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Permeability is one of the most fundamental reservoir rock properties required for modeling hydrocarbon production. However,
shale permeability is not yet fully understood because of the high temperature of shale reservoirs. The third thermal stress that is
caused by temperature change will decrease the permeability of shale. In this work, a theoretical model has been derived to
describe the permeability of shale considering the third thermal stress; the principles of thermodynamics and the mechanics of
elasticity have been employed to develop this model. The elastic modulus parameters of the shale were measured, along with
Poisson’s ratio, as required. Lastly, the permeability of shale was tested by transient pulse-decay. Isothermal flow experiments
were carried out at 303, 313, 323, and 333K to assess the effects of shale expansion and deformation on shale permeability
caused by the third thermal stress. The permeability of shale samples, as predicted by the model, was found to agree well with
experimental observations. The model may provide useful descriptions of the gas flow in shale. The correction accuracy of the
permeability was found to increase at lower permeability. However, the development of completely predictive models for shale
permeability will require additional experimental data and further testing.

1. Introduction

Shale gas is an unconventional but promising gas resource
that has been used with significant success in the world. Per-
meability is one of the most fundamental properties of any
reservoir rock, and it is required for modeling hydrocarbon
production. Heller et al. [1] measured the permeability of
the Barneet and Eagle Ford shales at low pressure (6.9MPa)
and reported the influence of confining pressure and pore
pressure on permeability. Javadpour et al. [2] obtained nano-
scale images of shale porosity using an atomic force micro-
scope and then presented a model for gas flow in the
nanopores of mudrocks based on the theory of Knudsen dif-
fusion and slip flow. Kwon et al. [3] investigated the effect of
effective stress on shale permeability using Wilcox shale.
Chalmers et al. [4] measured the permeability of gas shale
from the Liard Basin and assessed the effects of origin and

distribution, total organic carbon (TOC) content of minerals,
porosity, and effective stress on the permeability of the
matrix. Mahnaz et al. [5] used helium as a medium to mea-
sure the permeability of shale and assessed the Klinkenberg
effect on the permeability of gas shale. The permeability of
rock change by the wetting-drying cycles and freeze-thaw-
fatigue loading was reported by Song et al. [6, 7].

The thickness of gas shales varies widely. For example, a
study of five shale gas systems in the USA indicates a range
in shale thicknesses of 2 to 700m, and the maximum
reported thickness of Chinese gas shales is 925m [8–10].
Therefore, geothermal differences associated with depth will
change the permeability of the shale. Zhang et al. [11] mea-
sured the permeability of Carrara marble at different temper-
atures. They found that marble penetration was significantly
increased when the temperature rose to 600-700K. Li and
Xian [12] carried out coal permeability experiments under
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different stress and temperature conditions using methane
and helium. Liang et al. [13] measured the permeability of
coal samples from Bang Xin Zu. They concluded that there
is an exponential relationship between the permeability of
coal and the temperature. Feng et al. [14] measured the per-
meability and deformation of the high-rank coal while
increasing the temperature from 298 to 873K.

Current studies mainly focus on the temperature effects
on the permeability of rock. However, temperature effects
on the permeability properties of rocks containing compli-
cated components such as shale are comparatively unknown.
Thermal stress can be divided into three categories [15]: (1)
the first thermal stress, which is produced by the external
deformation of homogeneous materials by heating; (2) the
second thermal stress, which is produced as a result of the
nonuniform temperature distribution within the same object
that cannot freely deform; and (3) the third thermal stress,
which occurs in materials comprised of multiple components
with different linear expansion coefficients that produce ther-
mal stress due to differences in expansion coefficients as the
temperature changes. The thermal stress produced in a shale
under the impacts of temperature generally consists of the
third thermal stress. The reason for this is that shale accumu-
lations in China are generally composed of organic matter
and minerals (quartz, calcite, and clay minerals), and the lin-
ear expansion coefficients of these minerals do not have the
same magnitude [16, 17].

In this paper, a model is proposed that is based on the
principles of thermodynamics and mechanics of elasticity,
to describe the temperature impacts of shale permeability
under the third thermal stress conditions. The correction fac-
tor is tested by experimental measurements on the perme-
ability of shale at 303, 313, 323, and 333K.

