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In the exploitation of shale gas in deep and ultradeep formations, the mechanical properties of shale change under the action of
high temperature and pressure. High-temperature stimulation can effectively release the damage of water phase trapping, which
was caused during the drilling and completion of hydraulic fracturing of shale gas reservoirs. In this paper, the experiments have
twelve groups of shale samples (three samples per group) under four target temperatures, 25, 200, 400, and 600°C as well as the
confining pressure set as 0MPa, 15MPa, and 30MPa. The servo testing machine is used to perform triaxial compression tests on
the shale specimens that have undergone high temperature. The porosity, permeability, and velocity are also obtained under
different temperatures. A statistical constitutive model of shale after temperature thermal damage under triaxial compression is
established. Based on the characteristics of the random statistical distribution of rock strength and strain strength theory, apply
relevant knowledge of damage mechanics as well as consider the failure of the microprotocol and the nonlinear relationship
between elastic modulus and temperature. According to the test results, the relationship between the mechanical parameters of
the shale and the temperature is discussed. The parameters of the statistical constitutive model considering temperature
thermal damage are given also; a comparison with the results of uniaxial compression experiments shows the rationality and
reliability. This work not only enriches the theory of shale failure pattern but also contributes to the deep shale development at
high temperature.

1. Introduction

In recent years, the development of unconventional energy
such as shale gas reservoirs has gradually entered people’s
vision with the continuous improvement of underground
exploration technology. The large-scale development and
utilization of shale gas play a positive role in improving
national energy security, reducing external dependence on
energy, and alleviating the shortage of natural gas supply.

With the reservoir depth increase, the mechanical properties
and temperature around the shale change a lot. It is
extremely significant to guarantee the stability and safety of
rock engineering under high temperature, such as the on-
site gasification of coal and oil shale, underground mining,
and storage of oil and natural gas [1]. As the temperature
of shale reservoir increases, the pore structure of shale is
changed and it is necessary to clarify the changes in the
shale’s physical and mechanical properties with increasing
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temperature. Also, the stress-strain relationship of shale will
change undergo high-temperature and confining pressure
conditions. The method to increase the reservoir tempera-
ture can also promote the desorption of shale gas and speed
up the development of shale gas reservoirs.

The damage mechanics was first put forward by Kachan-
nov [2] and later introduced into the field of rock mechanics
by Dougill [3]. It has become an important theory for study-
ing rock damage and has made some breakthroughs in rock
damage mechanics. For instance, the rock constitutive
model based on damage mechanics has been used in stress
and strain analysis of materials in geotechnical engineering
design. The stress-strain relationship will change after the
shale undergoes high-temperature treatment and high pres-
sure. It shows that there is an inseparable connection
between the constitutive model of shale and temperature
by researchers. Gambarotta and Lagomarsino [4] established
a damage model of brittle materials under arbitrary stress by
considering the sparse distribution of planar microcracks.
Yu and Feng [5] established a three-dimensional damage
model of brittle materials with microcracks based on damage
mechanics theory and defined the crack propagation area as
all possible paths and directions of microcracks after load-
ing. Zhou et al. [6] adopted the homogenization method
and based on rock damage mechanics to assuming that the
microcracks follow a random distribution. The brittle rock
under uniaxial compression with microcrack damage model
was proposed. Hamdi et al. [7] used digital imaging technol-
ogy to quantify the rock damage problem in the core and
defined the internal damage of the rock as the ratio between
the crack area and the total image area. On this basis, a ten-
sile damage model of limestone was established. Li and Tang
[8] established the process of rock’s cross-scale progressive
failure of rock mesodamage mechanical method. The meso-
constitutive equation of RVE is established, and the mesoa-
nisotropy of rock materials is described by statistical
methods. The stress field and strain field were solved using
the finite element method. Huang et al. [9] proposed a new
statistical damage constitutive model which consider
freeze-thaw and loading; at the same time, it can be applied
to coupled freeze-hydromechanical condition. Bian et al.
[10] carried out to establish the constitutive model for shale
regarding immersion time and uniaxial loading. Shen et al.
[11] used the unified strength theory to combine the Weibull
distribution to get the microunit strength; also, the modified
model determines the height. Xing et al. [12] proposed a
completely model thermoplastic constitutive for Tournemire
shale which includes the hydrostatic-pressure-dependent
and stress deviator-dependent initial/critical yield parame-
ters that are quadratically at the same time linearly related
to temperatures. Wang et al. [13] demonstrate that nanoe-
mulsion liquid is more advantageous than distilled water
for enhancing fracture complexity. Schuster et al. [14] stud-
ied that the weak clay-rich layer has a strong influence on
the deformation behaviour.

