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Abstract

The high temperature and high in-situ stress geological environment can significantly affect the mechanical properties, failure
modes, and deformation characteristics of deep shale reservoirs. In this study, real-time high temperature triaxial compressive
tests simulating the deep shale formation environment (temperature: 25-150 °C, confining pressure: 0—100 MPa) are carried
out. The GSI-strength degradation and constitutive models are derived based on the Hoek—Brown criterion. The results show
that in low confining pressure conditions, the mechanical behavior of shale is greatly influenced by temperature. Compared
with shale at 25 °C, the compressive strength of shale at 150 °C decreases by up to 13.7%, and the elastic modulus decreases
by up to 36.9%. The peak strain was increased by a factor of up to 1.4, and the yield stress level was advanced by as much
as 7.4%. However, in high confining pressure conditions, the shale plasticity characteristics are significantly enhanced and
the failure mode is relatively single. The GSI-strength degradation model can well characterize the variation law of shale
strength with confining pressure under high temperature conditions. The statistical damage constitutive model matches the
actual stress—strain curve very well, and it can fully reflect the deformation and failure characteristics of deep shale. The
findings of this study can help us better understand the variation of mechanical properties of deep shale.

Keywords Deep shale - High temperature and high pressure - Rock mechanics - Hoek—Brown criterion - Strength model -
Constitutive model
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Introduction

Natural gas, as a low-carbon and clean energy source,
is indispensable in the process of optimizing and trans-
forming the energy structures of nations around the world
(Wang et al. 2017; Al-Fatlawi 2018; Sadeq et al. 2020;
Han et al. 2021; Zhang et al. 2022a). Shale gas, as the
main source of natural gas and one of the energy sources
with the most development potential and excellent poten-
tial, makes the global oil and gas industry focus on the
unconventional oil and gas fields with huge potential
(Long et al. 2018; Liu et al. 2021; Zou et al. 2021; Li et al.
2022). The successful development of shale gas in the Ful-
ing area of China has demonstrated that the development
of shale gas would be of considerable significance, with
far-reaching demonstration and leadership roles (Liang
et al. 2020). On the other hand, the unexploited reserves of
deep shale gas (burial depth > 3500 m) are enormous, and
efficient deep shale gas development is a critical guarantee
for China to achieve energy optimization and transforma-
tion (Long et al. 2018; Ma et al. 2021). Therefore, deep
shale gas has become the primary target in the Chinese
energy exploitation field. However, the large burial depth
(>3500 mm), high formation temperature (> 100 °C),
high in-situ stress (>80 MPa) and high horizontal stress
difference (> 25 MPa), are still unavoidable and difficult
problems when designing a hydraulic fracturing stimula-
tion plan (Zeng et al. 2016; Jiang et al. 2017; Duan et al.
2019). The deeper the burial depth, the more complex the
formation environment is, which makes deep shale and

Shale Fractures

Deep shale Geological propertie
High temperature: > 100 °C
High in-situ stress: > 100 MP.
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middle-shallow shale show different rock mechanical
characteristics. The most obvious point is that the brit-
tle character of deep shale will be significantly reduced.
Therefore, to ensure the safety and economy of fracturing
stimulation, it has become an urgent scientific problem
to explore the rock mechanical properties of deep shale
(Fig. 1).

Many scholars have studied the mechanical properties and
deformation laws of deep shale. In terms of rock mechanics,
Wang et al. (2022) systematically revealed differences in the
mechanical behavior of reservoir shale, roof and floor with
downbhole cores in southern Sichuan, China as the research
object. Based on acoustic emission technology, Li (2021)
studied the mechanical characteristics of shale under differ-
ent formation temperatures (20-60 °C) and confining pres-
sures (90-130 MPa), and found that the plastic enhance-
ment of deep shale is one of the important factors for the
poor effect of hydraulic fracturing. The findings of Masri
et al. (2014) and Mohamadi and Wan (2016) showed that
the increase in temperature will reduce the magnitude of the
decrease in shale strength and notably affect the deforma-
tion ability of shale. Guo et al. (2020) and Fan et al. (2021)
found by experiment that the complexity of the rupture
surface of shale with bedding plane angles of 0°, 45° and
90° were more sensitive to temperature changes and more
prone to strain softening effect. Under thermal-cold shock
conditions, Wu et al. (2018) and Guo et al. (2022) evalu-
ated the variation law of rock properties in shallow and deep
shale. Yang et al. (2021) carried out the Brazilian splitting
test of shale at 600 °C, and the results show that 400 °C is
the critical value for the change of shale tensile strength.
S. Han et al. and Vishal et al. Vishal et al. (2022) studied