2. Model

2.1. Calculation of the Third Thermal Stress. Since shale is
composed of different mineral components, the linear expan-
sion coefficient of shale α is calculated considering the linear
expansion coefficients of the constituent minerals and
organic matter:

α =〠viαi: ð1Þ

The thermal stress caused by temperature is expressed as
follows [18]:

σ =
3αiE
1 − 2μ

ΔT , ð2Þ

where vi is the percentage of the total volume of the various
materials, αi is the linear expansion coefficient of a particular
material, the volume expansion coefficient is 3αi, E is the
elasticity modulus, μ is the Poisson’s ratio, and ΔT is the
change in temperature.

Thermal stress is a vector and its direction points from
the region of largest expansion quantities to the region of
smallest expansion, as shown in Figure 1.

The direction of the thermal stress in bulk shale points
from the organic matter to the minerals. Assuming that the
minerals are fully mixed with the organic matter, the value
of the thermal stress in small units can be calculated by the
model of Figure 1. The thermal stress is expressed as follows:

σT = 〠viαi‐α2
� � 3E

1 − 2μ
ΔT , ð3Þ

where αi is the linear expansion coefficient of mixture mate-
rial and α2 is the linear expansion coefficient of small
materials.

2.2. Balance Differential Equation for the Thermal Stress
Field. Temperature change in shale formations can be
determined by the depth of the shale. A shale formation
at the same depth can be considered to have isothermal
conditions because the temperature would not change at
the same depth of shale burial. Additionally, shale can be
assumed to be an isotropic solid for calculation simplicity
[19]. Therefore, a planar coordinate system ðx, zÞ is used
to establish differential governing equations for the tem-
perature and stress fields (Figure 2). The temperature T
is determined by T = ηZ, where η is the geothermal gradi-
ent, K/100m.

The equilibrium, geometric, and physical equations in
Cartesian coordinates are as follows [18]:

∂σx
∂x

+
∂τzx
∂z

= 0,

∂τxz
∂x

+
∂σz
∂z

= 0,

8>><
>>:

εx =
∂u
∂x

, εz =
∂w
∂z

,

γxz =
∂u
∂z

+
∂w
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,

8>><
>>:

εx =
1
E

σx − μσzð Þ + α − α2ð ÞT ,

εz =
1
E

σz − μσxð Þ + α − α2ð ÞT ,

γxz =
2 1 + μð Þ

E
τxz:

8>>>>>><
>>>>>>:

ð4Þ

The equilibrium differential equation, using the displace-
ment as the basic unknown function, is obtained through a
transformation of Equation (4).
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Figure 1: Schematic of the third thermal stress.
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λ +Gð Þ ∂θ∂x +G∇2u =
α − α2ð ÞE
1 − 2μ

∂T
∂x

,

λ +Gð Þ ∂θ∂z +G∇2w =
α − α2ð ÞE
1 − 2μ

∂T
∂z

,

θ = εx + εz =
∂u
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+
∂w
∂z

,

λ =
μE

1 + μð Þ 1 − 2μð Þ ,

G =
E

2 1 + μð Þ ,

∇2 =
∂2

∂x2
+

∂2

∂z2
:

8>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>:

ð5Þ

The solution to Equation (5) is obtained by introducing
the thermal elastic strain potential function Φðx, zÞ
(u′ = ∂Φ/∂x,w′ = ∂Φ/∂z).

A set of solutions to the equation of state of constant tem-
perature, homogeneous plus, is the general solution of differ-
ential equations of equilibrium equations, boundary
conditions to obtain simultaneous, displacement solution
for determining:

u =
f x

λ + 2G
x,

w =
1 − 2μð Þf z + α − α2ð ÞEη

λ + 2Gð Þ 1 − 2μð Þ z2 −
1
3

α − α2ð Þη 1 + μ

1 − μ
z3,

8>><
>>:

ð6Þ

where f z is the vertical crustal stress, f x is the horizontal
stress, and Z is the buried depth.

2.3. Correction Coefficient for Thermal-Hydro-Mechanics-
Coupled Permeability. The shale strain in the x and y axes
(horizontal plane) are the same, because the temperature of
the shale is equal at the same depth. So, the shale volume

strain εv can be formulated as

εv = 2εx + εz =
2 1 + μð Þ
1 − μð Þ

1 − 2μð Þ f x + Tf zð Þ
E

+ α − α2ð Þ T −
T2

2η

� �� �
:

ð7Þ

The empirical formula K = σϕ3/∑2 can be used to calcu-
late the permeability of the homogeneous medium under the
fluid solid heat coupled conditions, where ϕ is the porosity,
and Σ is the specific surface area, which is the ratio of value
of pore surface area and the whole inner volume.

