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The hydrated shales under cyclic loading and unloading conditions are common for the shale reservoir development; corresponding
mechanical properties and permeability evolution are very significant and should be deeply researched. Firstly, the experiments of the
hydrated shales under the above conditions are discussed, showing that the peak strength is lower and corresponding permeability is
higher for more days of hydrating treatment. Secondly, the damage theory is proposed to analyze the shale permeability evolution due
to hydromechanical damage and get permeability variation under initial loading and unloading conditions, observing that the
permeability in the loading process decreases with increasing confining pressure and increases in the unloading process with
decreasing confining pressure; however, the former changes much greater than the latter considering the same confining pressure,
indicating that the irreversible damage for the hydrated shales in this cyclic condition has resulted in obvious difference of the
permeability. Furthermore, the curves between the permeability and confining pressure based on the experimental data are fitted as
negative exponential functions under initial loading conditions and power functions under more cyclic loading conditions,
showing that more loading process will change the permeability evolution model. However, the permeability while unloading
changes smoothly and can be fitted as a power function with the confining pressure. And in addition, the loss ratio and recovery
ratio of the permeability have been deeply researched under five cyclic loading and unloading conditions, thoroughly explaining
the permeability decreasing variation with more cyclic processes. Finally, the sensitive coefficients of the permeability have been
investigated to observe the largest coefficients under initial cyclic conditions and less and less with more cyclic processes, especially
the coefficients while loading which are more sensitive to lower confining pressure and smaller while unloading, which is in
accordance with the shale permeability loss and recovery variation, revealing the permeability evolution of the hydrated shale
under complex extracted environment.

1. Introduction

China Mineral Resources (2018) has reported that accumu-
lated proven geological reserves of shale gas from 2015 to
2017 are, respectively, 5441, 7643, and 9168 billion cubic
meters, and corresponding productions are, respectively, 45,
78.82, and 100 billion cubic meters. The shale gas production
in China has gradually increased in recent years, but the
recovery efficiency is still lower than that in America; the res-
ervoir permeability as an important index is significant for
deeply understanding the exploration mechanism. However,
the shale reservoir influenced by deposition and the tectonic

movement includes orientated clay mineral and different
pore structures, causing significant anisotropy and heteroge-
neity [1] for extracting gas more difficult. As for the drilling
process, the drilling fluid hydrating the shale repeatedly will
weaken the mechanical parameters and enlarge the seepage
channels, resulting in instability of the well wall. Note that
the failure of reservoir shale and corresponding permeability
variation in the process [2, 3] is a potential instance consid-
ered in the gas engineering. Especially, the noted hydration
effect will cause vague variation of the mechanical and per-
meable properties of the shales, drastically enhancing the dif-
ficulty of shale gas development. Therefore, deep research on
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the permeability of hydrated shale under complex extracting
circumstances has attracted attentions by many researchers.

In recent years, a few researches about the hydrated shale
with the help of the advanced equipment have been investi-
gated. Shi and Xia [4] observed the variation of the shale
structure by XRD, SEM, and CT, indicating that the water
weakening minerals caused crack propagation, and Ma and
Chen [5] conducted hydration experiment by CT and
observed that obvious damage was mainly in the initial
hydrated stage; also, Liu et al. [6] used SEM to observe the
microcrack propagation to form the large fractures when
hydrating much more time. Massat et al. [7] carried out
experiments to research on hydration influence on the shale
structures and pore distribution, mainly causing the crack
propagation, and Liu et al. [8] pointed out that arranged min-
eral particles provided channels for shale absorbing water
when hydrating to change corresponding structures. The
above experiments show that hydration greatly changes the
shale microstructure to influence on its mechanical charac-
teristics, so the issue about the properties of the hydrated
shale should be solved in detail. Zhang and Sheng [9] ana-
lyzed the crack propagation and gave the relationship of the
hydration expansion stress and seepage parameters. Teng
et al. [10] researched the elastic modulus and strength
decreasing variation with long hydrating time. Zhu et al.
[11] explained that mechanical parameters of the hydrated
shale decreased because of corresponding clay structures
changing into flocculent fabrics. Roshan et al. [12] also car-
ried out physical and chemical analysis to illuminate the min-
eral hydration influence on the shale permeability. Zhang
and Sheng [13] compared the shale permeability variation
considering water and KCL treatment, showing that water
hydration affected the shale permeability more greatly. The
above studies indicate that the hydration effect on the
mechanical and permeable properties in laboratory condi-
tions and in situ compression tests should not be ignored,
and deep investigations about complex load combination
on the hydromechanical behavior of the reservoir shales
should be deeply conducted.

In decades, some researchers have paid more attentions
to the rock permeability under different loading conditions.
Tan et al. [14] determined the relationship of the rock perme-
ability and corresponding axial strain in the process of the
progressive failure, indicating the complex hydromechanical
coupled behavior of low porous rocks; Zhou et al. [15] dis-
cussed the shale permeability evolution considering different
combinations of the shale structures and different confining
pressures; Liu [16] analyzed the shale deformation and corre-
sponding permeability variation and proposed a permeability
model considering rock damage evolution; and Yu et al. [17]
conducted the permeability tests under loading and unload-
ing conditions, showing that the permeability after unloading
sharply increased and the value reached to the maximum
considering unloading confining pressure at the prepeak.
The above researches about the permeability evolution under
single loading or unloading condition give supports to inves-
tigate the permeability variation under cyclic loading and
unloading conditions. And also, some researches have been
implemented. Yu et al. [18] conducted the seepage experi-

