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Featured Application: In order to study the effect of high temperature on mechanical properties
of coarse sandstone, uniaxial and triaxial compression tests of coarse sandstone specimens at
different temperatures were carried out. It is considered that with the increase of temperature,
the temperature damage factor increases gradually, and the longitudinal wave velocity decreases
gradually; 500 ◦C is the temperature threshold of coarse sandstone specimens under uniaxial
compression. The actual fracture angle of coarse sandstone specimen under triaxial compression
is basically the same as the theoretical calculation value, and the actual fracture angle is negatively
correlated with the confining pressure.

Abstract: In order to study the effect of high temperature on the mechanical properties of rock,
two groups of coarse sandstone samples were subjected to the uniaxial compression and triaxial
compression test at room temperature of 25 ◦C and high temperatures of 100~1000 ◦C. The study comes
to some conclusions: (1) With the increase of temperature, the longitudinal wave velocity gradually
decreases, and the damage factor of temperature gradually increases. (2) For uniaxial compression
tests at different temperatures, the high temperature action within 500 ◦C has a strengthening effect on
the compression strength, and the high temperature effect has a weakening effect on the compression
strength when temperatures exceed 500 ◦C; so 500 ◦C is the temperature threshold. (3) For triaxial
compression tests at different temperatures, the rock strength is positively correlated with temperature
and confining pressure when the temperature is lower than 800 ◦C and the confining pressure is lower
than 15 MPa; the rock strength is negatively correlated with temperature and confining pressure when
the temperature is over 800 ◦C and confining pressure is above 15 MPa, so 800 ◦C is the temperature
threshold, and 15 MPa is the confining pressure threshold. (4) In the triaxial compression, the actual
fracture angle of the sample after high temperature is basically the same as the theoretical calculation
value, high temperature has little effect on the actual fracture angle of the sample, and the actual
fracture angle is negatively correlated with the confining pressure.

Keywords: high temperature; uniaxial compression; triaxial compression; strength properties;
deformation properties

1. Introduction

With the development of nuclear waste disposal, underground coal gasification, geothermal
resource, coal mine gas explosion, underground engineering, fire reconstruction, and high temperature
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rock mechanics have become some of the most difficult problems to be solved. A lot of experimental
studies and theoretical discussions on physical and mechanical parameters of rock were done by
domestic and foreign scholars, which include the deformation mechanism, rock failure criterion,
constitutive relation, and thermal cracking and rock damage mechanism under high temperature.