At present, the research methods for the rock damage
constitutive model mainly include two types: one is to obtain
the stress and strain equations of the rock mass based on
the test results and verified by a large number of test data

[15–17]. The advantage of this method is that it is highly
targeted. The other method is assuming that the microele-
ment strength of the rock follows a certain distribution
and the stress and strain equations of the rock are estab-
lished through a certain derivation as well as compared
with the test results [5, 6]. The advantage is that it has a
wide range of applications, so it has become the main
method for studying damage constitutive models. The sta-
tistical damage constitutive model can directly and accu-
rately describe the defects of the rock damage evolution
process to better describe the mechanical mechanism of
rock damage [18–22].

The temperature has thermal damage to the rock which
has been confirmed by a large number of research results
[23–29]. Graves et al. [30] studied the temperature influence
on rock strength and mechanical properties through high-
power lasers. The microcracks vaporize cementation and
dehydrate clay due to the high temperature as well as pro-
mote the permeability and porosity and decrease strength.
Masri et al. [31] presented the thermal effect on anisotropic
Tournemire shale which illustrates the elastic behaviour of
shale is nonlinear. The confining pressure, temperature,
and loading direction determined the failure mode in which
the tensile failure and sliding failure are the main failure
mechanisms. Xu et al. [32] conducted the tests on the state
of rock deformation and destruction during the thermal
stimulation of the heavy oil sand reservoirs. Masri et al.
[33] studied Tournemire shale mechanical behaviour under
the temperature and failure behaviours strongly affected by
temperature variation. Zhu et al. [34] studied the physical
and mechanical properties of sandstone with cracks after
high temperature. It investigates that the volume of sand-
stone expands and the density decreases with increasing
temperature. The failure mode is not only greatly affected
by temperature but also related to the inclination of internal
cracks. Zhu et al. [35] reviewed the mechanical properties of
Chinese marble under high temperature and after tempera-
ture. The high-temperature effect on marble mechanical
properties is in the primary microcracks and the develop-
ment of new microcracks. Suo et al. [29] investigated the
Lujiaping formation shale uniaxial compression strength
and wave velocity measurements were performed. It con-
cluded heating can change the water saturation and organic
matter content of shale as well as shale has a strong anisot-
ropy [36]. So far, few researchers consider the effect of shale
under thermal and confining pressure conditions [37].
Therefore, the failure behaviours of shale in a deep environ-
ment are still unclear. Yan et al. [38] studied thermo-hydro-
mechanical coupling crack propagation pattern based on the
triaxial SC-CO2 fracturing test system. The injection pres-
sure evolution was analyzed, and the fracture number,
length, and propagation directions of the sample surface
were determined [39].

In this paper, a preliminary statistical constitutive model
for thermal damage of shale under triaxial compression is
proposed which takes into account the thermal damage
effect of temperature. The different shale physical parame-
ters are tested under different target temperatures (25, 200,
400, and 600°C), through the triaxial compression test of
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shale specimens after high temperature to verify the pro-
posed constitutive model.

2. Test Equipment and Procedure

Figure 1 shows the whole experimental apparatus and pro-
cess in this work. The test shale samples were taken from
the Longmaxi Formation, Chongqing, Southwest of China.
The density of the shale sample is 2600 kg/m3. The size of
the sample is standard which is 25mm in diameter and
50mm in length. The unevenness of both ends of the test
piece is not more than 0.02mm, and the error in the height
of the test piece is no more than 0.1mm. The shale samples
were put into a box-type resistance furnace to heat to a cer-
tain temperature. The equipment uses silicon carbon rod
element heating and high-performance fiber insulation
which can realize automatic heating and temperature con-
trol. The maximum design temperature is 600°C. In the test,
the temperature is set as 25, 200, 400, and 600°C, there are a
total of 4 temperature grades, and each group has 9 samples.
After heating to a preset temperature at a rate of 1°C/min,
the temperature is kept constant for 24 h. After that, it natu-
rally cooled to room temperature in the furnace and finally,
shale samples with different heating temperatures are
obtained. The main mineral component of shale is quartz
(45%), clay minerals (16%), calcite (22%), dolomite (11%),
etc. All shale samples are measured for quality and size before
heating and after heating. The triaxial compression test is
carried out on the MTS-810 electrohydraulic servo control
test system which measures the axial compression deforma-
tion with a 5mm displacement sensor and 1000 kN force sen-
sor to measure axial load. The test adopts the displacement
control mode as well as the loading rate set as 0.005mm/s.
During the test, the load and deformation are automatically
collected and displayed in real time. The test system can
obtain the whole stress-strain curve of the specimen during
triaxial compression.

