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Filling of brittle minerals such as quartz is one of the main factors aﬀecting the initiation and propagation of reservoir fractures in
shale fracturing, in order to explore the failure mode and thermal damage characteristics of quartz-ﬁlled shale under thermalmechanical coupling. Combining the theory of damage mechanics and thermoelasticity, RFPA2D-Thermal is used to establish a
numerical model that can reﬂect the damage evolution of shale under thermal-solid coupling, and the compression test under
thermal-mechanical coupling is performed. The test results show that during the temperature loading process, there is a
temperature critical value between 60°C and 75°C. When the temperature is less than the critical temperature, the test piece unit
does not appear obvious damage. When the temperature is greater than the critical temperature, the specimen unit will
experience obvious thermal damage, and the higher the temperature, the more serious the cracking. Under the thermalmechanical coupling of shale, the tensile strength and elastic modulus of shale show a decreasing trend with the increase of
temperature. The failure modes of shale under thermal-solid coupling can be roughly divided into three categories: “V”-shaped
failure (30°C, 45°C, and 75°C), “M”-shaped failure (60°C), and inverted “λ”-shaped failure (90°C). The larger the fractal
dimension, the more complex the failure mode of the specimen. The maximum fractal dimension is 1.262 when the temperature
is 60°C, and the corresponding failure mode is the most complex “M” shape. The fractal dimension is between 1.071 and 1.189,
and the corresponding failure mode is “V” shape. The fractal dimension is 1.231, and the corresponding failure mode is inverted
“λ” shape.

1. Introduction
With the rapid consumption of conventional energy such as
petroleum, unconventional clean energy such as shale gas has
become a current research focus [1–5]. Shale gas refers to the
natural gas resources that remain in shale reservoirs in the
form of adsorption and dissociation during the evolution of
geological structures. It has the characteristics of wide
distribution, many developed layers, and large storage capacity [6–9]. It is predicted that my country’s recoverable shale
gas can reach 36:1 × 1012 m3, ranking ﬁrst in the world [10,
11]. The shale matrix has the characteristics of small pore
throats and extremely low permeability. More than 90% of