Approximate distance
from surface: > 3500 m

Fig. 1 Geological environment of deep shale (modified from Department of Energy 2012)
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the crack propagation mechanism of shale and found that
high temperature is conducive to crack propagation. Tak-
ing brittleness as the starting point and combining with the
triaxial mechanical test of shale, many literature (Liu et al.
2020a; Wan et al. 2022; Yi-Sheng et al. 2022) discussed
the elastic—plastic characteristics of shale under different
mineral content and the factors of transition from brittle-
ness to ductility. In terms of the rock damage constitutive
model, since Lemaitre (Lemaitre 1985) proposed the strain
equivalence theory, many scholars have established rock
constitutive models suitable for different test conditions
on this basis. Qi et al. (2021) established an elastic—plastic
constitutive model based on Unified strength theory, which
better reflects the rock microporosity compaction phenom-
enon in the compressive test. Xing et al. (2020) established
a high temperature constitutive model for shale based on
the Drucker-Prager hardening criterion and extended it to
other rock materials. Based on the Drucker-Prager criterion
and Weibull distribution, Zhang et al. (2020) derived the
constitutive model of sandstone under freezing conditions.
Based on the Mohr—Coulomb criterion, Jiang et al. (2021)
derived a sandstone constitutive model under the influ-
ence of temperature and explained the physical meaning
of the parameters in the model. Liu et al. (2018) derived
a 4-parameter rock constitutive model based on Maximum
tensile strain criterion and proposed a method for estimat-
ing the rock elastic modulus. Zhao et al. (2019 and Ye et al.
(2022) considered the effect of temperature on the thermal
damage of shale, and the proposed intrinsic model can
accurately reflect the deformation characteristics of shale
at high temperature. In addition, many scholars (Wang et al.
2018; Xu et al. 2018; Liu et al. 2020b, ¢) have done a lot of
research on the constitutive model of thermal damage, all of
which reveal the effect of temperature on the deterioration of
physical and mechanical properties of rocks. Although the
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Fig.2 Sampling Point, Shale landscape and sample preparation

above studies have considerably enriched the development of
rock mechanical characteristics and damage evolution laws,
none of them has considered the relationship between rock
deformation and stress under the action of real-time temper-
ature. When the heat treatment temperature does not reach
the rock's threshold temperature, the preheated samples'
experimental results do not represent the real mechanical
characteristics of the rock under the high temperature forma-
tions (Zhang et al. 2022b). In addition, the strength criterion
introduced in the above constitutive model has certain limi-
tations (Chen et al. 2021). Therefore, in this paper, real-time
high temperature and high stress triaxial compression tests
were conducted on the rock mechanics test system for the
shale of the Lower Silurian Longmaxi formation. Based on
real-time high temperature triaxial compressive test, a GSI-
strength degradation model of shale under temperature effect
is established. Meanwhile, the statistical damage constitu-
tive model of shale under high temperature and high stress
was derived based on the GSI-strength degradation model
with the starting point that the strength of rock micro units
conformed to the Weibull statistical distribution law, and
the model matched the actual test curves to a high degree.
The research results can provide certain ideas for solving
the problems encountered in deep shale hydraulic fracturing
stimulation.

Materials and test system

Sample preparation

The shale outcrops chosen for the test came from Shizhu
County (Geographical coordinates: N: 29°39'-30°33’,

E: 107°59'-108°34") in China's Sichuan Basin (Fig. 2a),
which is one of the most successful areas for deep shale
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hydraulic fracturing stimulation in China. The shale
belongs to the lower Silurian Longmaxi formation in the
Fuling area of the Sichuan Basin. From the sampling site
(Fig. 2b), the shale bedding in this area is relatively devel-
oped, the surface weathering degree of the outcrop is high,
making sampling challenging. After stripping the weath-
ering layer from the surface of the shale outcrop, we col-
lected complete shale blocks measuring approximately
600 mm X400 mm X400 mm. In the vertical bedding plane
direction, we drilled long cylindrical shale using water-
inject coring and ground the fragments for X-ray diffraction
analysis. According to the sample processing method rec-
ommended by ISRM (ISRM 1984), the shale was processed
into standard cylindrical shale samples of @25 mm X 50 mm
(Fig. 2¢). Meanwhile, we tested the fundamental physical
properties of the processed shale samples and selected sam-
ples with similar physical properties for the next step of high
temperature triaxial compressive tests (Table 1).