3. Experimental Results

3.1. The Unconfined Compressive Strength of Shale. The shale
unconfined compressive strength is the load per unit area of
the shale specimen from uniaxial compression to failure.
There are 12 samples to test UCS, and each target tempera-
ture (25, 200, 400, and 600°C) has three samples. Figure 2
illustrates the unconfined compressive strength of shale
values at different temperatures. In the experiment, to pre-
vent shale sample failure during the experiment, the rubber
is used to stick the shale sample. The typical stress-strain
curve is divided into four stages: the compaction stage, elas-
tic stage, yield stage, and failure stage. In the compaction
stage, the stress-strain curve is upward concave. As stress
increases, the deformation develops faster. This is mainly
due to the closure of microcracks in the rock under the action
of external force. In the approximate linear elastic deforma-
tion stage, the curve at this stage is approximately straight.
The stress and strain are proportional as well as the slope of
the curve in this straight line is the elastic modulus. In the
failure stage, the sample reached the uniaxial compression
strength value and failure occurred. The stress-strain curves
of shale samples are quite different after keeping them at dif-
ferent temperatures. As the temperature rises, the stress
curve peak point gradually moves down and the strain also
decreased. As the temperature rises, the curve peak stress
point gradually moves down, and the strain also decreased.
This may be after high-temperature action, microcracks
increased and thermal damage occurred inside the shale sam-
ple. As a result, the mechanical strength of shale samples
decreases and is easy to damage.

3.2. The Triaxial Compressive Strength of Shale. The triaxial
compressive experiment is an effective method to test the
shale sample under in situ conditions. The triaxial compres-
sive strength value of the shale sample is influenced by tem-
perature. When the shale is affected by temperature, the
various mineral crystals that make up the rock have different

Shale sample

Muffle furnace UCS test mechane Triaxial compressive
strength test mechane

Figure 1: Experiment process and apparatus.
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thermal expansion coefficients. The various mineral particles
inside cannot be freely deformed with temperature accord-
ing to their own inherent thermal expansion coefficients in
order to maintain the continuity of rock deformation. It
leads to constraints between minerals and particles. The
large deformation is compressed, and the small deformation
is stretched. This is the so-called thermal stress. When the
temperature is higher, there will inevitably be a large number
of microcracks in the rock and it will gradually expand as the
temperature rises resulting in a significant reduction in the
elastic modulus. It is convinced that the temperature has
caused damage to the rock [25, 40]. It can be seen in
Figure 3 that with the confining pressure increase, the triax-
ial compressive strength value gradually increases as well as
the shale triaxial compressive strength has a negative effect
on the temperature.

3.3. The Failure Mode of Shale. The failure mode of shale is
related to many factors such as loading conditions, temper-
ature, lithology, and internal structure [13, 41, 42]. The test
confining pressure condition is the main factor affecting
the failure mode of shale as well as the different mineral
compositions caused by temperature also drive the failure
mode of shale. In our experiment results, there are two main
failure modes of black shale in the test: splitting failure and
shear failure. The failure modes of shale samples under dif-
ferent confining pressures and temperatures are shown in
Table 1. When the confining pressure is zero, the shale
generates a multilayered bedding plane splitting failure.
The reason is that the original defects such as pores and
fractures are mostly distributed to the bedding plane and
then original defects develop, expand, and connect formed
fracture. It can be seen that the number of fractures at high
temperatures is lower than at low temperatures. In the con-
fining pressure 15MPa condition, the bedding and lamellar
minerals of shale samples are compacted. The splitting fail-
ure mode decreases gradually under the high confining
pressure. Under the confining pressure, the shale mineral
particles produce shear cracks due to stress concentration;
furthermore, it is further developed into a shear plane

through multiple bedding planes. Under the confining
pressure 30MPa, the compaction degree between bedding
and flaky minerals is higher with the increase of confining
pressure. They are reconstituted with other minerals to
form structural bodies, and failure occurs. Compared with
low confining pressure, there is no complex fracture net-
work and the failure surface of the shale sample is a single
shear plane.