shale gas wells need to undergo shale reservoir fracturing
before they can be directly put into production [12–14].
The research on shale gas in my country started late. How
to achieve large-scale exploitation of shale gas has important
strategic signiﬁcance for the upgrading of my country’s
energy structure and green and sustainable development.
The fracturing of shale reservoirs uses high-pressure ﬂuid
to break the rock mass to form a complex fracture network
with high permeability according to Jiang et al. [15]. Because
shale gas reservoirs are in an environment of high conﬁning
pressure and high temperature, during the fracturing
process, shale mining involves the mutual coupling of stress
ﬁeld and temperature ﬁeld. Therefore, the problem of shale
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thermal damage is currently a hot topic for scholars at home
and abroad. Meng et al. [16] conducted triaxial compression
tests on shale samples whose temperature varied between 25
and 120°C to study temperature and shale peak strength,
elastic modulus, Poisson’s ratio, cohesion, and the relationship between the internal friction angles. Masri et al. [17]
conducted triaxial compression tests on shale at diﬀerent
temperatures and found that the elastic modulus and compressive failure strength of shale decreased signiﬁcantly as
the temperature increased, but the overall deformability of
shale increased. Mohamadi et al. [18] conducted a series of
triaxial tests on shale at diﬀerent temperatures and discussed
in detail the inﬂuence of temperature on shale strength. Jha
et al. [19] conducted uniaxial compression tests and tensile
strength tests at diﬀerent temperatures from normal temperature to 900°C and studied in detail the inﬂuence of high temperature on the physical and mechanical properties and
uniaxial compressive strength of shale. Rybacki et al. [20]
conducted creep tests on shale with diﬀerent temperatures
(50~200°C) and diﬀerent conﬁning pressures (50~200 MPa)
to study the inﬂuence of temperature and conﬁning pressure
on creep characteristics. Wang et al. [21] conducted multistage creep tests on shale samples under diﬀerent temperatures and conﬁning pressures to study the eﬀects of
temperature, conﬁning pressure, and precrack on shale creep
characteristics. Guo et al. [22] conducted uniaxial compression tests and acoustic emission tests on shale samples with
diﬀerent bedding surface dip angles at diﬀerent temperatures
and studied the eﬀect of temperature on the physical and
mechanical properties of shale. Yang et al. [23] conducted
dynamic compression tests on shale specimens in the temperature range of 20~220°C, studied the mechanical properties of shale at diﬀerent temperatures, and analyzed the
dynamic deformation and failure process of shale.
Fractal theory has unique advantages in characterizing
complex and irregular objects, and it provides a new theoretical basis for the evolution process of rock failure. Xie [24]
combined fractal geometry with rock damage mechanics
and proposed that the failure process of rock has fractal characteristics. Acoustic emission is a phenomenon of instantaneous elastic waves caused by the rapid release of local
energy of the rock. Acoustic emission can reﬂect the change
of the nature and state of the rock mass to a certain extent.
Through the analysis of the change law of acoustic emission
parameters, we can understand that the rock mass suﬀers
using the characteristics of self-similarity of acoustic emission and further use fractal theory to analyze the failure process of rock mass. Yuan and Li [25] analyzed the fractal
dimension of acoustic emission spatial distribution during
rock damage and failure and established the relationship
between stress and energy release and the fractal dimension
of acoustic emission spatial distribution. Xie et al. [26] used
a box dimension to calculate the fractal dimension of acoustic
emission spatial distribution and studied the relationship
between rock damage and acoustic emission fractal dimension. Zhang et al. [27] analyzed the fractal dimension of the
spatial distribution of acoustic emission generated by the
Brazilian split test and found that the fractal dimension can
well reﬂect the initiation and expansion of rock microcracks.
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Lou et al. [28] analyzed the spatial distribution characteristics
of acoustic emission of diﬀerent bedding shale under ﬂuidmechanical coupling through numerical simulation experiments. It is found that the fractal dimension of the spatial distribution of acoustic emission can well reﬂect the inﬂuence of
bedding on the failure mode of shale.
Shale is a kind of brittle rock formed by transportation
and sedimentation in the process of geological structure evolution. The shale is ﬁlled with a large number of mineral particles. Under the action of temperature, the shape and
content of mineral particles have a signiﬁcant impact on
the macro and micromechanical properties and fracture
modes of shale [29–32]. Although there are many studies
on the mechanical properties of shale at diﬀerent temperatures, they mainly focus on the macroscale aspects such as
bedding eﬀects, diﬀerent conﬁning pressures, and creep studies. There are few reports on the micromechanical properties
and failure modes of quartz-containing mineral-ﬁlled shale
under temperature. Therefore, numerical simulation experiments are carried out on the microscale of shale to study
the inﬂuence of thermal-mechanical coupling on the compressive strength, failure process, and failure mode of shale.
The test results have an important reference value for the
fracture initiation and propagation mechanism of fracturing
reformation in shale reservoirs.
This article uses statistical methods to describe the heterogeneity of quartz and shale matrix. Through the
RFPA2D-Thermal software, the shale is subjected to numerical simulation tests under constant conﬁning pressure and
diﬀerent temperature conditions, and the compressive
strength, elastic modulus and failure process of shale under
diﬀerent temperature conditions are studied in detail. Calculate the fractal dimension of the acoustic emission distribution map and analyze the relationship between the fractal
dimension and the failure mode under diﬀerent temperature
conditions. The research results will have an important reference value for fracture mechanism, secondary crack initiation and propagation prediction, and enhanced oil recovery
in shale fracturing.

2. Regional Geological Characteristics
Guizhou is one of my country’s oil and gas storage bases. The
regional tectonic unit is divided into the Yangtze quasiplatform. Between hilly basins, the terrain is high in the west
and low in the east and descends from the center to the north,
east, and south. According to the distribution of surface
structures, the metamorphic rock forms and structural combination styles of the area and other structural features. The
study area has mainly experienced four tectonic cycles during
the evolution of geological structure: Wuling tectonic movement, Caledonian-Xuefeng tectonic movement, Yanshan tectonic movement, and Himalayan tectonic movement.
Among them, the Yanshanian period is the most intense tectonic movement, which is the main cause of the current
topography. The Himalayan period superimposed and transformed the structures formed in the Yanshan period [33].
Shale gas reservoirs are mainly located in the Lower
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Figure 1: Area map of the third block of Fenggang, Qianbei, Guizhou [7, 34].