Experimental equipment and procedure

The modified Rock mechanics test system (XTRO01-01) of
WHRSM, CAS was used to conduct real-time high tem-
perature triaxial compressive tests (Fig. 3a). The maximum
heating temperature of the heating module in the test system
is 250 °C, and the temperature control accuracy is+0.1 °C.
The overall stiffness of the frame in the stress loading mod-
ule is 11GN/m, the ultimate axial load is 2000 kN, and the
ultimate confining pressure is 150 MPa. The axial strain
sensor is a 6 mm linear variable differential transformer
(LVDT), and the radial strain sensor is a circumferential
strain gage with a range of 8 mm, both of which have a
control accuracy of 1%o (Fig. 3b). Considering the complex
formation environment in deep shales (>3500 m) (He et al.
2021; Zhang et al. 2022a), the confining pressure and tem-
perature were set to 0-30-60-100 MPa and 25-80-150 °C,
respectively.

Table 1 Sample information

. Sample no.*  Diameter Height Test types Properties Mean + standard deviation
and fundamental physical
properties mm mm
TCS-0-25 25.14 49.94  XRD test Density (g/cm?) 2.41+0.03
TCS-30-25  25.15 50.02 Permeability (10 pm™2)  0.208+0.126
TCS-60-25 25.15 50.06 Porosity (%) 6.374+1.573
TCS-100-25 24.77 50.04 P-wave velocity (m/s) 4222.9+180.2
TCS-0-80 25.12 50.06
TCS-30-80 25.15 49.89
TCS-60-80 25.14 50.08  Triaxial
TCS-100-80  25.14 50.01 compres-
TCS-0-150 2513 50 sive test
TCS-30-150  25.13 49.99
TCS-60-150  25.15 49.96
TCS-100-150 25.13 50.06

4TCS-0-25, where 0 represents the confining pressure of 0 MPa and 25 represents the temperature of 25 °C

Fig.3 Rock mechanics test
system and strain sensor
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The real-time high temperature triaxial compressive test
process mainly includes heating and stress loading. Firstly,
put the complete sample into the heat shrinkable tube, use
the high temperature hot air gun to make the upper and lower
end caps and the sample stereotypes, and check the overall
sealing of the sample. The radial and axial strain gages are
installed around the sample to ensure proper transmission
of sensor signals. Put the sample into the triaxial chamber,
install the temperature probe, and inject the hydraulic oil.
The sample was heated to the target temperature value at a
rate of 2 °C /min through the heating device and kept con-
stant in the triaxial chamber for 2 h to ensure uniform heat-
ing of the whole sample. Then confining pressure was then
applied to the target value at a loading rate of 0.5 MPa/s.
Finally, the axial stress was applied in an axial displacement
control mode with a rate of 0.002 mm/s until the sample fail-
ure and achieved the residual strength. Data monitor records
the data throughout the test.

Main experimental results
Whole-rock mineral content

The XRD result of shale (Fig. 4) shows that the main min-
eral is quartz, which accounts for more than 67% of the
whole rock-mineral content, and the clay mineral content is
18%, which is relatively small, followed by small amounts
of Dolomite, Plagioclase K-Feldspar, Calcite, and Pyrite.
In general, the Shizhu shale is high in brittle minerals and
belongs to the quartz-rich shale category, with good fracabil-
ity, which is a crucial factor in causing hydraulic fractures to
form complex morphologies.
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Fig.4 XRD (X-ray diffraction pattern) result of shale

Mechanical property

The real-time high temperature triaxial stress—strain curve of
shale is shown in Fig. 5. It is not difficult to find that most of
the stress—strain curves contain 4 stages (compaction stage,
elastic stage, yield stage, and residual deformation stage). It
is worth noting that the stress—strain curves under uniaxial
conditions exhibit good brittle characteristics whether at
25 °C, 80 °C or 150 °C. This is because the linear growth
trend of the curve is obvious before the deviatoric stress
drop, and no obvious yield point is observed during this
process (o in Fig. 4d). o, is the point at which the rock tran-
sitions from elastic to inelastic (Brady and Brown 2006), and
the yield stage is the primary characteristic of shale plastic
deformation. On the other hand, before the peak deviatoric
stress suddenly drops, there is an obvious inflection point in
the change rate of radial strain compared with axial strain.
At this inflection point, the change rate of radial strain began
to increase rather than follow a linear growth trend. This
means that the initiation and propagation of fractures paral-
lel to the loading direction is the primary mode of the final
failure of the sample, which can be observed in “Failure
mode” section (failure mode of the sample). Under triaxial
conditions, stress—strain curves show apparent changes, such
as a greater rate of the elastic stage curve rise, a longer yield
stage, and a slower rate of post-peak curve drop. Although
the overall stiffness of the sample becomes larger with the
increase of the confining pressure, the sample accumulates
more damage before the failure, and part of the work done
by the external force is converted into plastic energy inside
the sample.