3.4. Consider the Effect of Temperature on Elastic Modulus
and Poisson’s Ratio. From the following Figure 4, we can
analyze the change of shale elastic modulus with tempera-
ture after high temperature under different confining pres-
sures. When the confining pressure is constant, the elastic
modulus of shale decreases with the increase of real-time
temperature due to the temperature effect. The internal
components of the shale rock sample began to expand
unevenly which led to the rapid generation of a large num-
ber of microscopic defects, thereby reducing the stiffness of
the shale and greatly weakening the ability to resist deforma-
tion. This is the main reason that leads to a rapid decrease in
the modulus of elasticity. Under different confining pres-
sures, the change law of elastic modulus with increasing
temperature is unchanged; however, the overall elastic mod-
ulus of shale is higher than that under low confining pres-
sure. The reason is that confining pressure increase closes
the thermal damage cracks to a certain extent, compacts
the pores in the shale, and slightly improves the ability of
the shale to resist deformation.

E∗ = −0:0638T + 51:415 15MPað Þ, ð1Þ

E∗ = −0:0648T + 55:96 30MPað Þ: ð2Þ
As it can be shown from Figure 5 that under the condi-

tion of a certain confining pressure, the Poisson ratio of the
shale sample gradually increases with the increase of temper-
ature. This is because as the temperature increases, the inter-
nal structure of the shale sample changes, which promotes
the increase in Poisson’s ratio to a certain extent. Under
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Figure 2: The UCS value change with the temperature.
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different confining pressures, the Poisson ratio of the shale
sample increased slightly and was higher than that of the
shale sample under low confining pressure. The microcracks
in the shale remain closed, and the internal voids are gradu-
ally compacted, resulting in the overall Poisson ratio of the
shale sample being higher than the Poisson ratio under low
confining pressure.

4. Statistical Damage Constitutive
Model for Shale

4.1. Constitutive Model without considering Temperature
Thermal Damage. There are a large number of pores, cracks,
and other defects inside the rock, and they are randomly dis-
tributed. The mechanical properties of the constituent com-

ponents of the rock cannot be expressed by a single
parameter equation. In this section, the damage evolution
equation is established and the analysis method of probabil-
ity statistics is introduced in this section, combined with
damage mechanics to study the constitutive relationship of
rock which has very important theoretical significance.

Assume that the strength of the rock microelement
obeys the Weibull distribution and the statistical distribution
law of the rock microelement strength is calculated based on
the Weibull distribution. The formula as follows (1):

P xð Þ = M
F0

x
F0

� �M−1
exp −

x
F0

� �M
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: ð3Þ

0

50

100

150

200

250

0 0.02 0.04 0.06 0.08

Tr
ia

xi
al

 co
m

pr
es

siv
e s

tr
en

gt
h 

(M
Pa

)

Strain (%)

(a)

25 ºC
200 ºC

400 ºC
600 ºC

0

50

100

150

200

250

300

0 0.02 0.04 0.06 0.08

Tr
ia

xi
al

 co
m

pr
es

siv
e s

tr
en

gt
h 

(M
Pa

)

Strain (%)

 (b)

Figure 3: The triaxial compressive strength range with the temperature. (a) The triaxial compressive strength under confining pressure
15MPa; (b) The triaxial compressive strength under confining pressure 30MPa.
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x is the microstrain of the rock. M and F0 are the distri-
bution scale of the Weibull distribution and the morpholog-
ical parameter characterized by strain. PðxÞ is the probability
of failure of microcomponents under strain.