ments to describe the permeability variation of sandstones
under freeze-thaw loading conditions; Yin et al. [19]; Xu
et al. [20], and Pan et al. [21] researched the coal permeability
under a combination of the axial and confining pressure and
gave the theoretical analysis; and Kong et al. [22] found out
that the permeability evolution curve under loading condi-
tions could not match that in the process of unloading.
Zhang et al. [23] conducted the periodic seepage tests of the
sandstones in the Three Gorges Reservoir, showing that per-
meability is approaching a stable value under four cyclic
loading and unloading conditions. Sun et al. [24] determined
the dynamic permeability model considering cyclic axial
stress. Wang et al. [25] carried out the three-axial cyclic
loading tests to investigate the relationship of the coal perme-
ability and damage energy. Therefore, researches about the
permeability characteristics of the reservoir shale under
complex loading and unloading conditions should be deeply
investigated. Sun et al. [26] and Yan et al. [27] carried out the
seepage tests to reveal the strong relationship of shale perme-
ability and real-time damage, providing useful information
for research on the permeability characteristics of hydrated
shale under cyclic loading and unloading conditions.

Therefore, taking a reservoir shale as a case study, consid-
ering the shale structures and hydration effect, corresponding
permeability experiments under cyclic loading and unload-
ing conditions are conducted to investigate the relationship
of crack propagation and permeability of reservoir shales.
And also, the damage analysis has been proposed to analyze
the shale damage evolution and corresponding permeability
variation, revealing the permeability characteristics caused
by progressive damage considering the hydromechanical
coupling effect. Furthermore, some models describing the
permeability loses, permeability recoveries, and correspond-
ing stress-sensitive coefficients are proposed to indicate the
permeability evolution under cyclic loading and unloading
conditions, revealing the permeability evolution mechanism
of the hydrated shale under complex conditions.

2. Seepage Experiments of the Hydrated Shale

2.1. Sample Preparation. To investigate the permeability
characteristics of hydrated reservoir shales under cyclic load-
ing and unloading conditions, the testing shales are the out-
crop taken from Longmaxi in Chongqing Shizhu county,
which are selected for the permeability experiments. Firstly,
the mineral composition of the pulverized shale should be
analyzed based on XRD to get the diffraction pattern as
Figure 1(a), showing the minerals of Quartz, orthoclase, pla-
gioclase, calcite, dolomite, illite, montmorillonite, chlorite,
and kaolinite. And according to the method by the Interna-
tional Society for Rock Mechanics (ISRM), the size of all
tested specimens is cylindrical with 50mm diameter and
100mm length approximately, shown in Figure 1(b). It is
observed from Figure 1(b) that the shales are black with obvi-
ous bedding. Furthermore, acoustic emissions from all spec-
imens are detected and received by the nonmetallic acoustic
detector RSM-SY5 in order to illuminate that every group
of reservoir sandstone specimens is uniform to avoid the
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specimen heterogeneity influencing on the experimental effi-
ciency and accuracy.

2.2. Apparatus for Shale Seepage Experiments. All the seepage
experiments will be conducted in Geotechnical Test Center
of Chongqing University, and a rock servo-controlled triaxial
equipment named Rock 600-50HT PLUS manufactured by
TOP-INDUSTRIE in France is arranged for all the tests.

The experimental apparatus consists of a hydraulic pres-
sure transfer system, a pressure chamber equipment, a
hydraulic pressure system, and an automatic data collection
system; performing triaxial compression tests at confining
pressures (P2) up to 60MPa, with increasing deviatoric stress
(P1) up to 500MPa and with an increasing transducer, has a
resolution of 0.01MPa. And the system can handle the
constant-head, constant flow-rate, and transient-pulse per-
meability tests under low or high confining and water pres-
sures. Also, different fluids can be chosen as the testing
fluid and the servo-controlled fluid pump can regulate the
pore pressure up to 60MPa (P3/P4) according to the experi-
mental target.

This apparatus can perform mechanical tests, seepage
tests, and hydromechanical tests by computer and robotized
operations, ensuring that all the testing data can be analyzed
safely, timely, and accurately. The apparatus can be used to
deal with hydrostatic pressure tests, triaxial seepage tests,
etc. Four kinds of loading modes including displacement
loading, stress loading, strain loading, and flow loading are

employed to satisfy different experimental requirements.
And the apparatus can automatically record all the real-
time data every 5 seconds.

2.3. Testing Theory and Design. Firstly, the hydrated shales
have been treated with 0 days (no hydration), 2 days, 5 days,
and 10 days, shown in Figure 2, and obvious cracks are
observed on the shale surface with more hydrated days.
When conducting the shale seepage tests, the shale specimens
are enclosed in a 3mm thick Viton rubber jacket and then
placed in the sample assembly. When testing, the axial dis-
placement is measured with two displacement LVDTs, and
the circumferential deformation is measured with a circum-
ferential sensors. Considering the temperature influencing
on the shale deformation and seepage characteristics, all the
tests are conducted at room temperature (25 ± 2°C).

