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With the ever-increasing demand for energy, energy mining is developing in the deep
underground. In this paper, a conventional triaxial test and a triaxial test at different
temperatures (45 MPa confining pressure) have been carried out for sandstone in Hutubi
gas storage, and the mechanical properties of the sandstone at different temperatures are
analyzed. Based on the damage theory, the damaged relationship of sandstone under thermal-
mechanical coupling is deduced, and the damage evolution law of sandstone in gas storage is
analyzed. The results show that: 1) In the conventional triaxial test, as the confining pressure
increases, the peak strength and elastic modulus of the sandstone are higher, and the specimen
is partially sheared and damaged. 2) In the triaxial test under the effect of temperature, the peak
strength of the sample decreases with the increase of temperature. Compared with the four
stages of the conventional triaxial test, the stress-strain curve adds a ductility stage. The failure
mode of the sample is mainly micro-cracks extended ductile destruction. 3) Under the thermal-
mechanical coupling of sandstone, the higher the test temperature, the greater the initial damage
of the sample. With the joint action of axial force and temperature, the damage of specimen
becomes more obvious. This research results can provide the experimental basis and
mechanism understanding for the analysis of mechanical properties of gas storage
sandstone and the application of deep underground engineering.

Keywords: sandstone, high temperature, high pressure, strengtch, damage evolution

INTRODUCTION

In recent years, with the increasing demand for energy in China, more and more energy projects have
entered deep mining. When a rock mass exists deep within the strata, the mechanical properties and
deformation properties of rock mass are significantly different from the engineering response of
shallow rock mass (Qian, 2007; Xie, 2017). At the same time, the study of mechanical properties and
deformation of engineering rock mass in the high ground stress, high ground temperature, and high
karst water pressure environment plays an important role in the stability of deep engineering.
Therefore, it is necessary to conduct in-depth research on the mechanical properties of rock mass
under high confining pressure and high temperature to reveal the failure characteristics of the
rock mass.
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FIGURE 1 | Test equipment. (A) The TFD-2000 triaxial test system. (B) The Scanning electron microscope.
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FIGURE 2 | Sandstone sample and SEM micrograph. (A) Sandstone sample. (B) SEM micrograph.
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TABLE 1 | Sandstone test plan for gas storage.

Sample No. Diameter/mm Length/mm
1 25.20 51.00
2 25.30 52.00
3 25.30 51.20
4 25.20 51.10
5 25.30 52.30
6 24.81 49.84
7 25.07 51.00
8 25.10 51.00
9 25.10 52.00

Many scholars have conducted a lot of research on the
mechanical properties and deformation characteristics of rock
mass under the action of high ground stress, high ground
temperature, and high karst water, and some important results
have been obtained. Under high ground stress conditions,
Corfdir and Sulem (2008) conducted comparative tests of

Density g/cm® Confining Temperature/°C
pressure/MPa
2.05 0 25
2.23 10 25
2.22 20 25
2.28 30 25
2.22 45 25
2.01 45 30
2.09 45 60
2.09 45 75
2.07 45 90

tension and triaxial compression of tight sandstone and
sandstone. Beibei Yang et al. (2020) conducted multi-stage
cyclic loading and unloading triaxial compression tests on
granite and red sandstone under two stress paths with
different confining pressures, different amplitudes, and the
same amplitude. Zhou (2006) studied the shear failure
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FIGURE 3 | Energy spectrum analysis and mineral element content of sandstone in gas storage.
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FIGURE 4 | The conventional triaxial compression stress-strain curve of
sandstone.

direction of brittle rock under triaxial compression by using
strain energy density factor method. Li and Gong (2020)
carried out triaxial single-cycle loading and unloading
compression tests of red sandstone samples under different
values of confining pressure to study the energy storage
characteristics of deep rocks. Chen et al. (2021) studied the
mechanical properties of rock-coal composite specimens by
triaxial compression tests with confining pressures ranging
from 0 to 20 MPa. Taking the temperature effect of the rock
into consideration, Zhao et al. (2017) carried out the acoustic
emission characteristics and macroscopic mechanical
properties evolution of granite under high temperature and
high pressure. Kumari et al. (2019) studied the effects of
different heating temperatures (from room temperature to
1,000°C) and cooling treatments (constant high temperature,
slow cooling, and rapid cooling) on the tensile strength and
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FIGURE 5 | Peak stress of sandstone under conventional triaxial
compression.