He et al. [1] studied the fracture density and cracking mechanism of sandstone after high
temperature. Zuo et al. [2,3] investigated the variation of characteristic parameters such as fracture
toughness, elastic modulus, and ductility ratio with the three-point bending test of sandstones on
different temperatures. Wu et al. [4–6] studied the mechanical properties and acoustic emission of
sandstone and granite after high temperature. You et al. [7] studied the mechanical properties and the
longitudinal wave velocity of coarse sandstone after high temperature. Chen et al. [8] believed that as
the heating temperature increases, the peak stress and elastic modulus of heated granite decreases,
while the peak strain increases. For a heating temperature below 400 ◦C, the effects of temperature
on peak stress, elastic modulus, and the peak strain of granite are relatively small. Brotóns et al. [9]
studied the effect of high temperatures in the physical and mechanical properties of a calcarenite (San
Julian’s stone). Huang et al. [10] studied the effect of heat treatment on the dynamic compressive
strength of Longyou sandstone. Xu et al. [11] used an MTS810 electro-hydraulic servo material
system and MTS652.02 high temperature environment furnace to test the compression of granite under
different loading rates at real-time high temperature. Based on the experimental data, Yao et al. [12]
established an empirical equation to relate the dynamic tensile strength of LS to the loading rate and the
heat-treatment temperature. Yu et al. [13] believed the evolution of permeability of the rock samples
after cycles of freeze–thaw in a complete stress–strain process under triaxial compression is closely
related to the variation of the microstructure in the rock. Chmel et al. [14] applied the acoustic emission
technique for monitoring the high-speed cracking process in three kinds of impact-damaged granites
at temperatures of 20–600 ◦C. Geng et al. [15] investigated the effect of high temperature on mechanical
properties of concrete. Huang et al. [16] carried out uniaxial compression tests and acoustic wave tests
on high temperature rock samples cooled by water, and analyzed the variation of peak strength, elastic
modulus, attenuation coefficient, longitudinal wave velocity and main frequency of rock samples in
different states. Su et al. [17–19] studied the deformation and mechanical properties of fine sandstone,
coarse sandstone and weakly bonded medium sandstone under high temperature, and analyzed the
mineral composition, structural characteristics, and the correlation between mechanical parameters
and temperature of samples after high temperature. Huang et al. [20] carried out Brazilian splitting
tests on granite disc patterns after high temperature, and obtained the variation law of tensile strength
with temperature. Shao et al. [21] introduced the influence of temperature change on rock deformation
characteristics and established improved elastic and viscous elements. Based on Burgers’s rheological
model, rock rheological equation under variable temperature field was deduced, and the corresponding
theoretical solutions of creep equation, unloading equation and relaxation equation were deduced.
Li et al. [22] carried out triaxial compression tests after high temperature and uniaxial compression tests
under real-time high temperature. Typical stress–strain curves and acoustic emission characteristics
under various test conditions were analyzed, and the damage Degradation Laws of strength and
deformation parameters were studied comparatively. Kong et al. [23] studied the uniaxial compression
tests of sandstone after different temperature treatments were conducted and the frequency–amplitude
characteristics of AE signals. Becattinin et al. [24] investigated the six types of rocks of Alpine for
their suitability for high-temperature packed-bed thermal energy storage. Zhang et al. [25] studied
the influence of high temperature on mechanical properties and acoustic emission characteristics of
gritstone, and the X-ray diffraction, uniaxial compression and acoustic emission tests were carried
out on the gritstone after the high temperature of 200 ◦C to 800 ◦C. Ersoy et al. [26] investigated the
engineering behaviors of rocks exposed to temperatures ranging from 200 to 1000 ◦C and changes
in geo-mechanical properties, as well as related mineralogical changes, were examined. The above
studies show that the changes of rock mechanical properties of different kinds of samples after high



Appl. Sci. 2019, 9, 2424 3 of 22

temperature action have an obvious similarity. However, due to the differences in the history of rock
formation, composition, and other factors, different rock types show some differences.

Sandstones are widely distributed and come with a wide variety and different types of sandstone
are subject to the diagenetic history, which makes it different in shape, size, mineral composition, and
cementation [17]. The heat resistance of different minerals is different under high temperature, and
the complex physical and chemical reaction of these minerals under high temperature making its
mechanical properties very different. Two groups of coarse sandstones are heated from 100 to 1000 ◦C,
naturally cooled to the room temperature, and then uniaxial compression and triaxial compression tests
were carried out in the RMT-150B rock mechanics test system to analyze the temperature and stress
conditions. The research results provide some reference and help for the development of engineering
design and high temperature rock mechanics theory.

2. Sample Preparation and High Temperature Treatment

2.1. Sample Preparation

The test samples were taken from the coarse sandstone of coal seam roof, and the rock blocks
with a size larger than 200 mm were selected in the field, and the rock core was drilled by wet drilling
method in the laboratory. A standard cylindrical sample with a diameter of 50 mm and a height of 100
mm was cut and polished, and the processing accuracy meets the requirements of the regulation [27].
We divided samples in two groups A and B according to macroscopical differences. Among them,
30 samples from group A are subject to uniaxial compression test, and 25 samples from group B are
subject to uniaxial compression test. The density of group A is 22.75~24.10 kN/m3, the average value
was 23.46 kN/m3, and the dispersion coefficient was 1.4%. The density of group B is 23.71~24.24
kN/m3, the average value is 24.01 kN/m3, and the dispersion coefficient is 0.41%. The sample showed
no obvious defects such as joints and cracks, and the macroscopicity was relatively uniform.