And then, corresponding tests of the hydrated shales
under different load combinations are performed. For
obtaining the damage variation and permeability characteris-
tics of the hydrated shale, the samples are firstly conducted
with desired confining pressure, and the axial stress is pro-
portionally increased to the value of the confining pressure
to ensure an initial isotropic stress or zero deviatoric stress.
In addition, the upstream pressure (P3) and downstream
pressure (P4) are balanced for the hydrated shales to ensure
the fluid in a single phase. Afterwards, the deviatoric stress
is increased stepwise and the seepage testing is invoked for
measurements of the rock permeability. For this seepage
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Figure 1: The shale samples and corresponding XRD. The labels are in Figure 1 as follows, Fig.1(a)Diffraction pattern of the shale based on
XRD.Fig.1(b) Arranged shale samples.
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testing procedure, the permeability of the samples can be
calculated by measuring the fluid volume from the pump in
a period of time and written by [16]

k = μLV
AΔpΔt

, ð1Þ

where k is the shale permeability (m2), μ is the fluid dynamic
viscosity (water at T = 20°C, 1 × 10−3 Pa · s), L is the shale
specimen height (m), V is the fluid volume (m3) from the
pump in time Δt, A is the cross-sectional area (m2), Δp is
the fluid pressure difference (Pa), and Δt is the flow time(s).

As for the seepage tests under cyclic loading and unload-
ing conditions, the detailed design is listed in Table 1. The
design considers seepage pressure 4MPa and axial pressure
5MPa and confining pressure loading from 5MPa to
11MPa and unloading from 11MPa to 5MPa (increment
of 1MPa) for five times, and permeability of the hydrated
shales under different stages can be measured, describing
the permeability variation with different hydrated days under
designed load conditions.

3. Permeability Analysis of the Shale with
Different Hydrated Time

3.1. Mechanical Characteristics and Permeability Variation of
the Hydrated Shale. In order to describe the mechanical
characteristics and corresponding permeability variation of
the hydrated shale with different days (2 days, 5 days, and
10 days), the curves of the deviatoric stress and strain and

(a) (b)

(c)

Figure 2: The shale samples with different hydrating days. The labels in Fig.2 are as follows, (a)No hydration (b) 2days (c)5 days (d) 10days.

Table 1: The seepage tests of the hydrated shale under cyclic
loading and unloading conditions.

Seepage
pressure
(MPa)

Axial
pressure
(MPa)

Hydration
time (d)

Confining pressure
(MPa)

5 6 7 8 9 10 11

4 5

0

Cyclic loading and
unloading condition

2

5

10
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permeability and strain considering the load combination of
seepage pressure 4MPa and confining pressure 5MPa are
shown in Figure 3. It can be seen that the variation patterns
of the deviatoric stress and strain are similar; however, the
shale treated by more hydrated days shows lower peak
strength. According to the hydrated characteristic shown in
Figure 2, it can be concluded that there is more water
absorption into the shale with more hydrated days, causing
the mineral expansion and separation to generate the floccu-
lent fabrics and larger pore structure, so the water can flow
into the pores and fractures more and more to enlarge the
shale damage. Therefore, the shale specimen with more
hydrated days generated more cracks quickly to propagate
under progressive loading conditions [28], especially the
shale bedding which was softened and lubricated to weaken
the rock strength and failed more easily.

Furthermore, the permeability evolution under different
combinations of confining pressure and different water pres-
sures is plotted in Figure 3, showing that given the same load-
ing conditions, the permeability of given hydrated days
decreased in the initial loading stage and then increased with
increasing loads; the variation was in accordance with the
above stages of the shale crack propagation and permeability
evolution in reference [26], deeply calibrating the synchro-
nism of the permeability evolution with the crack initiation
and propagation. Also, it can be seen from Table 2 that the
initial permeability of the shale with hydration for 0 days,
2 days, 5 days, and 10 days, respectively,6:63 × 10−18m2,
8:69 × 10−18m2, 14:65 × 10−18m2, and 26:58 × 10−18m2, indi-
cating that the permeability of the shale with more hydrated
days in the initial compaction stage is larger because of more
cracks mentioned in Figure 2. And increasing ratio of shale

permeability considering hydrated days from 0 days to 2 days,
2 days to 5 days, and 5 days to 10 days is, respectively,
31.07%, 68.58%, and 81.43%, the comparison showing that
the permeability is more sensitive to the hydrated period.
So the permeability variation can explain that long-time
hydration causes much more pores and propagated cracks
to enlarge the seepage channels, resulting in the permeability
increasing greatly. Therefore, observations from the above
data indicate that the hydration should not be ignored for
the reservoir drilling and hydraulic fracturing in the process
of shale gas extraction.

And also, corresponding minimum permeability of
shales with no hydration, hydrated 2 days, 5 days, and 10
days under the same load condition, respectively, with values
3:31 × 10−18 m2, 3:52 × 10−18 m2, 6:49 × 10−18 m2, and 12:54
× 10−18 m2, is also listed in Table 2. It can be observed that
the minimum permeability of shales also increased with
more hydrated days, showing that more and greater cracks
of shales with long period of hydration still dominate. In
addition, the corresponding maximum permeability is listed
in Table 2, and the corresponding values are 29.57×10-18 m2,
39.54×10-18 m2, 201.55×10-18 m2, and 387.61×10-18 m2 con-
sidering no hydration and hydrated 2 days, 5 days, and 10 days,
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Figure 3: The curves of stress and permeability variation.

Table 2: The permeability considering hydraulic pressure with
different confining pressures (10-18 m2).