Based on the assumption that the strength of the elastic
part obeys the statistical distribution, the elastic part will
gradually fail to reflect this gradual process when the load
gradually increases. The concept of damage mechanics is
led into the equation. It is assumed that the rock failure is
caused by these continuous microelements. The number of
damaged microelements under a certain level of load is Nd;
then, the statistical damage variable is the ratio of the dam-
aged elastic body to the total number of microelements N ,
so the expression of the damage variable under a certain
level of load is (2)

D = Nd
N

: ð4Þ

D is the statistical damage variable, Nd is number of
microelements that have expired, and N is total number of
microelements.

Similarly, it is also assumed that the failure probability
of cumulative stress of microelement elastic is as follows
((3), (4)):

ρf = ρ Fð ÞdF, ð5Þ

dNd =Nρf =Nρ Fð ÞdF: ð6Þ

ρ is the density function, dNd is the number of failed
microelements, and N is the total number of microelements.

Under the effect of loading pressure, the internal frac-
tures of the rock begin initiation, propagation, and slit linked
up. The damage parameter D is a description of the cumula-
tive effect of the microelement failure during the loading
process of the rock. It is believed that the microelements
with strength less than the stress level F have also failed
when it is loaded to a certain stress level. The number of
failed microelements in the rock block dN is the sum of
the number of failed microelements in the previous inter-
vals, such as formula (5).

ND =
ðF
−∞

Nρ Fð ÞdF =Nρ Fð Þ: ð7Þ

It is also assumed that the failure criterion of the rock is
equation (6):

f σ∗ð Þ − k0 = F − k0 = 0: ð8Þ

F is the microelement stress level and k0 is the material
strength.

In the 1970s, Lemaitre put forward the hypothesis of
strain equivalence, and then, the basic relationship of rock
damage constitutive equation is established as follows ((7)):

σ = σ∗ 1 −Dð Þ = Eε 1 −Dð Þ: ð9Þ

σ is the nominal stress tensor, σ∗ is the effective stress
tensor, D is the load damage variable, E is the material elas-
ticity tensor, and ε is the strain tensor.

Then, take (7) into (5) to calculate that the distribution
function of the two-parameter Weibull distribution of rock
microelement is

P xð Þ = 1 − exp −
x
F0

� �M
" #

: ð10Þ

M and F0 are statistical parameters; then, from (8),

D = P Fð Þ = 1 − exp −
F
F0

� �M
" #

: ð11Þ

Equation (9) is the derived statistical damage evolution
equation.

Table 1: The failure mode of shale under different temperatures
and confining pressures.

Temperature Failure mode

25°C

0 MPa 15 MPa 30 MPa

200°C

0 MPa 15 MPa 30 MPa

400°C

0 MPa 15 MPa 30 MPa

600°C

0 MPa 15 MPa 30 MPa
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Among of them, M and F0 are the statistical parameter.
The different M of Weibull distribution density function

and distribution function are shown in Figures 6 and 7. Like
the lognormal distribution, the domain of the Weibull distri-
bution is also a positive real number. Therefore, Weibull is
also very suitable for the study of the statistical damage con-
stitutive relationship of rock. When the dispersion of the
Weibull distribution decreases, the random variable tends
to shift in the left and right directions. Compared to the log-
normal distribution, the Weibull distribution is a less con-
servative type of distribution. It reflects the distribution of
random variables to a certain extent.

4.2. Establish a Statistical Damage Constitutive Model of
Rock. From equation (9), the parameter F is unknown, so

the f function in equation (6) needs to be reified. In this
paper, the commonly used yield criterion expression of rock
materials is used.

Based on the D-P failure criterion, this paper establishes
the expression method of rock microelement strength. The
rock element strength F based on the D-P failure criterion
can be expressed as

f σð Þ = α0M1 +
ffiffiffiffiffiffiffi
M2

p
: ð12Þ

α0 = sin φ/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9 + 3 sin2φ

p
, φ is the internal friction angle

of rock, M1 is the first invariant, and M2 is the second
invariant.