2.2. High Temperature Treatment

Specimens were heated with ◦C resistance furnace, and its type is KSW-5D-12, which has an
automatic temperature control module, carbon rod components and high-performance fiber insulation,
the maximum temperature can reach 1200 ◦C. The temperature was set from 100 ◦C, 200 ◦C, 300 ◦C,
400 ◦C, 500 ◦C, 600 ◦C, 700 ◦C, 800 ◦C, 900 ◦C and 1000 ◦C at a heating rate of 10 ◦C/min except for the
room temperature 25 ◦C. When the temperature of the sample was raised to the set temperature, the
temperature is kept constant for 4 h, and then the samples are naturally cooled to room temperature in
the furnace. The coarse sandstone samples after different temperatures are shown in Figures 1 and 2.
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It can be seen from Figures 1 and 2 that the apparent color of the sample changes after high
temperature action, and the mineral composition of the two samples differs. The color of the samples
in group A is grayish white at room temperature, it changes to dark brown after high temperature, and
gradually turns into light pink, after high temperature of 100~500 ◦C, then it changes to brownish red
after the temperature of 600~900 ◦C, and the higher the temperature is, the deeper the red will be. The
color of the samples in group B is light white at room temperature, and it changes to dark brown red
gradually after high temperature from 400 to 1000 ◦C, and the higher the temperature is, the more
obvious the red color will be. There are no apparent cracks and disintegration in the two groups of
samples after high temperature, and remained intact.

3. Testing Device and Scheme Design

3.1. Testing Device

3.1.1. Ultrasound Testing Device

The ultrasonic test of the sample uses the UTA2001A ultrasonic inspection monitor, Kefeng Electronic
Instrument Factory, Nanyang, Henan Province, China. As shown in Figure 3. UTA2001A is an intelligent
measuring instrument with a microprocessor. The whole operation of the instrument is under its control
and management. The measured value, processing result and status information can be displayed on
the picture tube of the detector. The instrument has the advantages of simple operation, convenience,
complete function and high reliability. Its frequency response range is 1~500 kHz, acoustic time range is
9999.9 µs, acoustic time resolution is 0.1 µs, acoustic speed range is 9.999 km/s, emission voltage is divided
into 300 V and 1000 V, attenuation range is 0~50 dB, minimum interval is 5 dB, sampling frequency is 10,
5, 2, 1 MHz, probe frequency is 12.5 kHz~500 kHz. The instrument adopts high-speed data acquisition
and storage technology. Once the button is pressed, an ultrasonic signal waveform can be acquired. One
signal can collect 2048 data points, and the measurement accuracy is high.
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3.1.2. Mechanical Testing Device

The test device adopts the RMT-150B electro-hydraulic servo test system developed by the Wuhan
Institute of Rock and Soil Mechanics of the Chinese Academy of Sciences, as shown in Figure 4. The
maximum axial load of the test system is 1000 kN, the maximum horizontal load is 500 kN, and the
maximum confining pressure is 50 MPa. It can carry out tests such as rock uniaxial compression,
indirect (direct) stretching, compression-shear and triaxial compression tests. It can adopt various
control modes of load, displacement, and stroke. During the test, the computer automatically collects a
load and deformation and displays it in real time.
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3.2. Scheme Design

(1) All samples were tested for longitudinal wave velocity at room temperature 25 ◦C and after high
temperature treatment using UTA-2000A non-metallic ultrasonic monitoring analyzer.

(2) The uniaxial compression tests were carried out on the specimens of group A. During the test, the
axial stress was applied to the sample by displacement control at a rate of 0.02 mm/s, and three
specimens were repeated at each temperature.

(3) The conventional triaxial compression tests were carried out on the specimens of group B. First, the
axial stress and confining pressure were applied simultaneously at the loading rate of 0.5 MPa/s
to the preset values (confining pressures were set at 5 MPa, 10 MPa, 15 MPa, 20 MPa and
25 MPa, respectively), then the constant confining pressure was unchanged, the axial direction
was changed from force control to displacement control (at a rate of 0.005 mm/s) to apply the
axial stress until the specimen was completely destroyed.