By introducing a modification coefficient ψ to consider
the third thermal stress, the equation K = ψK0 can be
obtained, where K0 is the permeability without considering
the third thermal stress.

ψ =
K
K0

=
ϕ

ϕ0

� �3 V
V0

� �2 AP0
AP

� �2
,

V2

V0
2 =

1
V0

2 V0 + ΔVð Þ2 = 1 + εvð Þ2 = 1 + 2εv,

AP0
2

AP
2 =

AP0 + ΔAP − ΔAP

AP0 + ΔAP

� �2
= 1 − 2

ΔAP

AP0
:

8>>>>>>>>><
>>>>>>>>>:

ð8Þ

The shale porosity is not affected by the third thermal
stress, so ϕ = ϕ0. For the linear elastic strain of a homoge-
neous medium, an approximation of the internal surface area
change is made, which is expressed as ΔAP/AP0 ≈ ð2/3Þεv .

The above equations are simplified by omitting higher
order terms because the linear elastic deformation is small:

K = K0 1 +
2εv
3

� �
⇒ ψ =

K
K0

= 1 −
4
3

1 + μð Þ
1 − μð Þ

� α − α2ð Þ T2

2η
− T

� �
−

1 − 2μð Þ f x + Tf zð Þ
E

� �
:

ð9Þ

External factors that affect the correction coefficient of
the shale permeability include the temperature difference,
geothermal gradient, vertical stress, and horizontal stress.
These factors are also related to the medium’s elastic modu-
lus, Poisson’s ratio, coefficient of expansion, and the mass
ratio of its mineral components.

Equation (9) shows that permeability decreases as tem-
perature increases. Permeability decreases largely as a result
of increasing the temperature when the difference in the
expansion coefficient of shale components is higher and the
organic matter content is higher.

2.4. The Permeability Test. It is very difficult to measure shale
permeability using conventional steady-state measuring
methods because the shale permeability is very low (10-3 to
10-6mD). So, an alternative method such as the transient
pulse-decay (TPD) method [20] or the beam-bending
method [21] was proposed to measure the shale permeability.
In contrast with conventional steady-state permeability test
methods, the pulse-decay method does not need to record
rock outlet velocity. It has the advantage of high
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Figure 2: The thermal stress analysis diagram.
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measurement accuracy and efficiency, but it has three disad-
vantages: (1) difficult sample preparation, (2) high sealing of
the experimental device, and (3) a requirement for high-
precision pressure sensors. Measurement precision with the
beam-bending method is higher than with the conventional
steady-state permeability test method. A permeability range
of 0.009 to 400 nD can be measured by this method, but it
also has three disadvantages: (1) complex mathematical
models, (2) difficult sample cutting, and (3) small samples
with poor representation.

In this work, the transient pulse-decay experiment was
used to measure the permeability of shale samples affected
by the temperature.

3. Experiment and Methods

3.1. Samples. The shale samples used in the laboratory experi-
ments were collected from the lower Silurian Longmaxi Forma-
tion in Yibin City, Sichuan Province. The total organic carbon
(TOC) content of the samples is 7.88%, and the vitrinite reflec-
tance (R0) of the samples is 2.85%. These values are in the range
of most favorable conditions for the occurrence of shale gas
(TOC ≥ 2%, 3% ≥ R0 ≥ 1%) [22]. Shale samples were prepared
with Φ 25mm × 50mm rock specimen blocks were obtained
(Figure 3). Subsequently, the specimens were put into the oven
and baked for 24h at a temperature of 353K. Then, the speci-
mens were cooled and sealed in plastic bags.

The mineralogical compositions of shale samples were
tested using X-ray diffraction. The X-ray diffraction data were
obtained using a Siemens D5000 diffractometer, using CuKα
radiation. The samples were scanned from 2 to 75° 2θ, with a
step time of 2 s per 0.02° step. The results are shown in Table 1.