microstructure changes of Australian granite. Zhou et al.
(2021) carried out uniaxial compression tests of granite with
prefabricated cracks at three dip angles and thermal-
mechanical coupling at 25-700°C, and studied the
relationship between strength change of granite specimens
and crack arrangement and temperature. Qin et al. (2020)
conducted uniaxial and triaxial tests to study the physical and
mechanical properties of granite before and after high-
temperature treatment at an indoor temperature of 1,000°C.
Yin et al. (2021) experiment show that the development of
thermal defects increases sandstone porosity from 18.59 to
26.49% in the range of 100-800°C. Tang et al. (2019) studied
the effects of temperature and time on the physical,
thermoelectric, and mechanical properties of fine marble.
Zhang et al. (2019) studied the impact of sandstone micro-
damage on macro-physical and mechanical properties under
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FIGURE 6 | Elastic modulus of sandstone under different confining
pressures.

high temperatures. Mohamadi and Richard (2016) used
triaxial compression tests to study the mechanical properties
of shale under the coupling effect of high ground stress and
high temperature. Wang et al. (2019) and Sheng-Qi Yang et al.
(2020) studied the anisotropy of permeability of rock under
high temperature, triaxial stress, and thermal crack anisotropy.
Taheri et al. (2020) carried out triaxial creep experiments on
Gachsaran salt samples under different temperatures and
stresses. Meng et al. (2020); Meng et al. (2021) revealed that
the stress-strain curve, strength and deformation
characteristics, failure mode, and peak stress of rock at high
temperature decreased, and the deformation of rock after
treatment had elastic aftereffect, and the stress-strain curve
formed hysteresis loop. Ma et al. (2020) investigated the effects
of temperature and horizontal stress on the mechanical
behaviors of granite. In order to study the influence of
high-temperature treatment on the mechanical behavior of
sandstone under unloading conditions, Xiao et al. (2021)
conducted true triaxial unloading tests of o; and o; stress
paths on the sandstone samples after heat treatment. Based on
the variation of deformation modulus with time in creep
process of salt rock, Wang et al. (2020) used deformation
modulus to represent elastic modulus of damaged rock
material, and established creep damage evolution equation
of rock. Zhu et al. (2021) established a thermal damage
statistical ~constitutive model based on the Weibull
distribution function combined with the modified Mohr-
Coulomb criterion. Wang et al. (2022) conducted fatigue
tests on salt rock samples under different maximum cyclic
stresses to study the microstructure changes and damage
evolution law of salt rock under cyclic loading. Zhou et al.
(2020) made rock-like materials with different dip angles, and
studied the cracking behavior of rocks with defects after high
temperature treatment, indicating that temperature has an
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FIGURE 7 | Stress-strain curves of sandstone under triaxial
compression at different temperatures.

important influence on the stress-strain curve and cracking
behavior of rock materials with defects.

There are many studies of high confining pressure triaxial
compression test on the rock after high-temperature
treatment, and relatively few studies have considered the
coupling effect of temperature and load at the same time. In
fact, the mechanical properties of deep rock masses are the
result of the simultaneous coupling of high ground stress and
high ground temperature or even high karst water pressure.
Therefore, based on previous research ideas, this paper has
carried out a comparative study between conventional triaxial
compression tests of gas storage sandstone and triaxial
compression tests at different temperatures, and aimed to
reveal the mechanical properties of sandstone under
different confining pressures and temperatures. The
constitutive relation under thermo-mechanical coupling was
established to characterize the damage degree of sandstone and
to analyze the damage evolution process and damage evolution
mechanism of sandstone.

TRIAXIAL COMPRESSION TEST

Test Equipment

This test was completed on the TFD-2000 microcomputer
servo-controlled rock triaxial test system as shown in
Figure 1A of Chongqing University of Science and
Technology. The test equipment consists of axial loading,
confining pressure loading, pore fluid pressure, numerical
control, and measurement systems. The maximum axial load
is 2000 KN, and the measurement resolution is 10 N. The
maximum confining pressure is 80MPa, and the
measurement resolution is 0.001 MPa. The maximum axial
deformation is 10 mm, and the measurement accuracy is *
0.5%. The temperature range is from atmospheric
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TABLE 2 | Mechanical parameters such as peak strength of sandstone in triaxial compression.