Hydrated days (day) 0 2 5 10

Initial permeability 6.63 8.69 14.65 26.58

Minimum permeability 3.31 3.52 6.49 12.54

Maximum permeability 29.57 39.54 201.55 386.71
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showing that the permeability considering hydrated 10 days is
13.1 times of no hydration, which concludes that greater frac-
tures are generated for this kind of shale with more days of
hydration under the same condition.

Therefore, the curves of permeability variation can be
summarized into that more hydrated days cause much more
pores and fractures to enlarge larger seepage channels, and
the water is speeded up to flow in the cracks resulting in cor-
responding permeability of shales with more hydrated days
which increases more obviously under the above same load
combination. The main reason for the hydration enlarging
the crack aperture and quantities is crack propagating and
new cracks initiating among the inorganic minerals, and the
crack widening between the banded organic materials and
inorganic minerals. And also, the ion such as Na+, K+, and
Ca2+ will be dissolved; once the water is drained out, the ion
will gather on the clay surface causing the wider crack. There-
fore, the crack should be connected to form larger cracks, and
corresponding permeability will increase greatly.

3.2. Permeability Characteristics of Hydrated Shale Induced.
To comprehensively characterize the permeability change of
reservoir rocks, an important index named damage variable D
describing the defect variation closely related to the microcrack
growth and microstructural evolution was proposed. Based on
the research in the literature [16], it is assumed that the strength
of rock microelements obeys Weibull stochastic distribution;
accordingly, the damage variable D can be described by

D = 1 − exp −
F
F0

� �m� �
, ð2Þ

where m and F0 are the Weibull parameters and F is the ran-
dom strength variables of rock microelements.

Suppose F = f ð~σ′Þ, where eσ′ is the effective stress ten-
sors, so the rock failure criteria can be written by

F = f eσ′� �
− k0 = 0, ð3Þ

where k0 is constant related to cohesion and friction angle

considering the rock yielding; F = f ð eσ′Þ ≥ k0 represents the
rock yielding or failing. And the rock failure criteria may be
described based on Drucker-Prager criteria

F = αeI ′1 +
ffiffiffiffiffiffieJ ′2

q
, ð4Þ

α = sin φffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9 + 3 sin2φ

p , ð5Þ

where ϕ is the friction angle; ~I1′ is first invariant of effective
stress tensor, and ~J2′ is the second invariant of effective
stress tensor.

Suppose the stress-strain of rocks obeys the Generalized
Hook’s Law, the principle stress-stain can be written by

~ε1′ =
1
E

~σ1′ − μ ~σ2′ + ~σ3′
� �h i

, ð6Þ

where E is the elastic module and μ is Poisson’s ratio.
Considering σ1 > σ2 = σ3 in triaxial tests and ε1 = ~ε′1,

substituting the expression ~σ′ij = ðσij − pwδÞij/ð1 −DÞ into

Equation (6) gives

σ1 = Eε1 1 −Dð Þ + 2μσ3 + 1 − 2μð Þpw ð7Þ

And also, the measured axial deviatoric stress σ1t and real
axial stain ε1 should be shown in Equation (8) and Equation (9).

σ1t = σ1 − σ3 ð8Þ

ε1 = ε1t + ε10 ð9Þ
Therefore, the statistical damage constitutive model [16]

considering pore pressure can be written by

σ1t = Eε1t + 1 − 2μð Þ σ3 − pwð Þ½ � exp −
F
F0

� �m� �
+ 2μ − 1ð Þ σ3 − pwð Þ

F = Eε1t + 1 − 2μð Þ σ3 − pwð Þ½ �
σ1t + 1 − 2μð Þ σ3 − pwð Þ ⋅

sin φ σ1t + 3σ3 − 3pwð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9 + 3 sin2φ

p + σ1tffiffiffi
3

p
" #

,

σ1t − 2μ − 1ð Þ σ3 − Pwð Þ
Eε1t + 1 − 2μð Þ σ3 − Pwð Þ = exp −

F
F0

� �m� �
,

ð10Þ

where E is elastic module, ε1t is deviatoric strain; σ1t is deviato-
ric stress, σ3 is confining pressure, pw is permeable pressure, φ is
internal frictional angle, and μ is Poisson’s ratio.

And then, Equation (5) may be changed as below:

σ1t − 2μ − 1ð Þ σ3 − Pwð Þ
Eε1t + 1 − 2μð Þ σ3 − Pwð Þ = exp −

F
F0

� �m� �
,

ln ln σ1t − 2μ − 1ð Þ σ3 − Pwð Þ
Eε1t + 1 − 2μð Þ σ3 − Pwð Þ

� �	 

=m ln F − B,

Y =mX − B,

ð11Þ

in which, X = ln F; Y = ln fln ½ðEε1t + ð1 − 2μÞðσ3 − pwÞÞ/
ðσ1t + ð1 − 2μÞðσ3 − pwÞÞ�g; Bis the fitting parameter; and
F0 can be calculated by F0 = exp ðB/mÞ according to the
fitting analysis.

Based on above derived formula, the curves of shale dam-
age and strain and permeability and strain can be calculated
and are shown in Figures 4(a)–4(c). The comparison of the
permeability and corresponding damage variation about the
shales with different hydrated days present similar variations.
However, it was observed from Figure 4 that shale with
hydration of 10 days has greater damage and larger perme-
ability with the same strain, indicating that more fractures
and cracks representing greater damage have generated for
this shale with more days of hydration. As for the shale
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Figure 4: The permeability and damage coefficient of the shale rocks vs. axial strain considering hydrated days. The labels in Fig.4 are as
follows,(a) 2 days (b) 5 days (c) 10 days.
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samples with the same hydrated days, it can be seen that the
variation patterns of the damage and permeability variation
are similar to the deviatoric stress variation in Figure 3,
indicating that increasing loads enlarge the shale damage
and permeability, so the damage variation rate can be
considered to describe the crack propagation and perme-
ability development.

