shales.
Geological factors and geochemical parameters are the main reasons for
the difference in pore structure and permeability of shale. The mineral
component may be the main reason for the similarities of permeability
between samples in this study. The total content of clay minerals and
TOC of Longmaxi Shale in this work is 20.81% which is close to those of
Eagle Ford Shale 174 in Heller et al. (2014)’s work (27.13%). The
content of the brittle minerals of Longmaxi Shale in our work is 79.19%
and that of Eagle Ford Shale in Heller et al. (2014)’s work is 72.87%,
and the brittle minerals in the two shale are both mainly quartz, carbonate, feldspar, and pyrite. Similarly, the mineral components of

4.2. The effects of stress cycle on permeability
The hysteresis behavior of permeability widely exists in mudrock,
coal, and shale (Zhang and Wang, 2018; Teklu et al., 2016; Connell,
2016; Kwon et al., 2004). The hysteresis and stress-dependence of shale
permeability occur during the loading and unloading cycles for both the
intact shale sample and the fractured shale sample. The large hysteresis
9
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Fig. 12. The permeability of intact Sichuan Longmaxi Shale sample under constant effective stress (Solid symbol: pressurization cycle; Empty symbol: depressurization cycle).

of the first loading and unloading cycle was large because of the sample
consolidation. The later irretrievable decrease of shale permeability
may be mainly caused by the damage of the pore due to the high effective stress. Intragranular pore and intergranular pore are the dominating pore type in shale based on the SEM image and mineral component analysis. The brittle mineral component with high strength is
often considered as the skeleton of shale, on the other side the clay with
low strength provide the main channels for the gas flow and distribute
along the bedding. For the intact shale sample, the irretrievable deformations are easily occurred on the clay and contribute to the decrease and hysteresis of permeability during loading and unloading
cycles (Mokhtari and Tutuncu, 2015). For the shale with visible fracture, the permeability variation with effective stress is caused by the
opening and connectivity changing of the original fracture surface. The
original fracture is characterized by the rough micro-bulges composed

by the interface between different minerals. The permeability hysteresis
of fractured shale can be mainly attributed to the inelastic compression
in micro-bulges on the fracture plane.
4.3. Pore compressibility at high stress
Pore compressibility of shale is often considered as a constant in
shale reservoir simulation. The relationship between effective stress and
permeability can be described as (Pan et al., 2010):

k = k0 e

3Cp (

0)

(3)

where k is permeability, k 0 is initial permeability at reference stress 0 ,
Cp is pore compressibility and
0 is the change of effective stress.
It can be found from the other work of compressibility that the pore
compressibility of reservoir rock changes with the effective stress (Chen
10
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the incompressible pore.
The model to fit the compressibility can be obtained by substituting
Eq. (4) into Eq. (3):

k = k0 e

et al., 2015a). The pore volume of rock can be divided into compressible pore volume and incompressible pore volume and a compressibility model related to effective stress was developed by Li et al. (2013):

a
+b

0)

(5)