Sample No. Temperature T/°C Peak strength/MPa Elasticity modulus E/GPa Poisson’s ratio v
5 25 92.49 14.10 0.1
6 30 84.35 10.48 0.18
7 60 65.24 6.90 0.29
8 75 58.65 6.06 0.32
9 90 56.25 5.44 0.37
95 computer to automatically control test loading and data
. B Peak strength collection to ensure the safety, timeliness, and accuracy of
90 Peak strength fitting curve test analysis.
Br Test Scheme
80 | This test uses sandstone from the Hutubi gas storage in Changji,
§ 75 — 0,-0~133.1320-18.0769*In(T-15.4413) Chi.na, and the Sampling depth is about 3,585 m, which is a
= 5 sedimentary rock type. In order to simulate the actual storage
?ﬁ 0 i R™=0.9980 conditions of the gas storage as much as possible, the sandstone
g | used in this test was prepared into samples with a water content
sk of 2.31%. The sample was processed and polished into a
- standard cylindrical sample according to the ISRM test
60 - procedure as shown in Figure 2A. The basic physical
ss | parameters and test plan of the sandstone used in this test
I are shown in Table 1.
50 L L L L L L L ) In order to avoid the influence of temperature changes on

20 30 40 50 60 70 80 90 100
7/°C

FIGURE 8 | The relationship between temperature and peak strength of
sandstone under triaxial compression.
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FIGURE 9 | The relationship between temperature and elastic modulus,
Poisson’s ratio of sandstone under triaxial compression.

temperature to 200°C, and it can directly perform triaxial
compression and rheological tests under thermal-mechanical
coupling conditions. The equipment can be operated by

the test results, the air conditioner is used for indoor
temperature control, and the temperature is controlled at
25°C (indoor temperature) during the conventional triaxial
test. The oil temperature is added to the test set value
(respectively 30°C, 60°C, 75°C, and 90°C) at a speed of 10°C/
min and kept at a constant temperature of 2h so that the
sample is evenly heated in the triaxial compression test at
different temperatures. At a constant temperature to a
predetermined time, confining pressure is loaded at a speed
of 0.5MPa/s, and axial pressure is loaded to hydrostatic
pressure at the corresponding rate. Then, an axial load is
applied in a load control mode of 0.5MPa/s until the
sandstone loses its bearing capacity.

The scanning electron microscope (as shown in Figure 1B)
was used to observe the original microstructure of sandstone, as
shown in Figure 2B. It can be seen from Figure 2B that the
sandstone particles in this test are loose. According to the test
results of energy spectrum analysis, the main elements of the
original sandstone samples of the gas storage are O, Si, C and Ca.
The content of each element is shown in Figure 3 combined
with the micrograph of Figure 2B. The sandstone contains
partial quartz and feldspar.

ANALYSIS OF TRIAXIAL COMPRESSION
TEST RESULTS

Analysis of Conventional Triaxial

Compression Test Results
Figure 4 shows the conventional triaxial compression stress-
strain curve of sandstone. It can be seen from Figure 4 that
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FIGURE 11 | Three-axis failure modes of sandstone at different temperatures (25, 30, 60, 75, 90°C).

the nonlinear deformation is obvious in the initial test, but it
diminishes gradually with the increase of confining pressure.
And the sandstone changes from brittle to ductile failure
under confining pressure. The variation trend of stress-strain
curves of sandstone samples under different confining
pressures is roughly the same, which can be divided into
four stages: compaction, elasticity, yield and failure. In the
compaction stage, the stress-strain curve is concave upward.
The strain of sandstone decreases with the increase of stress,
and the micro-fissure in sandstone closes under the action of
external force. In this test, the sandstone particles are finer,
and the binding force between the particles with smaller
internal pores is weak, which can quickly be compacted
under the action of external force. Therefore, the
depression in the stress-strain curve during the
compaction stage is not obvious. In the elastic stage, the
stress-strain  curve is linear, showing the elastic
characteristics of sandstone. In the vyielding stage, the
sandstone is gradually destroyed and new micro-cracks are
generated at the same time. With the continuous application
of compressive stress, the micro-cracks continue to develop
and expand, and develop into macro-cracks. Then going to
the failure stage, the sandstone reaches its ultimate bearing
capacity, and many macroscopic cracks penetrate the entire

TABLE 3 | Sandstone damage rate at different temperatures.