Cambrian Niutitang Formation, which is also the most
widely developed bottom layer in Guizhou, as shown in
Figure 1.
The study of rock and mineral characteristics is an
important factor that needs to be considered in the exploration and development of shale gas. The higher the content
of brittle minerals in shale, the more likely it is to produce
cracks under the action of tectonic stress or hydraulic fracturing, providing storage space and seepage channel for shale
gas. It can be seen that the shale is ﬁlled with a large amount
of quartz through the microsection identiﬁcation. The identiﬁcation process and results are shown in Figure 2. Generally,
the lower the clay mineral content in shale, the higher the
brittle mineral content such as quartz, feldspar, and calcite,
and the stronger the rock brittleness, the easier it is to form
natural cracks and induced cracks under tectonic stress ﬁeld
or artiﬁcial fracturing [35, 36]. The shale mineral composition in the study area is complex and diverse, of which clay
minerals and brittle minerals are the main components in
shale. This article mainly takes the black shale of the Lower
Cambrian Niutitang Formation in Fenggang III District as
the research object. Carrying out X-ray diﬀraction quantitative analysis and clay mineral analysis, the instrument model
is X’pert powder. X-ray diﬀraction analysis is shown in
Figure 3. The analysis results show that the quartz content
is between 35.79% and 92.49%, with an average content of
62.09%. The content of plagioclase is 0-28.94%, with an average of 12.32%. The clay mineral content is 0-29.15%, with an
average of 7.64%. It also contains a small amount of minerals
such as pyrite, calcite, potash feldspar, and iron dolomite,
with an average content of 7.50%, 3.99%, 3.24%, and 2.96%,
respectively (Figure 4). As the buried depth increases, the

quartz content gradually increases, while the plagioclase
and pyrite content gradually decreases. Except for a few parts
in the middle, the content of clay minerals is relatively high,
and the overall decreases gradually (Figure 5).
Shale reservoirs have the characteristics of low permeability and micronano pore development. This lowpermeability and microporosity feature has an important
inﬂuence on the content and storage of shale gas. As the main
storage space of gas reservoirs, shale micropores determine
the enrichment degree of shale gas reservoirs. Generally
speaking, the more developed the microfractures and pores
of shale, the higher the ﬂow capacity and the richer the gas
reservoir. In this paper, the relaxation of nuclear magnetic
resonance (NMR) technology is used to characterize the pore
structure of shale. The experimental instrument model is
MesoMR23-060H-I. Five groups of samples in the study area
are selected for detection and analysis. The results show that
the pore throats of the Lower Cambrian shale in Fenggang III
block are mainly nanopores, which are distributed between 0
and 0.1 μm. The pores of shale are mainly nanopores, and the
pores are concentrated between 0.001 μm-0.01 μm and 0.010.4 μm, and there are also a few micron-sized pores. The pore
size distribution is shown in Figure 6.

3. Thermal-Mechanical Coupling Model of
Shale Microscopic Unit
3.1. Thermal Damage Theory of Shale Microscopic Units.
Based on the theory of continuum mechanics, shale is considered to be an ideal linear elastic body, which satisﬁes the
generalized Hooke’s law under external load [37]. A damage
model of the microunit is established to characterize the
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Figure 2: Veriﬁcation diagram of microsection.
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evolution process of shale damage under the thermalmechanical coupling action and its inﬂuence on elastic modulus and compressive strength. Because the compressive
strength of shale is much greater than its tensile strength,
under the action of external load, the maximum tensile stress
criterion and Mohr-Coulomb criterion are used as the basis
for judging element damage, and the maximum tensile stress
criterion has priority. When the stress state of the shale
reaches the critical state of the Mohr-Coulomb criterion,
the unit begins to undergo shear failure. The above two judgment failure criteria are expressed as Equation (1) and Equation (2) [38]:
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Figure 4: Mineral content map of shale reservoir.

1 + sin θ
− f c0 ,
1 − sin θ

ð1Þ
ð2Þ

where F 1 and F 2 are functions of the maximum tensile
stress criterion and Mohr-Coulomb criterion, respectively;
σ1 and σ3 are the ﬁrst and third principal stresses, respectively; f t0 and f c0 are uniaxial tensile strength and uniaxial
compression strength, respectively; θ is the internal friction
angle of shale.