Therefore, the permeability related to the damage
variable D can be written by Equation (12) using the testing
data of hydrated 2 days, 5 days, and 10 days, shown in
Figures 5(a)–5(c). It can be seen from the fitting curves that
the relationship of the permeability and corresponding
damage variable can be expressed by exponential functions
with the correlation coefficient exceeding 0.97, indicating
that the gradual damage is the key to describe the perme-
ability evolution.

k = ζ exp a + bD + cD2� �
, ð12Þ

where k is the permeability, D is damage variable, ζ is a
parameter valued 10-18, and a, b, c are fitting parameters
based on the experimental data.

And also, it can be observed that the shale permeabil-
ity increases with greater damage variable, indicating that
the shale damage variation can represent inner crack prop-
agation, and the permeability evolution is closely related to
the crack propagation, so the permeability evolution is
considered to be synchronized with the damage evolution.
In addition, the curves k ~D in Figures 5(a)–5(c) show
that the shale permeability in Figure 5(c) with 10-day
hydrated days is the greatest under the same loading con-
ditions compared with other shales with less hydrated
days; the main reason is concluded that initial damage is
the greatest for 10-day hydrated shales resulting in the
greatest initial permeability and it was kept the greatest
even with the same damage variable, explaining the effect
of hydration on the shale permeability.

4. The Permeability of the Shale under Loading
and Unloading Conditions

4.1. The Permeability Variation under the First Loading and
Unloading Conditions

4.1.1. The Permeability Variation under the First Loading
Conditions. It can be observed from the black solid lines
in Figures 6(a)–6(d) that the permeability variation
decreased sharply with increasing confining pressure in
the initial loading stage; however, the value decreased
smoothly with greater confining pressure. The reason is
that the shale bedding with initial confining pressure may
be closed and caused larger deformation, so the fracture
aperture closed much more and formed less seepage chan-
nel to show smaller permeability. While the confining pres-
sure was increased significantly, the pores and fractures
cannot be compacted more easily, and the permeability
changes very slowly. Therefore, the confining pressure
dominated the permeability variation considering the same

seepage pressure. As seen from the solid black lines in
Figures 6(a)–6(d) considering the confining pressure
increasing from 5MPa to 11MPa, the shale permeability
with no hydration and hydrated 2 days, 5 days and 10 days
decrease from 6:2 × 10−18 m2, 8:58 × 10−18 m2, 14:88 ×
10−18 m2, and 24:45 × 10−18 m2 to 0:58 × 10−18 m2, 0:77 ×
10−18 m2, 1:127 × 10−18 m2, and 1:49 × 10−18 m2. The
changes for the shale permeability indicate that the perme-
ability considering larger confining pressure is not sensitive
to the load increment.

Therefore, considering the same seepage pressure and
axial pressure, the shale permeability decreased more
smoothly with increasing confining pressure. In addition,
the relationship of the permeability and confining pressure
can be fitted as power function, exponential function, and
quadratic polynomial function for the first loading condi-
tions listed in Table 3 [22], and it can be seen that the fitting
curves under the first loading condition based on the above
testing data can be expressed by an exponential function with
relation coefficient of 0.97, showing that corresponding fit-
ting coefficients of shales considering more hydrated days
are greater.

4.1.2. The Permeability Variation under the First Unloading
Conditions. It can be seen from the dotted lines in
Figures 6(a)–6(d) that the permeability variation in the
initial unloading stage increased more smoothly with confin-
ing pressure decreasing; however, the permeability increased
relatively more sharply with smaller confining pressure. And
also, when considering the confining pressure decreases
from 11MPa to 5MPa, the shale permeability of no
hydration and hydrated 2 days, 5 days, and 10 days increases
from 0:42 × 10−18 m2, 0:61 × 10−18 m2, 0:70 × 10−18 m2, and
1:12 × 10−18 m2 to 1:54 × 10−18 m2, 1:38 × 10−18 m2, 2:5 ×
10−18 m2, and 4:90 × 10−18 m2. It can be concluded that con-
sidering the same seepage pressure and axial pressure, the
shale permeability increases much more with decreasing
confining pressure. In addition, the fitting curves under the
unloading condition based on the above testing data can be
expressed by an exponential function with relation coeffi-
cient of 0.95 listed in Table 3.