Temperature T/C Damage rate

25 0

30 0.26
60 0.51
75 0.57
90 0.61

specimen. At last, the specimen gradually loses its bearing
capacity, and the stress-strain curve shows a downward trend.

The relationship between the maximum and minimum
principal stresses of the peak stress state under different
confining pressure conditions is shown in Figure 5. In the
absence of confining pressure, the peak strength of sandstone
is only 5.55 MPa. As the confining pressure increases, the peak
strength of sandstone increases from 5.55 to 92.49 MPa. When
the confining pressure is 20 MPa, 30 MPa, and 45 MPa, the
peak strength of sandstone is increased by 75.14, 151.44, and
233.74%, respectively, compared with 27.71 MPa when the
confining pressure is 10 MPa. Figure 6 shows the changing
trend of elastic modulus under the changing state of confining
pressure. The results show that the elastic modulus of
sandstone is positively correlated with the confining pressure.
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FIGURE 12 | Sandstone damage at different temperatures under 45 MPa confining pressure.

Analysis of Triaxial Compression Test
Results at Different Temperatures

Figure 7 shows the stress-strain curves of sandstone at different
temperatures (25°C, 30°C, 60°C, 75°C, 92°C) under confining
pressure of 45 MPa. It can be seen from Figure 7 that under
the triaxial tests at different temperatures, sandstone undergoes a

compaction stage (I), an elastic stage (II), a plastic deformation
stage (III), a ductile failure stage (IV), and an instability failure
stage (V). The changing trend of sandstone compaction stage and
elastic stage under the triaxial tests at different temperatures is the
same as that under conventional triaxial compression. In the
plastic deformation stage, as the stress increases, the curve
deviates from the square shape to produce irreversible plastic
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deformation, and the stress gradually reaches its peak strength.
After the sandstone reaches its peak strength, it enters the ductile
failure stage. The stress remains almost constant, but the strain
continues to increase during the ductile failure stage. The higher
the temperature, the more obvious the ductility stage, the more
stable the stress level, and the gradual expansion of the cracks. In
the instability failure stage, the sandstone loses its bearing
capacity and undergoes brittle failure, and the failure mode of
the sandstone under different temperatures is also different.

Table 2 shows the statistical values of mechanical parameters
such as the peak strength of sandstone under triaxial compression
at different temperatures and the same confining pressure.

Figure 8 shows the peak strength of sandstone as a function
of temperature. It can be seen from Figure 8 that as the
temperature increases, the peak strength of sandstone
decreases from 92.49MPa at a temperature of
25°C-55.25 MPa. When the temperature increased from 30
to 60°C, the peak strength of sandstone dropped the most from
84.35 to 65.24 MPa. However, under the three gradient
conditions of 60°C, 75°C, and 92°C, the peak strength
decrease is relatively small. After curve fitting, the
temperature and the peak strength meet the power function
relationship, showing a negative correlation. As the
temperature increases, the peak strength of the sandstone is
attenuated. When the temperature exceeds 60°C, the
attenuation rate gradually slows down.

Figure 9 shows the relationship between the elastic modulus of
sandstone and the Poisson’s ratio at different temperatures. As is
shown in Figure 9, the elastic modulus of sandstone is 14.10 GPa
at the temperature of 25°C (indoor temperature) and the
confining pressure of 45 MPa. As the temperature increases,
the elastic modulus decreases from 14.10 to 5.44 GPa.
Compared with the elastic modulus under normal temperature
conditions, the elastic modulus at high temperature decreases by
25.67, 51.06, 57.02, and 61.42%, respectively. The elasticity
modulus is positively correlated with the temperature as an
exponential function, and the Poisson’s ratio is also an

Triaxial Test of Sandstone

exponential function of temperature, but it increases with the
increase of temperature.