Furthermore, most triaxial stress—strain curves exhibit
significantly different yield and residual deformation stages
under different temperature conditions. This indicates that
most shales have produced varying degrees of plastic defor-
mation. To some extent, temperature changes will affect
shale's transition from elastic to plastic. When the bias stress
rises further to the peak point, the stress—strain curve under-
goes a short drop and flattens out. Under the same confining
pressure conditions, the yield stage of the stress—strain curve
at 80 °C appears earlier than at 25 °C, and this phenomenon
is more obvious at 150 °C. This phenomenon occurs because
Mineral particles in shale expand unevenly as temperature
rises, which leads to the rapid increase of microcracks, thus
leading to the advance propagation of cracks in shale (Ling-
dong et al. 2021), the plastic deformation of shale is aggra-
vated. In addition, the frequency of stress drops increases
but the amplitude of the drop decreases as temperature rises,
according to the post-peak stress—strain curve, and the stress
in the residual deformation section is also relatively high,
and this phenomenon is most significant at 150 °C. This
implies that the increase in temperature causes discontinuous
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Fig.5 Stress—strain curves for shale: a 25 °C, b 80 °C, ¢150°C, d Typical stress—strain curve. o: yield stress, 6, — o5: peak deviatoric stress, ¢,.:

residual stress, €: yield strain, £,: peak strain, E: elastic modulus

rupture of the main surface of rupture, and this discontinu-
ous rupture will increase the frictional strength between the
surface of rupture (Guo et al. 2022), resulting in an increase
in residual stress. In summary, confining pressure triggers
the transition of shale from brittle to plastic, and an increase
in temperature exacerbates this process.

The relevant mechanical parameters of shale after
real-time high temperature triaxial compressive tests
are shown in Fig. 6. For the purpose of analysis, we use
room temperature (25 °C) uniaxial (c;=0 MPa) shale as
a benchmark for evaluating the mechanical properties
of high temperature and high stress shale rocks. From
Fig. 6a, the peak deviatoric stress (o, — o3) of all shales
is mostly distributed in the range of 100-410 MPa. At a

@ Springer

certain temperature, as the confining pressure rises, 6; — o5
of shale generally presents an increasing trend, which is
a similar law to what most scholars have found (Chen
et al. 2019; Yang et al. 2020; Hu et al. 2021). When the
temperature changes, we can find that under the uniaxial
condition, o; — o5 gradually decreases as the temperature
rises. The largest decrease ratio of uniaxial compressive
strength of shale at 150 °C relative to 25 °C was 13.7%,
while it was only 4.9% at 80 °C. In the triaxial condition,
the confining pressure is 30 MPa and 60 MPa, showing a
roughly decreasing trend as temperature rises. When the
confining pressure reaches 60 MPa, the shale at 150 °C
decreased the most, which was 9.2% lower than that of
the shale at 25 °C. This is because under the condition of
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Fig.6 Mechanical parameters of shale: a peak deviatoric stress, b peak strain, ¢ elastic modulus, d yield stress, e stress level

medium and low confining pressure, the higher the heat-
ing temperature, the more intense the thermal motion of
the rock crystal particles, and the cohesion between them
is weakened, and the particles are easily displaced, which
can induce the appearance of new micro-cracks, thereby
enhancing the plastic of the rock, resulting in a decrease
in the compressive strength (Suo et al. 2020). However,
when the confining pressure comes to 100 MPa, ¢, — o,
does not decrease significantly as the temperature rises.
Instead, the difference between o, — o5 starts to become
smaller. The shale at 150 °C is only 3.9% lower than that
at 25 °C. This may be because the high confining pressure
will effectively suppress the movement between rock par-
ticles induced by temperature. At this time, for the change
of compressive strength, the confining pressure occupies
the dominant role, and the role of temperature change is
no longer significant.