The pore compressibilities results are obtained using Eq. (5) and
shown in Table 4. The modelling parameters are shown in Table 5. In
order to compare the compressibilities obtained in this paper with that
measured in other literatures, the pore compressibilities of the initial
loading process are listed in Table 4 only. The compressibilities of shale,
granite, coal and sandstone obtained from the literatures by fitting the
relationship between effective stress and permeability are also listed in
Table 4 (Tan et al., 2017; Chen et al., 2015a, 2016; Zhang et al., 2015;
Connell et al., 2016; Pan et al., 2010). Considering that adsorbing gas
can cause the swelling of coal and shale, only the data of permeability
measured using helium in the literature were selected. The compressibilities of Longmaxi Shale in this paper is in the range of
0.0067–0.5431, which is comparable to the literature results. More
specifically, the compressibilities of organic-rich shale obtained by
Zhang et al. (2015), Tan et al. (2017) and Chen et al. (2015a) range
from 0.016 to 0.069. The range of compressibility of Longmaxi Shale
measured in this paper is larger than that in the literature, one of the
reasons is that the samples were not consolidated in the first loading
cycle, having larger fracture compressibility. More literature results on
shale fracture compressibility can be found in Tan et al. (2019).
To avoid the impact of loading and unloading history, the compressibilities obtained from the last unloading steps were calculated and
plotted in Fig. 14. As can be seen from the figure, the shale compressibilities decrease with the increase of effective stress. The decrease is
mainly caused by the compression of the pore and the reduction of
compressible space in shale during the loading process. The decreasing
of shale compressibilities with effect stress is not linearly and exhibits
two stages: the compressibility decreases quickly when the effective
stress is below 15 MPa; after that, the decrease tendency is gentle. The
non-linear variation of shale compressibilities with effective stress is the
reason for the non-linear evolution of shale permeability under high
effective stress.
The compressibilities of fractured shale samples are more sensitive
to the effective stress change. The compressibilities of the fractured
Niutitang Shale with two natural perforating fractures are higher than
that of the fractured Longmaxi Shale with a single visible fracture. The
compressibilities of the fractured shale samples are larger than that of
the intact samples under the same effective stress.
The compressibilities of the intact Longmaxi Shale are larger than
that of the intact Niutitang Shale. The mineral component determines
the mechanical properties of shale. Clay and organic matter would
decrease Young's modulus of shale, on the other side, the brittle minerals with large modulus would enhance sample's strength (Eliyahu
et al., 2015). As demonstrated in Zhang et al.’s work (2015), the
compressibilities of the shale sample exhibit a negative correlation with
Young's modulus (Zhang et al., 2015). The proportions of clay and organic matter of Niutitang Shale and Longmaxi Shale in our work are
similar. While twenty percent of the clay minerals in Longmaxi Shale
are illite/smectite mixed-layer mineral which makes more contributions to the decrease of Young's modulus compared with other clay
minerals. Therefore, the larger proportion of illite/smectite mixed-layer
mineral may lead to the larger compressibilities of Longmaxi Shale.
Fig. 15 represents the relationship of compressibilities with gas
pressure. From Fig. 15, compressibilities increase with gas pressure,
meaning that more pore volume could be compressed with the increased gas pressure.

Fig. 13. Comparison of shale permeability with literature data (Solid symbol:
intact shale sample; empty symbol: shale sample with nature fractures).

Cp =

3 a (
+b

(4)

4.4. Slip flow at high stress

where a = VCO/ VIC , b = (VCO + VIC VIC k 0)/(VIC k ) , VCO is the volume of
the compressible pore under initial stress condition, VIC is the volume of

It is generally accepted that Klinkenberg constant is independent of
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Table 4
Comparison of shale compressibility with literature data.
Researcher

Lithologic

Effective stress (MPa)

Compressibility (MPa−1)

This paper

Intact Longmaxi Shale
Intact Niutitang Shale
Longmaxi Shale with visible fracture
Niutitang Shale with visible fracture
Longmaxi Shale
Barre Granite
Longmaxi Shale - Horizontal 1
Longmaxi Shale - Horizontal 2
Devonian shale
Chinshui shale
Saudi Arabian sandstone
San Juan Basin coal
Coal from Australian Northern Bowen Basin
Coal from Australian southern Sydney Basin

1.5–59.5

0.0828–0.0101
0.0351–0.0069
0.0788–0.0181
0.1817–0.0407
0.0211–0.0503
0.0088
0.055–0.069
0.052–0.062
0.016–0.060
0.06–0.425
0.031
0.048–0.462
0.0231–0.0953
0.0485–0.0848

Zhang et al. (2015)
Tan et al. (2017)
Chen et al. (2015a)
Chen et al. (2016)
Connell et al. (2016)
Pan et al. (2010)

0–25
4.73–115.47
2.61–8.50
2.56–8.49
12–41
2–119
4–82
1.72–14.48
1–4
3

Table 5
Permeability modeling parameters.
Lithologic

Parameters

The first loading

The first unloading

The second loading

The second
unloading

The third
loading

The third unloading

Intact Longmaxi Shale

k0 (mD)
a
b (MPa)
k0 (mD)
a
b (MPa)
k0 (mD)
a
b (MPa)
k0 (mD)
a
b (MPa)