Analysis of Failure Characteristics of

Triaxial Compression

Figure 10 and Figure 11 show the shape of the specimen after
failure under different confining pressures and the triaxial
failure mode of sandstone under different temperatures and
different confining pressures. It can be seen from Figure 10
that under low confining pressure (0 MPa, 10 MPa), the
specimen shows shear failure and cracks penetrate the
entire specimen. Under the action of high confining
pressure (20 MPa, 30 MPa, 45 MPa), the specimen still
shows shear failure (local shear failure), but the penetration
length of the shear surface becomes shorter and shorter as the
confining pressure increases. It is because the high confining
pressure has a restraining effect on the test piece, which resists
the damage of the test piece, and the test piece starts to fail
from the weak structural surface.

According to the triaxial fajlure mode of sandstone at
different temperatures, as shown in Figure 11, it can be
seen that the triaxial compression of sandstone exhibits
local shear failure at indoor temperatures. At 30°C, the
sandstone suffered combined shear and tension failure,
forming an irregularly shaped through the crack and some
short cracks at the ends. At 60°C, a through crack appears in
the sandstone but the radial depth is relatively shallow, which
is also a combination of shear and tension failure. Because the
specimen itself has a naturally weak structural surface, it fails
along the weak structural surface under the axial action. Under
the action of 75 and 90°C, the sandstone suffered from bulging
failure without obvious damage and cracks, and some slagging
phenomenon appeared at the end of the sandstone. When the
sample was removed after the 90°C test, a section of the sample
was missing due to human factors. But it can still be seen that
the particle shedding of the specimen is more serious.
Under the action of temperature, the cementation between
particles is reduced, and the combined action of temperature
and confining pressure also increases the ductility of
sandstone.

SANDSTONE THERMAL-MECHANICAL
DAMAGE EVOLUTION

When the material is subjected to an external load, cracks are
formed along with the defects of the material itself. With the
continuous application of the load, the continuous accumulation
of micro-cracks and voids in the material leads to the gradual
deterioration or damage of the material. The Weibull distribution
is used to represent the statistical distribution law of the strength
of the rock element body (Wu and Zhang 1996) namely:

F(e) = %(z)mleo (1)
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Where: F(e) is the corresponding strength probability of the
primitive body under micro-strain, ¢ is the micro-strain of the
primitive body, a and m are the Weibull statistical distribution
parameters.

Under the action of the triaxial compression, cracks are produced
in sandstone under the action of stress, and cracks are gradually
connected with the increase of stress, and the deformation and
failure process can be regarded as continuous failure. The damage
variable D is a description of the damage degree of the sandstone
during the stress process, which can be expressed as:

&

D; = JF(e)ds =1- exp[ - (§>m] 2)

0

According to the theory of macroscopic damage mechanics,
the temperature damage to the rock can be characterized by the
change of rock mechanics parameters, and the thermal damage
variable (Liu and Xu, 2000) is defined as:

Er
Dr=1- £ 3)

n the formula: Ey, Er are the elastic modulus of the rock at
indoor temperature (initial state) and different temperatures
(thermal damage state), respectively. After calculation, the
thermal damage at different temperatures is shown in the
following Table 3:

Assuming that the temperature is at the indoor temperature,
the sandstone has no thermal damage. According to Table 3, the
thermal damage of sandstone gradually increases with the
increase in temperature. The thermal damage evolution
equation can be obtained by fitting the power function to the
above thermal damage:

Dy = 0.1517%(T — 25)"%% (4)

Under triaxial compression o, =03, according to the
J. Lemaitre strain equivalence hypothesis (Lemaitre, 1984
Zhang et al,, 2014), the damage constitutive relationship of
sandstone is as follows:

0, = Ee; (1 — D) + 2vo; (5)

In the formula: E is the material elastic modulus matrix, & is
the axial strain, v is the Poisson’s ratio. However, under the
combined action of temperature and load, the damage to
sandstone has multiple couplings, showing different
damage characteristics. Substituting 2) and 4) into 5) to sort
out, eqn. 6:

0, = Ey[1 — a* (T - b)]* exp[ - <%>m]*sl +2vo;  (6)

Eqn. 6 expresses the statistical constitutive relationship of
sandstone damage under the coupling effect of constant confining
pressure, triaxial compression, and temperature. In the formula: a
is the material parameter, b is the initial temperature of thermal
damage, and c is the slope of the tangent to the arc of the power

Triaxial Test of Sandstone

function. The greater of c, greater the slope, that is, the faster the
damage rate. o and m are the Weibull statistical distribution
parameters, which are the same as eqn. 1.