At the peak deviatoric stress, we recorded the corre-
sponding peak strain (g;), and the results are shown in
Fig. 6b. Obviously, under different temperature conditions,
€, generally shows a trend of increasing as the confining
pressure rises. When the temperature changes and the con-
fining pressure does not change, we can find that the shale
with the ;<60 MPa, the higher the heating temperature,
the higher the value of £,. When ;=100 MPa, the ¢, value
of shale at 25 °C and 80 °C is roughly similar, which is
about 4.2 times that under room temperature uniaxial con-
dition, while the g; value of 150 °C shale will continue
to rise, which is 5.2 times that under room temperature
uniaxial condition. This means that the change of €, value
is only sensitive to high temperature, and is no longer sen-
sitive to medium and low temperature, especially when the
confining pressure is high.
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At the elastic stage of the stress—strain curve, we calcu-
lated the elastic modulus (E) of the shale, and the results
are shown in Fig. 6¢c. At the same temperature, the E gen-
erally shows an increasing trend as the confining pressure
rises. E distribution of shale at 25 °C and 80 °C is between
18.8 and 33.4 GPa, while that of shale at 150 °C is between
18.9 and 263 GPa. When the confining pressure is constant,
the increase in temperature will cause the decrease of E.
Among them, 150 °C has the most obvious effect on E. At
03=60 MPa, 150 °C decreased by 36.9% relative to 25 °C.
This is mainly because as the temperature rises, the pore
volume of shale expands and the pore morphology will also
change. These changes enhance the deformability and ductil-
ity of shale while weakening its own stiffness (Masri et al.
2014).

In addition, we recorded the yield stress (o)) of the shale
and the stress level relative to o, — 05. From Fig. 6d, e, we
can see the oy, distribution of 25 °C and 80 °C shales ranges
from 106 to 287 MPa, at 70-93% of the 6, — o5 stress level.
150 °C shales have an o, distribution of 90-255 MPa, at
65-85% of the 0| — o stress level. This means that at a cer-
tain confining pressure, an increase in temperature will accel-
erate the transition from elastic to inelastic shale. Among
them, the acceleration effect of 150 °C is obvious, and the
stress level for plastic deformation is advanced by 7.4% for
uniaxial shales and by 5.4% for ;=100 MPa shales.

Fig. 7 Failure morphology of
shale

Failure mode

To further clarify the failure mode of the shale, we took
photographs of the samples. From Fig. 7, all shales can
be divided into three main failure modes: tensile failure,
shear failure and tensile-shear composite failure. Under
uniaxial conditions, the shales all show a tensile failure
mode. At 25 °C, the shale consists mainly of a single
main tensile fracture and a few small tensile fractures, and
the main fracture is parallel to the loading direction and
through the sample. At 80 °C, the shale consists mainly
of several medium-sized tensile fractures parallel to each
other, making the whole sample split to both sides, result-
ing in obvious volume expansion. At 150 °C, the shale
consists mainly of a single main tensile fracture and local
small tensile fractures. Under triaxial conditions, the shale
gradually exhibits a shear-dominated failure mode. When
the confining pressure reaches 30 MPa, the shale gradu-
ally transitions from the composite failure mode of single
oblique shear fracture + tensile fracture to the composite
failure mode of “V” type shear fracture + tensile fracture
as the temperature rises. When the confining pressure is
60 MPa, the shale at 25 °C and 80 °C mainly exhibits the
pure shear failure mode of single oblique shear fracture
and “V” type shear fracture, while the shale at 150 °C

Confining Pressure (MPa)

25

¢

Temperature (°C)
80

150
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still shows the composite failure mode of single oblique
shear fracture + tensile fracture. This is because under low
medium confining pressure conditions, high temperatures
can effectively weaken the cementation ability between
bedding plane or between natural fractures, which can eas-
ily open these fractures during shale failure slip, result-
ing in a multi-fracture failure mode. However, when the
confining pressure rises to 100 MPa, the weakening effect
of high temperature seems to lose its effect. At this point,
all shales exhibit a pure shear failure mode with a single
oblique shear fracture and no other fracture opening.

GSI-strength degradation model
and statistical damage constitutive model

GSl-strength degradation model

In 1980, E. Hoek and E. T. Brown first proposed Hoek—Brown
strength criterion, which can reflect the nonlinear empirical
relationship between the maximum principal stresses during
rock failure (Hoek and Brown 1980). Over the years, the cri-
terion has formed a more complete system through the con-
tinuous development and improvement of a large number of
researchers. Undoubtedly, the H-B strength criterion is the
most commonly used and influential rock strength criterion.
Subsequently, E. Hoek et al. improved the H-B strength cri-
terion in 1992 and named it the generalized H-B strength cri-
terion, which is now more widely used, with the following
expressions (Hoek et al. 1992):

(mates)
o, =03+0. |\ my—+s (1)