Therefore, as observed from the figures and tables
about the permeability variations under the first loading
and unloading conditions, it can be seen that the perme-
ability under the same confining pressure in the loading
stage is larger than that in the unloading stage, especially
that the permeability cannot recover to the original value
even if the confining pressure reaches to the origin condi-
tion. For example, the permeability of the shale with 2-day
hydration is 8:6 × 10−18 m2 with confining pressure 11MPa
in the loading stage, otherwise the permeability is 1:4 ×
10−18 m2 in the unloading stage even if the confining pres-
sure is unloaded to the original value, and the permeability
just recovers to 20% of the original value. The main rea-
son is that loading process generates irreversible damage
inside the shales and cannot recover again in the unload-
ing process. Thus, the curves of shale permeability cannot
coincide in the loading and unloading stage.
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4.2. The Permeability Variation under Cyclic Loading and
Unloading Conditions. In order to describe the permeability
evolution under cyclic loading and unloading conditions, the
curves considering five cycles shown in Figures 6(a)–6(d) have
been compared in detail. The comparisons indicate that the var-
iation patterns of the shale permeability are similar to the vari-
ation considering the first loading and unloading conditions.
And it can be clearly seen from the curves in Figure 6(a) ②
representing themagnified four cycles that considering the con-
fining pressure increasing from 5MPa to 11MPa in the second
cyclic loading and unloading process, the shale permeability
with no hydration and hydrated 2 days, 5 days, and 10 days
decreases from 1:54 × 10−18 m2, 1:39 × 10−18 m2, 2:5 × 10−18
m2, and 4:9 × 10−18 m2 to 0:28 × 10−18 m2, 0:25 × 10−18 m2,
0:69 × 10−18 m2, and 0:4 × 10−18 m2. And also, when consider-
ing the confining pressure decreases from 11MPa to 5MPa,
the shale permeability of no hydration and hydrated 2 days,
5 days, and 10 days increases from 0:21 × 10−18 m2, 0:25

× 10−18 m2, 0:69 × 10−18 m2, and 0:4 × 10−18 m2 to 0:7 ×
10−18 m2, 0:82 × 10−18 m2, 1:74 × 10−18 m2, and 2:58 ×
10−18 m2.

Also, as seen from the curves in Figure 6(b) ② consider-
ing the confining pressure increasing from 5MPa to 11MPa
in the third cyclic loading and unloading process, the shale
permeability with no hydration, hydrated 2 days, 5 days
and 10 days decreases from 0:7 × 10−18 m2, 0:82 × 10−18 m2,
1:74 × 10−18 m2, and 2:58 × 10−18 m2 to 0:18 × 10−18 m2,
0:56 × 10−18 m2, 0:45 × 10−18 m2, and 0:31 × 10−18 m2. And
also, when considering the confining pressure decreases
from 11MPa to 5MPa, the shale permeability of no
hydration and hydrated 2 days, 5 days, and 10 days increases
from 0.18× 10-18 m2, 0.16× 10-18 m2, 0.27× 10-18 m2and
0.31×10-18 m2 to 0.54×10-18 m2, 0.61×10-18 m2, 1.25×10-18
m2 and 1.74×10-18 m2.

And it is observed from the curves in Figure 6(c)② con-
sidering the confining pressure increasing from 5MPa to
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Figure 5: The relationship of the permeability and damage variation considering hydrated days. The labels in Fig.5 are as follows,(a) 2 days
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Figure 6: Continued.
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11MPa in the fourth cyclic loading and unloading process,
the shale permeability with no hydration and hydrated 2
days, 5 days, and 10 days decreases from 0:51 × 10−18 m2,
0:61 × 10−18 m2, 1:25 × 10−18 m2, and 1:74 × 10−18 m2 to
0:11 × 10−18 m2, 0:09 × 10−18 m2, 0:27 × 10−18 m2, and 0:25
× 10−18 m2. And also, when considering the confining pres-
sure decreases from 11MPa to 5MPa, the shale permeability
of no hydration and hydrated 2 days, 5 days, and 10 days
increases from 0:11 × 10−18 m2, 0:12 × 10−18 m2, 0:45 ×

10−18 m2, and 0:25 × 10−18 m2 to 0:45 × 10−18 m2, 0:53 ×
10−18 m2, 1:12 × 10−18 m2, and 1:49 × 10−18 m2.

Furthermore, as seen from the curves in Figures 6(d) ②
representing the magnified four cycles considering the confin-
ing pressure increasing from 5MPa to 11MPa in the fifth cyclic
loading and unloading process, the shale permeability with no
hydration and hydrated 2 days, 5 days, and 10 days decreases
from 0:46 × 10−18 m2, 0:53 × 10−18 m2, 1:1 × 10−18 m2, and
1:5 × 10−18 m2 to 0:10 × 10−18 m2, 0:12 × 10−18 m2, 0:26 ×
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Figure 6: The permeability variation of the hydrated shale considering cycling loading and unloading conditions. The labels in Fig.6 are as
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10−18 m2, and 0:24 × 10−18 m2. And also, when considering the
confining pressure decreases from 11MPa to 5MPa, the shale
permeability of no hydration and hydrated 2 days, 5 days,
and 10 days increases from 0:10 × 10−18 m2, 0:09 × 10−18 m2,
0:26 × 10−18 m2, and 0:24 × 10−18 m2 to 0:40 × 10−18 m2, 0:52
× 10−18 m2, 1:0 × 10−18 m2, and 1:42 × 10−18 m2. However, it
can be concluded from Figures 6(a) ②–6(d) ② that the varia-
tion rate of the shale permeability is more smooth after 3 cyclic
loading and unloading processes, indicating that the shale per-
meability is mainly sensitive to the first load combination.

And also, the fitting curves of the shale permeability under
5 cyclic loading and unloading conditions are described by
main power functions listed in Table 3. For deeply investigat-
ing the cyclic loading and unloading conditions influencing on
the shale permeability variation, the permeability loss in the
loading condition and permeability recovery in the unloading
condition are introduced to describe the permeability evolu-
tion under complex conditions. The permeability based on
the tests is normalized as

F = ki
k0

× 100%, ð13Þ

where F is the dimensionless factor of the permeability, ki is
the permeability under loading or unloading condition, and
k0 is the original permeability.