Figure 3: X-ray diﬀraction analysis of whole rock.
0

F 1 = σ1 ‐f t0 ,

100

0

3.2. Shale Thermal-Mechanical Coupling Relationship. This
article considers the high temperature and high-pressure
environment of shale, which involves the coupling relationship between temperature ﬁeld and stress ﬁeld. Through
the control equations of stress ﬁeld and temperature ﬁeld,
the damage evolution process of shale under external force
and the inﬂuence of damage on stress ﬁeld and temperature
ﬁeld are considered. Under the coupling eﬀect of temperature
ﬁeld and stress ﬁeld, microcracks in shale begin to sprout,
and the damage of shale in turn aﬀects the elastic modulus,
compressive strength, and thermal conductivity of shale.
Considering the eﬀect of thermal stress on shale deformation
caused by the temperature ﬁeld, the stress-strain relationship
of shale can be expressed as Equation (3) [39]:
σij = 2Gεij + λεkk δij − βT △Tδij ,

ð3Þ
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Figure 5: Distribution map of shale mineral content [7].

The thermal conductivity of shale is closely related to
temperature and reﬂects the unevenness of shale temperature ﬁeld. Regarding the thermophysical properties of the
shale microscopic unit, when the damaged unit is not initiated, the thermal conductivity k of the shale is constant.
The heat transfer coeﬃcient kðTÞ of shale after element
tensile damage is calculated as Equation (4) [40]. The
speciﬁc heat capacity of shale is also aﬀected by temperature. The speciﬁc heat capacity cðTÞ of the unit under tension of the shale is calculated according to Equation (5)
[40]:
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where σij is the stress tensor; εij is the strain tensor; G is
the shear modulus of the shale, G = E/2 ð1 + νÞ; εv is the volumetric strain; δij is the Kronecker function; k is the bulk
modulus of shale; βT is the thermal stress coeﬃcient of shale,
βT = ð3λ + 2GÞα, where λ and α are Lame constant and thermal expansion coeﬃcient, respectively; ΔT is the amount of
temperature change.

ð4Þ

ð5Þ

In the formula, k0 is the thermal conductivity at a
temperature of 0°C; c0 is the speciﬁc heat capacity of the
shale at a temperature of 0°C. ψ is the impact factor,
which is generally 3 × 10 − 3.
In the numerical model established in this paper, the
mutual conversion between thermal energy and mechanical
energy is ignored, and the energy conservation equation is
calculated according to Equation (6) [41]:
ðρcÞ

∂T
∂ε
+ ðT 0 + T ÞKαT v = λ∇2 T,
∂t
∂t

ð6Þ
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Table 1: Numerical model parameters.
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Figure 7: Model loading diagram.

where T 0 is the initial temperature of the shale; ρ is the
density of the shale; c is the speciﬁc heat capacity of the shale;
λ is the thermal conductivity of the shale.

4. Numerical Modeling
RFPA2D-Thermal is based on ﬁnite element theory and statistical damage theory. Considering the inhomogeneity of
the rock, we simpliﬁed the complicated macro-nonlinear
problem into a ﬁne-to-microlinear problem and combined
the assumption of random distribution of the inhomogeneity
with numerical calculation methods. The numerical simulation of the nonuniform rock failure process can be realized
[42]. The shale model is discretized into a numerical model
composed of mesoprimitives. It is assumed that the mechanical properties of the discretized microprimitives obey the
Weibull statistical distribution law, thereby establishing the

relationship between the mechanical properties of the microand macromedium [43]:
 
m μ m‐1 ‐ðμ/μ0 Þm
φðμÞ = :
:e
:
μ0 μ0

ð7Þ

In the formula, φðμÞ is the statistical distribution density
of the mechanical property μ of shale primitives. μ is the
mechanical property parameter of the shale element; μ0 is
the average value of the mechanical property parameter of
the shale element; m is the property parameter of the distribution function, which reﬂects the uniformity of shale and
is deﬁned as the uniformity coeﬃcient of shale.
In order to study the inﬂuence of temperature on the
mechanical properties and failure modes of shale, this paper
uses the RFPA2D-Thermal software to establish a numerical
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Table 2: Compressive strength and elastic modulus of shale under
thermomechanical coupling.
Temperature/°C
30
45
60
75
90

Elastic
modulus/GPa

Compressive
strength/MPa

84.92
79.82
77.31
62.05
54.88

79.79
67.32
52.59
30.71
10.15

model and carries out simulation tests at diﬀerent temperatures. In the numerical model, the larger the elastic modulus
of the mineral particles, the brighter the color, which can be
used to characterize the quartz mineral particles and the
shale matrix. According to the physical experiments, the
mechanical parameters and thermodynamic parameters of
the quartz mineral and shale matrix in the model are shown
in Table 1 [44].