The triaxial compression strength, elastic modulus, and
Poisson’s ratio of the samples were tested using MTS815.
The results are shown in Table 2.

3.2. Apparatus. Figure 4 presents a schematic diagram of the
permeability measurement apparatus. This apparatus con-
sisted of a temperature control system, an experimental sys-
tem, a data acquisition system, an auxiliary system, and a
triaxial pressure chambers.

The maximum oil field thermostat system can be heated to
473K, with a temperature control accuracy of 0.1K. The servo
loading system provides a maximum 3000kN axial load to pro-
vide a maximum 200MPa of confining pressure.

The experimental system consisted of a sample cell, two
reference cell (5mL), two pressure transducer (Rosemount,
American, model 3051, range: 0 to 13.79MPa, accuracy:
8 kPa), and a pressure difference sensor (Rosemount, Amer-
ican, model 3051, range: 0 to 0.68MPa, accuracy: 0.68 kPa).
The pore pressure is provided by the ISCO pump, with a
maximum available gas pressure of about 5000PSI.

3.3. Procedure. Prior to measuring the permeability of shale
samples, the apparatus was checked for pressure leaks. The
helium was injected into the reference cell. If the values of
pressure collected from the pressure transducer decreased
less than the accuracy of the pressure transducer (8 kPa) in
24 h, then it was no leaks in the system [23].

The sample was subsequently installed in the test cell.
The system was allowed to reach thermal equilibrium at the
target temperature, based on heating in the oil field, ensuring
that any temperature-induced expansion took place. The
swelling of the shale in response to increased temperature
was considered to have reached its maximum when the strain
gauges showed the strain of the sample had plateaued, at
which point a vacuum was applied.

We apply a confining pressure of 9MPa, then open the rel-
evant valve of the pulse permeability instruments, and the N2
was used to up to pressure of about 7MPa to make the net con-
fining pressure on the rock sample to 2MPa. After the pressure
of the instrument’s upstream chamber, rock sample pores, and
downstream chamber, it reaches thermal equilibrium according
to the instrument prompts, manually lowering the pressure in
the downstream chamber by about 70kPa to form the initial
attenuation pressure pulse.

4. Results and Discussion

4.1. Strain Caused by Gas. Kumar et al. [24] measured the
permeability of shale samples with helium, methane, and car-
bon dioxide. They found that the permeability of samples

Figure 3: The sample of shale.

Table 1: X-ray diffraction results of shale samples.

Mineralogical composition (%) of shale samples

Quartz
Potash-
feldspar

Plagioclase Calcite Dolomite Pyrites Clay

53.5 1 3.1 20.3 8.7 3.6 9.8

Table 2: Mechanical indexes of shale under uniaxial compression.

Data Average

Uniaxial strength (MPa)

158.88

158.65154.95

160.14

Elastic modulus E (GPa)

46.5

47.548.5

47.5

Poisson’s ratio μ

0.324

0.2980.289

0.281
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decreased by 50% using carbon dioxide and decreased by
20% using methane. It is obviously that the strain on the
shale caused by gas could affect the permeability of shale.
According to the report by Ao et al. [25, 26], there are two
effects that induce strain in the sample caused by gas. Gas
was slowly adsorbed by the sample, and so the surface poten-
tial of the sample was reduced. The volume was also
increased with increases in the thickness of the surface layer
while free gas penetrated the pores and cracks. In addition,
the gas infiltrated into cracks that were greater than or equal
to the molecular size of the gas molecules. In this study, the
N2 was used to measure the permeability. The N2 have not
obviously adsorption ability, so the adsorption-induced
strain on shale could not occur. In addition, the change in
effective stress caused by gas pressure does not occur instan-
taneously. The experiment uses the transient method to mea-
sure the permeability, so the test time is very short. Therefore,
it is difficult for the gas pressure to produce effective stress
changes in this experiment. To sum up, there is no strain
caused by the gas.

4.2. Experimental Results of Shale Permeability. The perme-
ability was calculated as

K =
cμϕL2s
f a, bð Þ , ð10Þ

where K is the permeability, mD; c is the compressibility of

the pore fluid of the rock sample, dimensionless; μ is the
gas viscosity, mPa⋅s; ϕ is the porosity of shale, dimensionless;
L is the length of shale, mm; s is the slope of the pressure dif-
ference between the upstream and downstream chambers
and time of the pulse permeability tester tested in the single
logarithmic graph, dimensionless; a, b is the ratio of the pore
volume of the test rock sample to the volume of the upstream
and downstream chambers of the pulse permeability meter,
respectively; when the value of a is equal to b, the amount
of f ða, bÞ is 1.17. The results of the shale permeability deter-
minations are shown in Table 3.