4. Analysis of Test Results

4.1. Effect of High Temperature on Longitudinal Wave Velocity of Sample

The Longitudinal wave velocity of two sets of specimens at room temperature (25 ◦C) and
after high temperature are shown in Figure 5. The longitudinal wave velocities are different due to
differences in the mineral composition of the two sets of samples. The longitudinal wave velocity
of 30 samples in group A is between 3057 and 3630 m/s at room temperature of 25 ◦C, the average
wave velocity is 3277 m/s, and the dispersion coefficient is 3.95%; The longitudinal wave velocity of
25 samples in group B is between 2276 and 2672 m/s at room temperature of 25 ◦C, the average wave
velocity is 2486 m/s, and the dispersion coefficient is 4.41%. It can be seen that although the sample is
taken from the same layer, there is still a certain difference in the wave velocity. It may be the existence
of pores or fissure in rock that results in the variation of wave velocity of rock samples [28,29]. The ratio



Appl. Sci. 2019, 9, 2424 6 of 22

of the maximum difference to the average value of the sample in group A is about 10.8%, and the ratio
of the maximum difference to the average value of the sample in group B is about 7.5%. It indicates
that the macroscopically homogeneous interior of the sample still exhibits significant heterogeneity.
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high temperature.

It can be seen from Figure 5 that the longitudinal wave velocities of the samples in group A and B
have been reduced to different degrees after different high temperatures. The temperature of 100 ◦C
has little effect on the wave velocity of group A. After 100 ◦C, the longitudinal wave velocity of the
sample decreases linearly with temperature. For group B, the longitudinal wave velocity of group B is
nonlinear with temperature increase after high temperature. The high temperature of 400 ◦C has little
effect on the longitudinal wave velocity of the sample in group B, but the effect of high temperature
over 400 ◦C on the longitudinal wave velocity of the sample increases obviously.

After the high temperature action, the structural state and material properties of the sample
undergo corresponding physical and mechanical changes, including complex cracks and defects. The
ultrasonic waves will undergo refraction and diffraction when they encounter cracks and defects
during the propagation process, as a result, the time of penetration of the sample is increased, the wave
speed is reduced, and the energy is attenuated. There is a close relationship between the mechanical
properties of rock and the longitudinal wave velocity, the longitudinal wave velocity can also indirectly
reflect the change of the mechanical properties of the sample after high temperature [30–32]. The
damage factor of temperature D can be defined by formula (1), as shown in Figure 6.

D = 1−
(VpT

Vp

)2

(1)

where, Vp is the longitudinal wave velocity value of each sample at room temperature 25 ◦C, m/s; VpT

is the longitudinal wave velocity value of each sample after different high temperature, m/s.
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Figure 6. The relationship between damage factors and temperature of high temperature samples.

It can be seen from Figure 6 that the change factors of damage factor and temperature of the two
groups are basically the same after high temperature action, and the damage factor becomes larger with
the increase of temperature. The damage to the sample is also different due to differences in mineral
contents. The damage of the A group is higher than that of the B group. The damage factor of the two
groups of samples at 400 ◦C is 0.42 and 0.13, respectively. When the temperature is at 600~800 ◦C, the
damage factor of the samples is approximately the same. Compared at normal temperature of 25 ◦C,
after 600–800 ◦C high temperature the damage factors of group A are 0.75 and 0.81, respectively, and
the longitudinal damage factors of group B are 0.68 and 0.77, respectively. The reason for this may
be that the increase of temperature leads to the increase of porosity and cracks in the sample, which
results in the longitudinal wave velocity of the sample to gradually decrease, and the internal damage
degree of the sample increase, so that the damage factor of the sample increases with the increase
of temperature.

4.2. Analysis of Uniaxial Compression Test Results

4.2.1. Deformation Characteristics

Figure 7 shows the uniaxial compression full stress–strain curves of group A samples after 25 ◦C,
100 ◦C, 200 ◦C, 300 ◦C, 400 ◦C, 500 ◦C, 600 ◦C, 700 ◦C, 800 ◦C and 900 ◦C. It can be seen from Figure 7
that the variation of the stress–strain curve of the uniaxial compression of the group A samples
after different high temperatures generally goes through four stages: compaction, elasticity, yielding
and failure.

(1) Compaction: The curve shows upward concave because of the closure of cracks existed under
compress. Higher temperatures have long compaction phases, which indicate that the higher the
temperature, the more micro-cracks are generated inside the sample.