This experiment establishes a numerical model of quartzﬁlled shale at diﬀerent temperatures. The quartz content in
the model is 62.09%. Shale pores are mostly nanosized pores
and a small amount of microsized pores. This test does not
consider the inﬂuence of shale primary pores. The loading
model is shown in Figure 7. During the loading process, a
ﬁxed conﬁning pressure of 10 MPa is applied ﬁrst, and then,
the temperature is loaded. When the temperature reaches
30°C, 45°C, 60°C, 75°C, and 90°C, the heating is stopped.
The temperature is loaded step by step, and the increment
is 5°C/step. After the temperature reaches a certain value, displacement loading is then carried out, and the displacement
loading rate is 0.0005 mm/step.

5. Result Analysis
5.1. Thermal Damage Evolution Characteristics of Shale.
Shale is often ﬁlled with brittle minerals such as quartz.
Because the thermal expansion coeﬃcients of brittle mineral
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particles and shale matrix are diﬀerent, the thermal expansion at the boundary between quartz and shale matrix is
inconsistent, resulting in tensile or compressive thermal
stress in the junction between quartz particles and shale
matrix. Figure 8 is the damage distribution diagram and the
corresponding acoustic emission diagram of the shale specimen at diﬀerent temperatures. In the acoustic emission diagram, the yellow represents the tensile damage caused by
the current step, the red represents the shear damage caused
by the current step, and the black represents the damage.
During the temperature loading process, there is a critical
value of unit thermal damage temperature between 60°C
and 75°C. When the temperature is less than the critical
value, the thermal stress does not cause obvious damage to
the shale specimen. When the temperature is greater than
the critical value, the local thermal stress is greater than the
tensile strength of the shale specimen, and the specimen
appears obvious microcracking. It can be seen from the
acoustic emission diagram that the fracture is mainly tensile
failure, and a small amount of shear failure occurs at 90°C.
The higher the temperature, the more serious the damage,
and the microfractures are mainly distributed at the cementation between quartz and shale matrix. This is because
quartz particles are randomly distributed in shale reservoirs,
and the thermal expansion at the boundary between quartz
and shale matrix is uncoordinated.
Acoustic emission number is the elastic wave signal of
element damage initiation and release of shale specimen
under thermal stress, reﬂecting the damage evolution process
of specimen. Figure 9 is the change rule of acoustic emission
number with temperature. During the temperature loading
process, as the temperature increases, the number of acoustic
emissions increases rapidly, and the corresponding thermal
damage becomes more severe. The thermal damage evolution process of shale is divided into not damage stage, microdamage stage, and damage stage. When the temperature is
less than the critical temperature, the acoustic emission num-