4.3. Verification of the Permeability Prediction Model. In this
work, we have established a model to predict shale perme-
ability. Eight parameters are included in this model, i.e., tem-
perature difference T , geothermal gradient η, vertical stress
f z , horizontal stress f x, the elastic modulus E, Poisson’s ratio
μ, the thermal expansion coefficient α, and the proportions of
mineral components vi. vi was determined based on the

Gas inlet/
outlet

Axial displacement transducer

Triaxial
pressure

apparatus

Oil inlet

Temperature-controlled oil bath

Sample

Pressure
transducer

Reference
cell

Pressure
difference

sensor

Figure 4: The schematic of the experimental apparatus.

Table 3: The permeability of the sample.

Temperature (K) 303 313 323 333

Sample 1 0.278uD 0.268uD 0.250uD 0.239uD

Sample 2 0.256uD 0.246uD 0.234uD 0.223uD

Sample 3 0.233uD 0.228uD 0.216uD 0.209uD
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results reported by Rahman [27], who pointed out that the
TOC of shale is about 10%, whereas the mineral content of
shale is about 90%. The parameters used in the model are
shown in Table 4.

The correction coefficient for the temperature difference
was calculated using equation (9) and reported in Table 5.

To eliminate the effect of the second thermal stress on the
results, and based on the experimental conditions, the per-
meability at 303K was considered the initial permeability of
the model. Therefore, only the third thermal stress will affect
the results. Figure 5 presents the model representations for
the shale permeability.

Figure 5 compares the experimental and modeled shale
permeability values. Note in the figure that the permeability
predicted by the model is in good agreement with the mea-

sured data. In addition, the permeability was found to
decrease as temperature increased. The model and experi-
mental values were closer at lower permeabilities. This indi-
cates that for a mixture of a hypotonic medium with a low
permeability, the effect of the third thermal stress is higher
as a result of the reduction in the permeability.

5. Conclusions

This paper presents a theoretical model to describe the
impacts of temperature on shale permeability under the third
thermal stress condition. This model was built on the princi-
ples of thermodynamics and mechanics of elasticity. All
parameters included in this model have physical meanings,
which provide a predictive basis for constraining the shale
permeability.

The main constituents in the shale sample are minerals
and organic matter. A shale sample will produce uneven
swelling because the thermal expansion coefficients of the
minerals and organic matters are different as a result of the
effects of temperature change. The third thermal stress is
caused by uneven swelling. Furthermore, shale permeability
will change under the effects of matrix swelling, which is
caused by both ground and thermal stresses. We have also
modified the formula for the correction coefficient of the
shale permeability. The shale permeability predicted by the
model coincides with the experimentally measured perme-
ability, which decreases as the temperature rises. Addition-
ally, the accuracy of the permeability corrections was found
to be higher when the permeability was reduced. The shale
permeability decreased more rapidly when the temperature
increased, particularly while the difference in the shale com-
ponent expansion coefficients was larger and the organic
matter content was higher.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.
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Table 4: Shale component parameter table.

Parameters Data

Elastic modulus E (GPa) 47.5

Poisson’s ratio μ 0.29

Geothermal gradient η (K·m-1) 0.03

Axial stress f z (MPa) 30.0

Horizontal stress f x (MPa) 20.0

The linear expansion coefficient of organic matter (10-6·K-1) 30.0

The linear expansion coefficient of minerals (10-6·K-1) 3.0

Table 5: Correction factor tables.

Temperature
difference (K)

Correction
factor

Temperature
difference (K)

Correction
factor

5 0.9995 25 0.9410

10 0.9932 30 0.9125

15 0.9813 35 0.8785

20 0.9639

300 310 320 330
0.2

0.3

Sample 1
Sample 2
Sample 3

Temperature (k)

Pe
rm

ea
bi

lit
y 

(u
D

)

Figure 5: The relationship of temperature and permeability; the
scatters were experiment data, while the curve was the model data.
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