GC
where o, is the maximum effective principal stress, o5 is the
minimum effective principal stress, o, is the uniaxial com-
pressive strength of intact rock, my,, s and a are empirical
parameters with a scale of 1 that reflect the characteristics
of the rock mass, respectively. m, and a are for different
rock masses, and s reflects the degree of rock fragmentation.
Subsequently, Hoek et al. (Hoek 1994; Hoek et al. 2000)
further introduced the geological intensity index (GSI) and
m; (an empirical parameter with the same scale of 1 as m,)
to determine the values of my, s, a:

For rock mass with good quality, GSI>25.0, there is the
following equation (Feng et al. 2018; Zhang et al. 2019).

e (GSI— 100>m‘
b — p 28 i
s:exp(w) )
9
a=0.5

For intact rock materials, such as shale at 25 °C, the
GSI=100. For rocks that have undergone thermal damage,
the weakening of their properties leads us to equate them
to non-consecutive rocks (Hou and Peng 2019), whose GSI
must decrease. Therefore, to use the H-B strength criterion to
describe the variation law of shale strength under high temper-
ature and high stress conditions, it is first necessary to obtain
the weakened GSI value. The determination of GSI at different
temperatures mainly adopts the following equation.

When 6;=0 MPa, Eq. 1 can be simplified to:

GSI — 100 )045

5 3

0, =0, exp <
In addition, using the uniaxial compressive strength of
shale at different temperature conditions:

o = 0,(25°C, 80°C, 150°C) @)

The GSI values at different temperatures can be obtained,
and the m; values of shale at different temperature and con-
fining pressure can be fitted by taking them into Egs. 1, 2.
The value of s can be obtained from the GSI value. The
curves of GSI-strength degradation model are obtained by
combining the data points of different confining pressures
under the same temperature condition and using the least
squares method to obtain the values of m; and my,.

Verification of GSI-strength degradation model

Figure 8 demonstrates the variation law of the peak
stress with the confining pressure described based on
the GSI-Strength degradation model. It is obvious that
the shale strength envelope under different temperature

600
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| [===25C
500 | |===80C [GSI-Strength degradation model
| [===150¢C _= z fE'
450 | %~ -
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Fig.8 GSI-Strength degradation model fitting curve
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Table2 Main par ameters of Temp o, GSI M, My, s GSI-strength degradation model R?
GSI-Strength degradation R .
model C MPa
0.5
25 122710000 1222 1222 100 4 =g, 4 050 (122203 /0gosc) + 1) 0.999
0.5
80 167 9910 1407 1363 091 4 =5 4o (13.6303/0gsc +0.91)"°  0:992
0.5
150 1058 9734 1217 1L0T 074 5 _yyo o (110703 /0,0 +0.74)" 0995
Damage constitutive model based on GSI-strength
o el degradation model
~ ~ -
9951 S In this section, combined with the GSI-strength deg-
“a radation model under high temperature and high stress
90 N conditions in the previous section, the statistical damage
% / S constitutive model of shale is derived by introducing the
8.5 - \ . SR
’ ST~ ot 23 1@ 25y 1100 \ Weibull distribution. The solved model parameters and
a=-7.0488¢-5 AN total damage variables are used to characterize the fine-
98.0 b=-0.01243 N . . .
25 N scale damage evolution of the shale, predict its macro-
o5 R=1 AN scopic deformation damage law, and validate it using
' Y experimental data.
070 L 1 | . . | . According to the strain equivalence theory and effective
20 40 60 80 100 120 140 160 stress principle proposed by Lemaitre (Lemaitre 1985), the
Temperature (C) relationship between nominal stress A and effective stress

Fig.9 Fitted curve of GSI with temperature

conditions exhibits a significant nonlinearity, which is
in good accordance with the experimental data. This
indicates that the GSI-Strength degradation model can
better characterize the variation law of shale strength
under different temperature and confining pressure
conditions compared with other linear models. The
main parameters of the GSI-Strength degradation
model are shown in Table 2. It can be seen that the
GSI value and s value gradually decrease with increas-
ing temperature. The correlation coefficients of the
GSI-strength deterioration models for 25 °C, 80 °C and
150 °C are all greater than 0.99. In addition, the GSI
value has a good nonlinear relationship with tempera-
ture. Therefore, it seems more reasonable to fit it with
a quadratic polynomial. Since the damage degree of
shale is low under medium and low temperature condi-
tions, the damage degree of shale is greatly increased
under high temperature conditions. The higher the
temperature, the faster the shale strength degrada-
tion. The specific fitting results are shown in Fig. 9.
Finally, we bring the fitting results into Eqs. 1, 2 to
get the GSI-strength degradation model based on the
H-B strength criterion.