ber is basically 0, and there is no obvious damage to the shale
sample. When the temperature reaches the critical temperature, the number of acoustic emissions and the cumulative
number of acoustic emissions begin to appear, and the shale
sample begins to appear microdamage. When the temperature reaches 80°C, the thermal stress increases rapidly, and
the thermal damage of the shale sample develops rapidly.
This is consistent with the above-mentioned damage evolution process. The higher the temperature, the greater the
number of acoustic emissions and the faster the cumulative
number of acoustic emissions increases, indicating that the
higher the temperature, the more severe the thermal damage
of the shale specimen.
5.2. The Change Law of Shale Strength under ThermalMechanical Coupling. During the displacement loading process, the thermal-mechanical coupling eﬀect of shale has a
signiﬁcant eﬀect on the compressive strength and elastic
modulus of shale ﬁlled with quartz minerals. Table 2 shows
the strength and deformation parameters of shale obtained
in the experiment, and Figure 10 shows the change trend
graph of shale compressive strength and elastic modulus with
temperature. With the increase of temperature, the tensile
strength of shale shows a decreasing trend. The compressive
strength is the largest at 30°C, which is 79.79 MPa, and at
90°C, the minimum is 10.15 MPa. The elastic modulus of
shale shows a decreasing trend with the increase of temperature, and the most obvious change is between 60°C and 75°C.
The maximum elastic modulus is 84.9 GPa at 30°C, and the
smallest at 90°C is 54.88 GPa. The thermal expansion of the
quartz mineral particles and the shale matrix is uneven.
The higher the temperature, the greater the thermal stress
generated, and the mechanical properties of shale will
weaken. When the temperature is greater than the critical
temperature, the thermal stress is greater than the maximum
tensile strength of the shale microscopic unit, and thermal
damage occurs in the sample, which leads to increased nonuniformity of the shale. The higher the temperature, the
more serious the microfracture and the lower the bearing
capacity of shale in the displacement loading stage.
5.3. The Inﬂuence of Thermal-Solid Coupling on the Failure
Process of Shale. Figure 11 shows the damage and failure process of shale under thermal-mechanical coupling and the
corresponding acoustic emission diagram. It can be seen
from the ﬁgure that diﬀerent temperature eﬀects have significant eﬀects on the damage evolution and failure modes of
shale, and the failure modes can be roughly divided into three
categories. It is a “V”-shape failure when the temperature is
30°C, 45°C, and 75°C and “M”-shape failure when the temperature is 60°C. When the temperature is 90°C, it is an
inverted “λ”-shape failure. When the temperature is 30°C,
cracks will initiate at the lower left corner of the specimen
ﬁrst. After the cracks appear, stress concentration will easily
occur at both ends of the cracks, causing the cracks to rapidly
propagate to both ends, and ﬁnally, a “V”-shaped crack is
formed. When the temperature is 45°C, cracks appear in
the upper-right corner of the specimen under the combined
action of thermal stress and loading stress. With continuous
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Figure 11: Damage evolution process diagram of shale under thermal-mechanical coupling.
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Figure 12: The relationship between stress level and AE energy
under thermal-mechanical coupling.

loading, an inverted “V”-shaped crack is ﬁnally formed.
When the temperature is 60°C, the crack network during
the instability and failure of the specimen is the most compli-

cated, and the two cracks expand downward at the same
time, forming an “M”-shaped fracture zone. When the temperature is 75°C, microcracks ﬁrst appear in the upper right
corner, and ﬁnally form an inverted “V”-shaped fracture
zone. When the temperature is 90°C, the microcracks ﬁrst
appeared at the left end of the specimen and expanded along
a straight line; then, the right-side microcracks appeared,
quickly expanded to the left, and ﬁnally converged to form
an inverted “λ”-shaped fracture zone. Under the action of
thermal-mechanical coupling, the higher the temperature,
the rougher the cracks. The crack rupture zone at low temperature is smaller. The damage at high temperature mainly
appears in the form of rupture zone, showing obvious plastic
deformation. The main reasons for the above phenomenon
are as follows: on the one hand, the uneven arrangement of
quartz particles in the shale deposition process. The thermal
expansion of quartz and shale matrix is quite diﬀerent, resulting in unstable thermal stress under the action of temperature. As a result, thermal damage occurs at the boundary
between the quartz and the shale matrix, and the bearing
capacity of the shale specimen is reduced during displacement loading. On the other hand, the quartz mineral particles and crystals inside the rock undergo violent thermal
movement under the action of temperature, which is more
prone to microdamage. The strength of the quartz particles
is greater than that of the shale matrix, the cracks are prone
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Table 3: AE energy and fractal dimension values.