(2) Elasticity: The stress–strain curve at this stage is a straight line, showing a good linear relationship,
showing the elastic characteristics of the material. The slope of the straight line segment at
this stage is called the elastic modulus (also known as Young’s modulus) and is the mechanical
parameter of the material.

(3) Yield: The stress–strain curve bends downward, and the specimen presents inelastic deformation.
The material with lower internal strength of the rock specimen first yields and destroys gradually,
and the increase rate of axial stress decreases gradually.

(4) Destruction: The axial stress increases to the limit capacity that the specimen can withstand. The
micro-cracks inside the specimen penetrate to form a macroscopic slip. In the initial stage of the
slip, stress occurs in the longitudinal direction of the specimen, and failure occurs locally [33].
The stress dropped rapidly and the sample as a whole lost its bearing capacity.
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For comparison, Figure 8 shows the uniaxial compression of group A samples after 100~900 ◦C.
The stress–strain comparison curve is obtained (one sample at the same temperature).
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It is not difficult to find from Figure 8 that after the sample is subjected to high temperature at
100~500 ◦C, the four stages of the stress–strain curve deformation process are basically similar, and the
elastic modulus is roughly equivalent. It indicates that in this range, the effect of high temperature on
the deformation characteristics of the sample during uniaxial compression is not obvious. The effect
of high temperature on the bearing capacity of the sample is significant, compared to that at room
temperature of 25 ◦C. Although the test results are largely discrete, they still have obvious general
rules, and the bearing capacity of the sample increases with the increase in temperature. This can
be explained as being within 500 ◦C, when the temperature increases, the hot melt deformation can
gradually close part of the primary cracks, reduce the number of cracks, improve the contact state
between the mineral particles, enhance the friction characteristics, and strengthen the bearing capacity
of the sample.

When the temperature exceeds 500 ◦C, the whole stress–strain curve shape begins to change
greatly, which is mainly reflected in the initial resistance to deformation resistance, the stress–strain
curve in the compaction phase increases, the stress–strain curve shifts to the right, the peak strain
increases significantly, and the bearing capacity decreases. This can be understood as the thermal
expansion of the sample mineral particles after the 500 ◦C high temperature causes the thermal
expansion of the grain boundary to be uncoordinated, thereby causing thermal stress between the
particles and the thermal stress will produce micro-cracks. At the same time, the decrease of the
rigidity will also affect the resistance of the sample to deformation, so that the strength and deformation
resistance of the sample are weakened. However, Su et al. [18] considered that 600 ◦C is the threshold
temperature for strengthening and weakening fine sandstone samples. Moreover, as the temperature
increases, the intragranular stress further increases, causing the sample to produce micro-cracks or to
expand, widen, and connect the primary cracks. Macroscopically, the mechanical properties of the
coarse sandstone are degraded, and the peak strength and average modulus of the sample decrease
with increasing temperature. Both groups of samples are medium-hard brittle rocks, and the effect of
temperature on the post-ductility change is not obvious. The strain showed a softening phase after the
peak stress was reached, the stress decreases rapidly, and the strain does not change much, showing
brittle failure characteristics.

The relationship between uniaxial compression deformation parameters and temperature of
group A samples is shown in Figure 9. Here, it is necessary to specify that the initial modulus E0, the
deformation modulus (secant modulus) E50 and the definition are according to the procedure shown
in [27]. Elastic modulus (Young’s modulus) is ET. The initial modulus E0 is the slope of the stress–strain
curve passing through the origin in the initial compaction stage. The deformation modulus E50 is the
slope of the 50% peak intensity connected to the origin of the uniaxial compression axial stress–strain
curve. The modulus E0 and the deformation modulus E50 are related to the nonlinear deformation
effect in the initial compaction stage of the loading process. The deformation properties of the rock
cannot be well characterized. Only the deformation characteristics with stress below 50% of the peak
strength can be described. The elastic modulus refers to the slope of the straight line segment on the
uniaxial compression axial stress–strain curve; the elastic modulus can characterize the proportional
relationship of the stress–strain variation of the material, its value has little effect on the test loading
conditions and has a clear mechanical meaning [33]. The peak strain ε0 represents the strain value
corresponding to the peak stress, and the axial compressive strain of the sample consists of the closure
of the crack, the slip between the particles, and the elastic strain of the material. The initial stage of
the sample loading contains the above three parts. The strain in the elastic and yield stages is mainly
composed of the slip between the particles and the elastic compression of the material. The strain in
the failure stage is mainly the slip of the macroscopic failure surface.
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It can be seen from Figure 9 that the effect of high temperature on the initial modulus E0, the
deformation modulus E50, and the elastic modulus ET of the sample is not the same. The initial
modulus E0 is particularly affected by high temperature, which is mainly manifested by the fact that
the initial stage of loading of the sample is affected by the compaction of the micro-cracks generated by
the high temperature. After the high temperature of 100~900 ◦C, as shown in Figure 9a. Compared
with the sample at room temperature of 25 ◦C, the average modulus E0 of the sample after 100 ◦C,
200 ◦C, 300 ◦C, 400 ◦C, 500 ◦C, 600 ◦C, 700 ◦C, 800 ◦C and 900 ◦C decreased by 20.3%, 35.1%, 32.4%,
64.0%, 52.7%, 78.4%, 81.9%, and 85.3% respectively.