@ Springer

C can be expressed as:

[o] = [¢*](1 - [D]) ®)

where [o] is the nominal stress matrix, [¢*] is the effective
stress matrix, and [D] is the damage matrix, respectively.
From Eq. 5, it can be seen that D=1 when [c]=0, at which
point the rock is in a state of complete failure. However,
laboratory tests show that under triaxial conditions, the
stress does not drop completely to O when it reaches its peak,
but instead there is a residual stress o, due to the frictional
strength of the rupture surface. Thus, the nominal stress can
be composed of the residual stress o, provided by the dam-
aged part of the rock and the effective stress ¢* provided by
the undamaged part (Zhang et al. 2020; Chen et al. 2021),
Eq. 5 can be rewritten in the following form:

o, =0,(1-D)+0oD (6)

In addition, the stress tested by laboratory rock mechan-
ics tests is generally deviatoric stress, and to conform to the
stress—strain curve of the actual test, Eq. 6 can be further
rewritten as:

6, — 03 = (UT —0;)(1 - D)+ (Gr—O';)D

(N

The damage accumulated by the micro unit will cause the
degradation of rock properties and result in rock damage.
Therefore, D can be expressed as the ratio of the number of
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accumulated damages of micro units (Ny) to the total num-
ber of micro units (N) as the following equation:
_ N
N

D ®)

For the applicability of the constitutive model and we
can get a clearer understanding of the relationship between
the model parameters, the following assumptions need to be
stated in advance:

(1) The damage to the rock is homogeneous.

(2) Rock microunits strictly conform to Hooke's law before
damage. The damage of undamaged microunits is
instantaneous and yielding satisfies the H-B strength
criterion (Egs. 1, 2).

(3) Heat transfer in rocks is carried out only in the form
of heat conduction, and heat transfer in the form of
convection and radiation is not considered.

(4) The rocks are microscopically joined by random non-
homogeneous particles and the strength of the micro
units conforms to the Weibull distribution.

Also, we introduce the Weibull distribution (Eq. 9) and
bring Eq. 8 into Eq. 9 to obtain Eq. 10. Based on assumption
(2) we can also obtain Eq. 11.

HB r=1 4
_ r({x (X
Nd_/o Nﬁ(ﬂ) exp[ <ﬁ> ]dx ®

D= 1-ewp |- (1Y |

*

1

10)

o) =05 = Ee) (11

where E is the modulus of elasticity of the rock, and eT is the
effective strain, y and g are Weibull distribution parameters,

between rock micro units. Combining Eqgs.7, 10 and 11, we
obtain Eq. 12. At the same time, f;3(c*) can be expressed as
an invariant of the effective stress tensor of the following form
(Eq. 13) (Ma et al. 2020), whereupon fi;53(c*) can be further
expressed as Eq. 14.

01—y = [Ee, — (6, )] exp [_ <fHB;"*)>y] +(0,- )

(12)

\ N 3423 .
fian(0°) = oum - +30; + 3 3acmi\/z (13)
fun(6*) = o,m;Ee, + (Ee, — 0;)° (14)

where ;’ = 0'1“ + a; + 0';‘ is the first invariant of the effective

stresstensor,J;‘ = é[(o-f - 6;)2 + (o-ik - 0';‘)2 + (0';‘ - 0';‘)2]
is the second invariant of the partial effective stress tensor,
respectively. o, and m; can be obtained from the parameters
obtained by the GSI-Strength degradation model in Table 2,
so that the degradation effect of high temperature on rock
properties can be reflected in the statistical damage constitu-
tive model.

Combined with the geometric conditions of the shale
stress—strain curve (Fig. 4), it can be known that (1)
oy —03=0,¢ =¢, and (2) 0y —03 = o'p,dzrp/dep =0.
Bringing in the boundary conditions, the partial derivative
of Eq. 12 can be obtained as follows:

fHB<6;) _ Jus (0';>
i - y(Esp— (o-r—a3)><0'cmi+2E£p—20'3>
(15)

By simultaneous Eqgs. 12 and 15, the parametric expres-
sions can be derived as:

14

respectively. Jus (‘7; )