Stress level temperature
30°C AE
Ds
45°C AE
Ds
°

60 C AE
Ds
75°C AE
Ds
°

90 C AE
Ds

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0

0

0

0

0

0.00011

0.00182

0.01169

0.07182

0.31024

0

0

0

0

0

0.1632

0.4466

0.7057

0.9033

1.071

0

0

0

0.00006

0.00078

0.00276

0.01097

0.0372

0.12476

0.4857

0

0

0

0.1818

0.3542

0.1754

0.6621

0.7938

0.9432

1.113

0

0.00006

0.0002

0.0008

0.00352

0.00859

0.02739

0.07412

0.19217

0.634

0

0.1516

0.2137

0.4754

0.572

0.6931

0.8288

0.9183

1.127

1.262

0.00047

0.00143

0.00306

0.00553

0.01325

0.02197

0.04228

0.08221

0.17565

0.50713

0.5432

0.6164

0.6677

0.7051

0.7926

0.8448

0.92

0.9928

1.072

1.189

0.01787

0.04349

0.06711

0.08616

0.11039

0.1587

0.22617

0.34097

0.4221

0.53713

1.024

1.051

1.072

1.086

1.101

1.129

1.154

1.193

1.212

1.231

1.4

the quartz ﬁlled in shale under thermal-mechanical coupling has a signiﬁcant impact on its damage evolution
process and failure mode.
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Figure 13: Relationship between stress level and fractal dimension
under thermo-mechanical coupling.

to bend when they pass through the quartz, and the damage
range is larger under the action of external load.
In the acoustic emission diagram, yellow represents the
tensile failure initiated at the current step, red represents
the shear damage caused by the current step, and black
represents the damaged unit. Looking at the acoustic emission diagram, it can be seen that the shale specimens are
mainly tensile-shear failure. The cracks when the specimen
is instability and failure are connected by a tensile damage
unit and a compression-shear damage unit. The cumulative damage development trend of microunits directly
reﬂects the macrofailure mode of shale specimens. The
joint action of thermal stress and external stress will cause
tensile damage when the tensile strength of the specimen
is ﬁrst reached. As the loading process reaches the critical
value of the Mohr-Coulomb strength criterion, the specimen unit appears compression-shear failure. The above
results indicate that the heterogeneous microstructure of

5.4. Fractal Characteristics of Shale Damage Evolution Process
under Thermal-Solid Coupling. Figure 12 is a graph of the
relationship between stress level and AE energy under
thermal-solid coupling. It can be seen from the ﬁgure that
temperature has a signiﬁcant eﬀect on the release of AE
energy, and the law of energy release under the same stress
level at diﬀerent temperatures is signiﬁcantly diﬀerent. Due
to the eﬀect of thermal stress, at 90°C, the shale specimen
begins to microcrack when the stress level is 10%, resulting
in energy release. Except for the stress level at 100%, the
released energy is slightly lower than 60°C, and the rest of
the stress levels of the energy release is maximum. When
the temperature is low (30°C and 45°C), the AE energy
release increases with the increase of temperature, and it is
the smallest at 30°C. When the temperature is high (60°C,
75°C, and 90°C), the release of AE energy at peak stress is
greater. The AE energy release at 60°C is the largest,
followed by 90°C, and the minimum is 75°C. When the
temperature is lower than the critical temperature of damage, there is almost no microfracture in the shale specimen
under the action of thermal stress. Therefore, energy
release begins when the stress level reaches 60% at low
temperature. When the temperature is greater than the
critical temperature of damage, due to the diﬀerent thermal damages at diﬀerent temperatures, the temperature is
higher, and there is an earlier release of AE energy. At
75°C, the stress level reaches 40% and the microcrack
appears and starts to release energy.
Fractal theory can quantitatively describe complex
objects in the world. It is widely used in the ﬁeld of rock failure and helps to reveal the law of damage and fracture of
rocks. In this paper, the fractal dimension of the image is calculated by the box dimension, and the fractal dimension program is written on the MATLAB software platform. Binarize
the acoustic emission diagrams under diﬀerent stress levels
obtained in the experiment, and import the calculation

Geoﬂuids

11
1.265
1.3
1.139

1.2
1.1

1.012

1.0
0.9

0.8855

0.8
0.7590

Ds

0.7
0.6

0.6325

0.5
0.5060

0.4
0.3

0.3795

0.2
0.1
90
0.0
100

20

70
30

40

80

60
50

60

Stress level (%)

70

0.2530
0.1265

50
80

90 100 30

40

0.000

Figure 14: Stress level‐temperature‐fractal dimension relationship diagram.

program to obtain the fractal dimension of the acoustic emission diagrams. The formula is deﬁned as follows:
Ds = −lim