0

10

20

30

40

50

60

0 100 200 300 400 500 600

E
 (G

Pa
)

T (°C)

15 MPa
30 MPa

Figure 4: Changes of shale elastic modulus with temperature after high temperature under different confining pressures.
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By the strain tensor calculation formula,

M1 = σ∗1 + σ∗2 + σ∗3 , ð13Þ

M2 =
1
6

σ∗
1 − σ∗2ð Þ2 + σ∗2 − σ∗3ð Þ2 + σ∗

3 − σ∗
1ð Þ2

h i
: ð14Þ

Obtain the nominal stress σ1, σ2, σ3 (σ2 = σ3, pseudo-
triaxial) and strain from the triaxial testε1, ε2, ε3, and the

corresponding effective stress is σ∗1 , σ∗2 , σ∗
3 (σ∗2 = σ∗

3 ). The
damage variable is introduced, and the effective stress can
be calculated by formula (13):

σ∗1 =
σ1

1 − δD
, ð15Þ

σ∗2 = σ∗3 =
σ3

1 − δD
: ð16Þ
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Figure 6: The density function of the Weibull distribution.
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Assuming that the rock failure conforms to the Mises
yield criterion, the strain expression can be obtained from
the general Hooke law:

ε1 =
σ∗1 − 2μσ∗3ð Þ

E∗ : ð17Þ

Bring (13) and (15) into (11) to get
E∗ is changed in the different conditions.

M1 =
σ1 + 2σ3ð ÞE∗ε1
σ1 − 2μσ3

, ð18Þ

ffiffiffiffiffiffiffi
M2

p
=

σ1 − σ3ð ÞE∗ε1ffiffiffi
3

p
σ1 − 2μσ3ð Þ

: ð19Þ

ε1 is the main strain, μ is Poisson’s ratio, and E is elastic
modulus.

The microelement strength of the rock can be expressed
as

f σð Þ = E∗ε1
σ1 − 2μσ3

α0 +
ffiffiffi
3

p

3

 !
σ1 + σ3 2α0 −

ffiffiffi
3

p

3

 !" #
:

ð20Þ

By substituting (17) and (9) into equation (14), the con-
stitutive equation of rock damage is derived as follows:

σ1 = E∗ε1 1 −Dð Þ + μ σ1 + σ2ð Þ = E∗ε1 exp −
F
F0

� �M
" #

+ 2μσ3,

σ3 =
E∗ε3 exp − F/F0ð ÞM� �

1 − μ
+

μσ1
1 − μ

:

ð21Þ

It can be observed from the derivation (19) that the
determination ofM and F0 model parameters directly affects
the establishment of the rock damage constitutive equation.

4.3. Statistical Parameters of Damage Constitutive Model.
There are two main methods for determining model param-
eters: (1) linear fitting method and (2) peak point method.
The characteristic of the linear fitting method is to fully con-
sider the full stress-strain curve of rock compression, that is,
to consider the same weight for any point on the test curve.
For specific rock triaxial compression test data, the statistical
parameters can be determined by the linear fitting method.
Since the true stress-strain curve cannot be obtained directly
from the triaxial compression test, when the specific param-
eters are determined, the statistical damage constitutive
equation expressed by the measured stress and strain can
be used to match the measured stress-strain curve. There-
fore, this paper adopts linear simulation. It is legal to deter-
mine the model parameters.

Based on the uniaxial compression experiment of
rock, let σ2 = 0, σ3 = 0, bring it into the above formula

(19), and take the logarithm of both sides at the same
time to obtain

−ln
σ1
E∗ε1

� �
=

F
F0

� �m

, ð22Þ

where α = ð1/F0Þm brings in and simplifies

−ln
σ1
E∗ε1

� �
= αFm: ð23Þ

Take the logarithm of both sides at the same time to get

ln −ln σ1
E∗ε1

� �� �
= ln α +m ln F: ð24Þ

Let Y = ln ½−ln ðσ1/E∗ε1Þ�, X = ln F, and b = ln α bring
into simplification:

Y = aX + b: ð25Þ

From this linear fitting, the m and b values can be
obtained, so that

F0 = exp −
b
m

� �
: ð26Þ

4.4. The Damage Constitutive Model of Shale under Thermal-
Mechanical Coupling. Under the action of real-time tempera-
ture, the thermal expansion between different minerals in the
shale produces squeezing stress and violent thermal move-
ment between the molecules which causes thermal stress in
the shale. A large number of thermal damage defects are gen-
erated from microcosmic and then reflect the macroscopic
phenomena. Due to the accumulation of microdefects, the
macrocracks finally show the gradual propagation and pene-
tration. The process of macroscopic damage to shale caused
by microscopic accumulation is expressed by thermal damage
variables DT.