According to formula (13), the loss rate FS in the load-
ing condition is defined as the ratio of the permeability in
the beginning stage and permeability in the ending stage
as FS = F0 − Ft , in which F0 is the dimensionless factor of
the permeability in the beginning loading stage and Ft is the
dimensionless factor of the permeability in the ending loading
stage. As for the unloading stage, the recovery is defined as
Fm = FC − Ft , where FC is the dimensionless factor of the per-
meability considering the confining pressure unloading to the
original value. Based on the permeability under different load
conditions, the loss rate and recovery rate are calculated and
listed in Table 3. It can be seen from Table 3 that for the shale
with no hydration, the permeability loss rate in the first cyclic
condition is larger than 90%, 21% in the second cycle, 8% in
the third cycle, 6.5% in the fourth cycle, and 5.7% in the fifth
cycle. As for the shale specimens with hydration of 2 days,
the permeability loss rate in the first cyclic condition is larger
than 91%, 13% in the second cycle, 7.7% in the third cycle,
5.6% in the fourth cycle, and 5.0% in the fifth cycle. As for

Table 3: Curves of permeability and confined pressure of hydrated shale rocks.

Hydrated days Cycles

Loading Unloading

FS

Fitting curves (y represents
permeability k; x represents

confining pressure Pc)

Relation
coefficient R2 Fm

Fitting curves (y represents
permeability k; x represents

confining pressure Pc)

Relation
coefficient R2

0

1 0.9 y = 47:667exp −0:41xð Þ 0.99 0.181 y = 4:163x −0:97ð Þ 0.99

2 0.21 y = 2:95 exp −0:212xð Þ 0.98 0.089 y = 2:735x −0:962ð Þ 0.98

3 0.08 y = 9:74x −1:657ð Þ 0.97 0.065 y = 2:792x −1:16ð Þ 0.97

4 0.065 y = 8:073x −1:744ð Þ 0.98 0.054 y = 6:448x −1:681ð Þ 0.98

5 0.057 y = 7:882x −1:802ð Þ 0.99 0.051 y = 4:6972x −1:556ð Þ 0.99

2

1 0.91 y = 55:492exp −0:370xð Þ 0.99 0.092 y = 4:163x −0:97ð Þ 0.99

2 0.13 y = 40:556x −2:107ð Þ 0.98 0.071 y = 2:735x −0:962ð Þ 0.98

3 0.07 y = 22:95x −2:058ð Þ 0.97 0.059 y = 2:792x −1:16ð Þ 0.97

4 0.056 y = 17:271x −2:145ð Þ 0.98 0.046 y = 6:448x −1:681ð Þ 0.98

5 0.05 y = 13:697x −1:965ð Þ 0.99 0.044 y = 4:6972x −1:556ð Þ 0.99

5

1 0.924 y = 92:738exp −0:359xð Þ 0.99 0.074 y = 10:181x −0:962ð Þ 0.9

2 0.121 y = 35:39x −1:629ð Þ 0.98 0.071 y = 6:78x −0:962ð Þ 0.95

3 0.086 y = 24:145x −1:657ð Þ 0.97 0.057 y = 6:92x −1:159ð Þ 0.97

4 0.066 y = 20:014x −1:744ð Þ 0.98 0.054 y = 15:988x −1:681ð Þ 0.98

5 0.056 y = 19:543x −1:802ð Þ 0.99 0.05 y= 11.646x(-1.556) 0.99

10

1 0.95 y = 1397:26 exp −0:811xð Þ 0.99 0.072 y = 316:21x −2:691ð Þ 0.99

2 0.18 y = 775:56x −3:177ð Þ 0.98 0.067 y = 103:7x −2:305ð Þ 0.98

3 0.092 y = 141:97x −2:634ð Þ 0.97 0.056 y = 39:639x −1:979ð Þ 0.97

4 0.061 y = 50:236x −2:176ð Þ 0.98 0.043 y = 32:695x −1:908ð Þ 0.98

5 0.051 y = 60:482x −2:311ð Þ 0.99 0.042 y = 81:857x −2:309ð Þ 0.99
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the shale with hydration of 5 days, the permeability loss rate in
the first cyclic condition is larger than 92.4%, 12.1% in the sec-
ond cycle, 8.6% in the third cycle, 6.6% in the fourth cycle, and
5.6% in the fifth cycle. As for the shale with hydration of 10
days, the permeability loss rate in the first cyclic condition is
larger than 95.0%, 18.0% in the second cycle, 9.2% in the third
cycle, 6.1% in the fourth cycle, and 5.1% in the fifth cycle. The
permeability losses for different conditions indicate that the
permeability loss rate decreases more smoothly considering
more load cycles considering the same hydrated days. How-
ever, the hydrated days enlarge the permeability loss rate for
the former three cycles, showing that the hydration effect can-
not be ignored in the shale permeability research.