From the laboratory test data, we can see that the radial 7 = Ee —(or—05)
strain of the rock is much smaller than the axial strain. We (Efp ~ (6~ 03) ) <Gcmi +2Ee, - 253) In p,,T
can assume that the damage of the rock occurs mainly in the ’ (16)
axial direction and the radial damage is neglected, so we have
o5 = 0, and o] = 0. The effective strain (¢7) can be equated
to the axial strain (€,) by the coordination of deformation
Table 3 Constitutive model Sample no o,—0; &% EMPa o-0, o,MPa ml 7l f 10°
parameter value under different MPa P MPa
temperature confining pressure
conditions TCS-0-25 1227 0517 25610  69.0 1227 1222 1169 251912

TCS-30-150 231.2 1.250 26,324 178.9 105.8 12.17 1.72 497.588
TCS-60-150 288.1 1.791 21,072 262.6 105.8 12.17 1.77 465.848
TCS-100-150 392.1 2.682 21,213 100.0 105.8 12.17 1.93 140.402
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Verification of damage constitutive model

ﬁ:

By selecting the stress—strain curves and related mechani-
cal parameters of some shale in “Mechanical property” and
“Verification of GSI-strength degradation model” sections,
the model parameters in the damage constitutive model
can be obtained. The detailed results are shown in Table 3.
Combined with the model parameters, we compared the

@ Springer

experimental curve and the model prediction curve, and the
comparison of the two curves is shown in Fig. 9.

The actual test and model prediction curves in Fig. 10
have a high degree of matching. This shows that the statisti-
cal damage constitutive model based on the GSI-strength
degradation model established in this paper can effectively
reflect real-time high temperature shale deformation char-
acteristics during stress loading. Although the stress drop
characteristics at post-peak of the stress—strain curve are not
very obvious in the model prediction curve, the peak stress
and peak strain calculated by the effective stress principle
are basically consistent with actual test data. In general,
the model can reflect the failure law of rock under ther-
mal-mechanical coupling to a certain extent.
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Discussion

Although the improved GSI-strength degradation model
based on the H-B strength criterion can be used to charac-
terize the change of rock strength under the coupled ther-
mal-mechanical coupling effect, the derived statistical dam-
age constitutive model still has certain limitations. There
are two main points: 1. It is not difficult to see from Eq. 12
that the damage constitutive model is mainly related to the
residual strength and elastic modulus of the rock. Therefore,
when selecting experimental data to check the model's valid-
ity, data with obvious strain characteristics at pre-peak and
post-peak should be selected. 2. The assumptions used to
derive the model mean the model has certain limitations, so
the model can only be applied when the rock material meets
these conditions. Consequently, to maximize the practical
usefulness of the damage constitutive model, the above defi-
ciencies need to be further improved and refined in future
research work.

Even though the GSI-strength degradation model and
the constitutive model cannot 100% predict the mechanical
properties of rocks and describe the stress—strain curve of
the whole process, they still do not affect their applica-
tion in engineering practice. Especially when basic rock
mechanics data is needed to optimize hydraulic fracturing
stimulation parameters, but it is difficult to obtain down-
hole cores and the experimental environment of formation
temperature and stress are difficult to achieve, the above
model is undoubtedly an effective tool for predicting rock
mechanical properties. Overall, the research results of this
paper are enlightening for solving the difficult problems
encountered in the development of deep shale gas.

Summary and conclusions

In this paper, the lower Silurian Longmaxi Formation
shale is taken as the research object, real-time high tem-
perature and high stress triaxial compression tests were
conducted, and GSI-strength degradation and constitutive
models were derived. The main conclusions are as follows:

(1) The temperature increase will lead to a maximum
decrease of 13.7% in peak deviatoric stress, a maxi-
mum decrease of 36.9% in elastic modulus, a maxi-
mum increase of 140% in peak strain, and a maximum
advance of 7.4% in yield stress level. Under high con-
fining pressure, peak strain and elastic modulus are
only sensitive at 150 °C

(2) Under the condition of low confining pressure, high
temperature can effectively affect the failure mode of
shale. As the confining pressure increases, the shale
will change from the multi-fracture tensile-shear com-
posite failure mode to a single shear fracture failure
mode, and the effect of temperature on the failure mode
is not obvious anymore. The confining pressure will
trigger the transition from brittle to plastic shale, and
the increase in temperature will accelerate this process.

(3) The proposed GSI-Strength degradation model can
characterize the variation law of shale strength with
confining pressure and better describe the nonlinear
characteristics exhibited by the strength envelope.

(4) The shale statistical damage constitutive model is in
excellent agreement with the actual stress—strain curve
and can fully reflect the shale deformation and failure
characteristics under deep formation conditions.
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