0.11
3.57
5.08
0.000091
0.90
73.20
8.99
4.92
61.57
2.23
3.50
45.06

0.15
3.33
0.84
0.000092
0.70
42.04
6.78
2.91
12.63
0.27
1.16
5.52

0.0011
1.85
4.79
0.000058
0.50
42.43
4.38
4.37
55.02
0.17
1.32
22.17

0.00014
0.85
2.76
0.000073
0.51
15.32
6.36
2.98
13.24
0.27
1.22
5.07

0.0040
1.94
2.35

0.000089
0.69
6.46

4.58
4.11
45.98
0.17
1.31
16.92

5.28
3.04
15.24
0.19
1.23
8.11

Intact Niutitang Shale
Longmaxi Shale with visible
fracture
Niutitang Shale with visible
fracture

Fig. 14. The shale compressibility at different effective stresses. (Solid symbol:
the first loading process; empty symbol: the unloading process).

Fig. 15. The compressibility of intact Longmaxi Shale at different pore pressure.

stress. However, the pore structure and diameters change with effective
stress, which changes the Klinkenberg constant. In order to analyze the
evolution of absolute permeability and Klinkenberg constant under
high stress, the Klinkenberg model is used to fit the shale permeability
at different gas pressures under each effective stress (Klinkenberg,
1941):

initial effective stress 0 , b is the Klinkenberg constant, Pp is pore
pressure.
The relationship between absolute permeability, Klinkenberg constant and effective stress are shown in Fig. 16. It can be seen from the
figure that the absolute permeability of shale also presents a two-stage
characteristic with the increase of effective stress. When the effective
stress is lower than 14.5 MPa, the absolute permeability of shale decreases rapidly with effective stress. When the effective stress is between 14.5 MPa and 59.5 MPa, the absolute permeability of shale decreases slowly. The Klinkenberg constant is positively correlated with
effective stress. Klinkenberg constant increases with the increase of the

k = ka 1 +

b
Pp

(6)

where k is the apparent permeability, ka is the absolute permeability at
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Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jngse.2019.01.014.
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Fig. 16. The absolute permeability and Klinkenberg constant of intact
Longmaxi Shale at different effective stresses.

effective stress as the pore volume reduces. It is also worth noting that
Klinkenberg constant decreases as absolute permeability increases.
5. Conclusions
In this work, the permeability variations under high effective stress
condition were studied using Helium for the two intact shale samples
and two fractured shale samples from Niutitang formation in Hunan
province and Longmaxi formation in Sichuan province, China. Three
stress conditions including different confining pressures, different gas
pressures and constant effective stress were considered. The highest
effective stress and gas pressure are 59.5 MPa and 10 MPa, respectively.
The permeability measurement are repeated under three loading and
unloading cycles to investigate the effect of stress cycling. The compressibilities were obtained by fitting the shale permeabilities and effective stress relationship. The relationships between absolute permeability, Klinkenberg constant and effective stress were also investigated.
The following conclusions can be drawn from this work:
(1) Loading and unloading cycles have a significant impact on the
permeability hysteresis of the shale samples, caused by sample
consolidation and possible the damage of the original pore structure
or the inelastic compression in micro-bulges on the original fracture
surface for the fractured shale samples under high stress.
(2) The permeabilities of the intact and fractured shale samples decrease rapidly at low effective stress and decrease slowly at high
effective stress at the semi-log plot. This means that fracture or pore
compressibility is not a constant and reduces with respect to stress.
Moreover, the compressibilities of the fractured shale samples are
more sensitive to the effective stress change compared with that of
the intact shale samples.
(3) Gas effective permeability is higher at low gas pressure due to the
slippage effect of gas flow. Modelling results show that absolute
permeability decreases with effective stress and Klinkenberg constant increases with effective stress, as effective stress reduces the
pore opening.
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