And also, the permeability in the unloading stage is
smaller than that in the loading stage because of the irrevers-
ible deformation, so the permeability recovery listed in
Table 3 is relatively smaller. The results indicate that for the
shale with no hydration, the permeability recovery rate in the
first cyclic condition is 18.1%, 8.9% in the second cycle, 6.5%
in the third cycle, 5.4% in the fourth cycle, and 5.1% in the fifth
cycle. As for the shale with hydration of 2 days, the permeabil-
ity recovery rate in the cyclic condition is 9.2%, 7.1% in the sec-
ond cycle, 5.9% in the third cycle, 4.6% in the fourth cycle, and
4.4% in the fifth cycle. As for the shales with hydration of 5
days, the permeability recovery rate in the cyclic condition is
7.4%, 7.1% in the second cycle, 5.7% in the third cycle, 5.4%
in the fourth cycle, and 5.0% in the fifth cycle. As for the shale
with hydration of 10 days, the permeability recovery rate in the
cyclic condition is 7.2%, 6.7% in the second cycle, 5.6% in the
third cycle, 4.3% in the fourth cycle, and 4.2% in the fifth cycle.
The permeability recovery rate is less than 20% after the first
unloading, indicating that the shale permeability with obvious

irreversible deformation under loading condition is difficult
to be recovered to the original value.

In addition, the comparison listed in Table 3 shows that the
permeability loss rate and recovery rate is related to the hydra-
tion days, indicating that the loss rate is greater and the recovery
rate is less with more hydration days, indicting the permeability
in the loading stage is sensitive to the confining pressure, but
insensitive to the confining pressure in the unloading condition.
Thus, the permeability in the end of the every cycle is given by
Figure 7, indicating that for the shale considering certain
hydrated days, more cycles cause the permeability to change
smoothly and reduce the sensibility of the permeability, and
the permeability is greater withmore hydrated days considering
the same load combination, indicating permeability with more
hydration is more sensitive to the cycles.

4.3. The Sensibility of the Shale Permeability on the Stress
under Cyclic Loading and Unloading Conditions. For describ-
ing the relationship of the permeability and the confining
pressure under cyclic loading and unloading conditions, the
sensibility coefficient is defined to investigate the shale per-
meability variation. The larger coefficient indicates the per-
meability is more sensitive to the stress. According to
references [29, 30], the sensibility coefficient ck can be written
by formula (14), where k0 is the initial permeability for differ-
ent hydrated shale samples, and corresponding permeability
is 6:63 × 10−18 m2, 8:69 × 10−18 m2, 14:65 × 10−18 m2, and
26:58 × 10−18 m2 for the shale with no hydration and
hydrated 2 days, 5 days, and 10 days.

ck = −
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Figure 7: Comparison of permeability of hydrated shale under 5 cyclic loading and unloading conditions.
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Combined with the permeability expressions in Table 3,
the sensibility coefficient ck can be calculated for the shale
with no hydration and hydrated 10 days. And ck are com-
pared using the testing data based on three cyclic loads to
research on the sensibility variation. It can be observed from

Figure 8 that in the loading condition, ck decreases with
increasing confining pressure, has a larger variation rate
under lower confining pressure, shows stronger sensibility,
and presents insensibility to the larger confining pressure,
indicating that increasing confining pressure compresses
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Figure 8: Permeability-stress-sensitive coefficient of reservoir shale with different hydrated days. The labels in Fig.8 is as follows, (a) No
hydration (b) 10 days.
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the shale fractures and the same pressure increment cannot
greatly change the permeability to reduce the sensibility. As
for the unloading condition, ck may recover smoothly with
decreasing confining pressure. It can be concluded that the
irreversible deformation cannot recover to the original stag,
and corresponding ck is smaller than that under the same
confining pressure condition in the loading stage, which is
in accordance with the variation of the permeability loss rate
and recovery rate. Compared with the coefficient ck of the
shale with no hydration and hydrated 10 days, ck in the latter
condition is quiet larger, emphasizing the hydration effect on
the shale damage and permeability.

5. Conclusions

The hydrated reservoir shale as a case study and the perme-
ability evolution under cyclic loading and unloading condi-
tions are researched using the experiments and theoretical
analysis, and the corresponding permeability loss rate, recov-
ery rate, and stress sensibility are deeply investigated to reveal
the evolution mechanism of the shale permeability consider-
ing the hydration and cyclic loading and unloading condi-
tions. The main conclusions are obtained as below:

(1) The curves of stress and strain have the same
variation, and lower peak strength and greater
permeability are obtained with more hydrated days.
Then, the permeability evolution based on the dam-
age theory shows that permeability is simultaneous
to the damage variation, greater damage greater
permeability

(2) In the primary loading stage, the shale permeability
increases with more hydrated days and decreases
with increasing confining pressure, indicating that
larger confining pressure makes the shale pores and
fractures more compacted to form less seepage chan-
nels. In the unloading stage, the permeability under
the same confining pressure is smaller than that in
the loading stage. And the curves of the permeability
under loading and unloading conditions cannot
coincide. As for 5 cyclic loading and unloading con-
ditions, the relationship of the permeability and the
confining pressure in the first loading stage is a nega-
tive exponent function and then the power functions,
and in the unloading stage, the relationship is power
function

(3) The permeability loss rate and the permeability
recovery rate less than 20% decreases with more
cyclic loading and unloading conditions. And the loss
rate and recovery rate are very obvious in the first
stage, indicating that both rates are sensitive to the
first load combination

(4) The sensibility of the permeability and the stress indi-
cates that in the loading stage, the permeability is
more sensitive under smaller confining pressure,
and increasing confining pressure reduces the sensi-
bility, and in the unloading stage, the sensitive coeffi-

cient is smaller than that under the same confining
pressure in the loading stage, indicating the irrevers-
ible deformation cannot recover to the original con-
dition, which is in accordance with the permeability
loss rate and recovery rate
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