γ→0

lg N ðγÞ
,
lg γ

ð8Þ

where DS is the self-similar fractal dimension of the damage area; γ is the side length of the square box; NðγÞ is the
number of boxes required to cover the damaged area in the
entire graph with a square box with side length γ.
Table 3 shows the AE energy and fractal dimension
values. Figure 13 is a graph showing the change trend of fractal dimension with stress level under thermal-mechanical
coupling. It can be concluded from the ﬁgure that under
the eﬀect of thermal-solid coupling, the fractal dimension
increases with the increase of the stress level. Due to the incoordination of the thermal expansion coeﬃcient between the
quartz particles and the shale matrix during the temperature
loading stage, thermal stress is generated, which leads to the
initiation of thermal cracking of the specimen. The higher
the temperature, the more serious the thermal cracking.
When the temperature is less than the critical temperature
of damage, the fractal dimension begins to appear after the
stress level reaches 10%, and the lower the temperature, the
later it appears. When the temperature is greater than the
critical temperature of damage, the fractal dimension begins
to appear at the beginning of displacement loading. The fractal dimension is the lowest at 30°C, which is 1.071. The fractal
dimension is the largest at 60°C, which is 1.262, and the corresponding failure mode is the most complicated “M” shape.
The fractal dimension is 1.071~1.189, and the corresponding

failure mode is “V” shape. The fractal dimension is 1.231, and
the corresponding failure mode is inverted “λ.” The failure
mode of the specimen is quantitatively analyzed by the fractal
dimension. The larger the fractal dimension at peak stress,
the more complex the failure mode, the rougher the crack,
and the more severe the internal damage. The abovementioned content is depicted in a three-dimensional coordinate system. As shown in Figure 14, we can clearly see
the changing trend of stress level, temperature, and fractal
dimensions. From the perspective of fractal, the inﬂuence of
thermal-mechanical coupling on the failure mode of shale
is conﬁrmed.

6. Conclusion
Shale is often ﬁlled with quartz minerals, and the diﬀerence
in thermal expansion between quartz particles and shale
matrix is an important inﬂuencing factors of rock fracture
under thermal-mechanical coupling. In this paper, the
thermal-solid coupling model is established to study the
inﬂuence of temperature on the mechanical properties and
damage evolution process of quartz-ﬁlled shale, and the following rules are summarized:
(1) The quartz content of the Niutitang Formation shale
in the III District of Fenggang is 35.79%~92.49%, with an
average content of 62.09%. As the depth of burial increases,
the overall quartz content gradually increases. Shale pore
throats are mainly nanopores distributed between 0 and
0.1 μm. Shale pores are concentrated between
0.001 μm~0.01 μm and 0.01~0.4 μm, mainly nanopores, with
a few micron-sized pores

12
(2) The eﬀect of temperature has a signiﬁcant eﬀect on
the thermal damage of shale ﬁlled with a large amount of
quartz. The evolution process of thermal damage can be
divided into nondamage stage, microdamage stage, and damage stage. There is a critical temperature value. When the
temperature is greater than the critical temperature, the specimen unit will experience obvious thermal cracking. The
higher the temperature, the more serious the cracking. The
thermal-mechanical coupling eﬀect has a signiﬁcant eﬀect
on the compressive strength and elastic modulus of shale
ﬁlled with quartz minerals. With the increase of temperature,
the tensile strength and elastic modulus of shale show a
decreasing trend
(3) Temperature has a signiﬁcant inﬂuence on the damage evolution and failure modes of shale under thermosolid coupling. The failure modes can be roughly divided into
three categories. When the temperature is 30°C, 45°C, and
75°C, it is a “V”-shape failure; when the temperature is
60°C, it is an “M”-shape failure; when the temperature is
90°C, it is an inverted “λ”-shape failure. The higher the temperature, the rougher the fracture will be. The damage at high
temperature mainly appears in the form of rupture zone with
obvious plastic deformation
(4) Using the self-similarity of the spatial distribution of
acoustic emission points, we quantitatively analyze the inﬂuence of thermal-mechanical coupling on the failure mode of
shale specimens based on fractal theory. The larger the fractal
dimension, the more complicated the failure mode of the
specimen and the more serious the internal damage. When
the temperature is 60°C, the fractal dimension is the largest,
which is 1.262, and the corresponding failure mode is the
most complicated “M” shape. The fractal dimension is
between 1.071 and 1.189, and the corresponding failure
mode is “V” shape. The fractal dimension is 1.231, and the
corresponding failure mode is inverted “λ shape”.
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