According to Eqn. 6, the sandstone damage evolution
under different temperatures of 45 MPa confining pressure
is analyzed. Figures 12A-E shows the amount of sandstone
damage at 45MPa confining pressure at different
temperatures. It can be seen from Figure 12 that the
damage degree of sandstone increases with the increase of
strain. In the compaction stage, the damage is extremely
small, almost close to zero. In the elastic stage, the damage
degree of sandstone increases relatively slowly, because the
elastic strain of sandstone itself resists the action of external
load. However, as the external load increases, the plastic
deformation of sandstone is gradually obvious, and the
amount of damage is gradually increasing. At the same
time, the original micro-cracks of sandstone gradually
expand and produce new cracks, which make the
sandstone specimen appear the cohesive macro cracks and
lose stability in the finals.

Figure 13 shows the amount of sandstone damage under load
and different temperatures. It can be seen from Figure 13 that the
sandstone has not been loaded at the indoor temperature or has
not been damaged at the initial stage of loading. However, under
the action of 30, 60, 75, and 90°C, a certain amount of damage has
occurred to the sandstone when it is not loaded or at the initial
stage of loading. This is because the sandstone is heated to the
preset temperature during the test and kept at a constant
temperature for 2h. As the temperature increases, the initial
damage to the sandstone is greater, and the damage amount is
0.25 at 30°C and 0.51 at 60°C. The obvious temperature difference
and the difference in damage degree are also significant. But with
the increase of strain, the difference in damage amount gradually
decreases. This reason is the damage of particle slip and cracks
caused by mechanical force is much greater than that caused by
thermal expansion.

According to the sandstone test results and damage evolution
analysis, it is shown that the temperature also causes the strong
attenuation of the sandstone itself. The temperature intensifies
the evaporation of the combined water in the minerals in the rock,
leading to a decrease in the lubrication effects but an
enhancement in the bonding strength and frictional force (Yin
etal,, 2021). And the crystalline structure or composition of some
minerals in the sandstone is destroyed to a certain degree, which
result the mechanical properties of weak layers of sandstone are
affected. The temperature also accelerates the uneven expansion
of different mineral particles in the rock, resulting in thermal
stress inside the rock and irreversible thermal damage, which in
combination with the mechanical stress causes cracks propagate
rapidly, leading to an obvious increase in porosity and sharp
degradation in the compression strength. The movement and
deformation of sandstone particles caused by temperature
accelerate the infiltration of original fractures and the
formation of new fractures in the rock and eventually lead to
the loss of bearing capacity of sandstone. However, with a
continuous increase in the temperature, the thermal damage of
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sandstone is enhanced and plays the principal role, resulting in a
decrease in the compression strength.

CONCLUSION

Based on the triaxial compression and high-temperature triaxial
compression tests of sandstone in gas storage, this paper studies the
mechanical properties and thermal damage evolution process of
sandstone under temperature and draws the following conclusions.

1) In the process of triaxial compression at indoor temperature,
sandstone failure has undergone four stages, compaction
stage, elastic stage, yield stage, and failure. Under the
action of temperature, sandstone failure has undergone five
stages: compaction stage, elastic stage, plastic deformation
stage, ductile failure stage, and instability failure stage.
Under conventional triaxial compression, when the confining
pressure rises from 10 to 45MPa, the peak strength of
sandstone increases by 233.74%. When the temperature
increased from 25 to 90°C, the peak strength of sandstone
with a confining pressure of 45 MPa dropped by 40.26%. In
addition to the impact on the peak strength, the elastic
modulus of sandstone also decreases with increasing
temperature, while Poisson’s ratio gradually increases.
Confining pressure and temperature can reduce the
brittleness of sandstone and increase ductility.

Established the damage constitutive relationship of gas storage
sandstone under the coupling effect of triaxial compression
and temperature. At different temperatures, the damage
degree of sandstone gradually increases with the increase of
strain. When the peak strain is exceeded, the damage growth
rate gradually increases. The particles in the sandstone are
expanded and the thermal movement of the particles
accelerates under the action of temperature, which
accelerates the expansion of the micro-cracks. Therefore,

2)

3)
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