According to the theory of macroscopic damage
mechanics, rock microcracks continue to grow under
thermal-mechanical coupling and thermal-mechanical cou-
pling damage occurs to shale. So the thermal-mechanical
coupling damage variable is defined.

DT = 1 −
ET
E0

: ð27Þ

ET the elastic modulus of the rock at different real-time
temperatures; E0 is the elastic modulus of rock at room
temperature.

The total damage formula deduced in the literature [43]:

Dm =D +DT −DDT: ð28Þ
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Then, (9) and (25) are brought into (26) to obtain the
total damage evolution of shale under the coupled thermal-
mechanical action. The equation is as follows:

Dm = 1 −
ET
E0

exp −
1
M

F
F0

� �M
" #

: ð29Þ

5. Model Verification

In order to verify the damage statistical model established
in this paper and to determine the model parameters, this
paper selects shale as the sample and starts the triaxial

compression experiment. Through the expansion of triaxial
compression experiments under different confining pres-
sures and different temperatures, the comparison between
the experimental curve and the theoretical calculation
curve is obtained as shown in Figures 8 and 9. The results
show that although the theoretical calculation curve and
the value obtained from the experimental curve are not
completely consistent, the trend is basically the same and
the error is also high. In a small range, it can meet the
needs of actual engineering calculations, especially the the-
oretical curve before the peak point, which shows different
initial points of damage under different confining pres-
sures, including both the linear elastic deformation stage
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Figure 8: Comparison of theoretical curve and experimental curve under 15MPa confining pressure. (a) Temperature 200°C, confining
pressure 15MPa; (b) Temperature 400°C, confining pressure 15MPa; (c) Temperature 600°C, confining pressure 15MPa.
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and the postdamage. In the elastoplastic stage, the effect of
matching the actual curve is very good, and it is more in
line with the actual situation.

The rock statistical damage constitutive model estab-
lished based on the Weibull distribution theory can better
reflect the stress-strain characteristics in the process of rock
deformation and failure. Under the condition of a certain
confining pressure, the compressive strength of shale gradu-
ally increases with the increase of temperature. Decrease
indicates that the mechanical properties of shale deteriorate
after high temperature; high temperature has damage to the
rock; the peak strain of rock increases with the increase of

temperature; the stress-strain curve moves to the right with
the increase of temperature, indicating that with the increase
of temperature, the plastic deformation of large rocks
increases, and at the same time, the theoretical curve of shale
stress-strain fits better with the experimental curve. When
the temperature is the same, as the confining pressure
increases, the compressive strength of the shale gradually
increases, indicating that the confining pressure has the
effect of increasing the strength of the rock, and the greater
the confining pressure, the higher the degree of agreement
between the curves. It is worth noting that the failure process
of rock under peusdostatic load is very complicated.
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Figure 9: Comparison of theoretical curve and experimental curve under 30MPa confining pressure. (a) Temperature 200°C, confining
pressure 30MPa; (b) Temperature 400°C, confining pressure 30MPa; (c) Temperature 600°C, confining pressure 30MPa.
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Although the constitutive model established in this paper
has certain advantages, it cannot essentially explain the fail-
ure mechanism of rock. Therefore, related theories need to
be further explored.

6. Conclusions

In this paper, a series of mechanical and physical parameters
of shale are tested. Firstly, basic physical properties of shale
are analyzed. After that, the stress-strain curve and failure
mode of shale under high temperature and pressure are ana-
lyzed. Finally, the damage constitutive equation of shale is
established.

(1) When the temperature is constant, the elastic modu-
lus of shale increases with the increase of confining
pressure. With the increase of temperature, the peak
strength of shale is low. The confining pressure can
effectively improve the strength of shale

(2) The stress-strain curve of shale has obvious pore
and fracture in the compaction stage. In the linear
stage, the stress-strain curve before the peak is
approximately a straight line. Under the condition
of low confining pressure, it is easy to form more
complex fracture network. Under high confining
pressure, the fracture formed a single fracture.
From the low confining pressure to high confining
pressure, it shows strong plastic deformation and
failure characteristics

(3) The real-time triaxial compression test data of shale
under high temperature and high pressure are used
to calculate and compare the model. The established
model can well predict the mechanical properties of
shale under high temperature and high pressure
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