It can be seen from Figure 9b that the deformation modulus E50 of the group A samples increases
slightly with the increase of temperature within 300 ◦C. When the temperature increases from 25 ◦C to
300 ◦C, the average deformation modulus increases from 16.17 to 17.3 GPa, the increment is 7%; when
the temperature exceeds 300 ◦C, the deformation parameters of A14 sample is obviously lower, the
deformation parameters of A16 sample is obviously higher, and the deformation modulus of other
samples decreases sharply with the increase of temperature; The average modulus of deformation of
the sample from 500 to 600 ◦C is reduced from 14.95 to 7.19 GPa with a 50% decrease. The influence of
the deformation modulus of the sample in the high temperature range of 600~900 ◦C is slowed down.
Compared with the normal temperature of 25 ◦C, the average deformation modulus decreased by
52.3%, 55.4%, 58.1% and 64.5 after 600 ◦C, 700 ◦C, 800 ◦C and 900 ◦C, respectively.

Comparing Figure 9c with Figure 9b, it is not difficult to find that the relationship between
deformation modulus, elastic modulus and temperature of group A samples is basically similar after
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high temperature action. Compared with the normal temperature of 25 ◦C, the average elastic modulus
of the samples after the high temperatures of 100 ◦C, 200 ◦C, 300 ◦C, 400 ◦C and 500 ◦C increased
by 3.54%, 3.56%, 11.69%, 2.28% and 18.29%, respectively. When the temperature is raised from 500
to 600 ◦C, the elastic modulus is greatly reduced, the average elastic modulus is reduced from 24.68
to 15.43 GPa, and the decrease is 37.48%. The elastic modulus of the sample is high in the range of
600~900 ◦C. The amount of influence is slowed down. Compared to the normal temperature of 25 ◦C,
the average elastic modulus of the samples after 600 ◦C, 700 ◦C, 800 ◦C and 900 ◦C increased by 26.1%,
23.6%, 26.2% and 34.8%, respectively.

Although the test results are somewhat discrete, it is still possible to show that the average peak
strain gradually increases with increasing temperature, and the two are positively correlated; see
Figure 9d. After the high temperature of 500 ◦C, the peak strain of the sample A increased slightly with
the increase of temperature. After the high temperature exceeded 500 ◦C, the peak strain increased
rapidly, compared with the normal temperature of 25 ◦C with peak strain of 4.64×10-3, after 100 After
◦C, 200 ◦C, 400 ◦C, 500 ◦C, 600 ◦C, 700 ◦C, 800 ◦C and 900 ◦C, the average peak strain increases by
11.0%, 5.7%, 14.5%, 23.1%, 27.8%, 73.8%, 98.5%, 83.4% and 117.7 %, respectively.

According to the comprehensive analysis, the effect of high temperature on the deformation
parameters of group A is significant. The initial modulus E0 of the sample decreases with the increase
of temperature. The longitudinal wave velocity, initial modulus, and temperature of group A are of
significantly negative correlation after high temperature; after the high temperature of 500 ◦C, the
elastic modulus, and the peak strain of group A increased, and the deformation modulus of the sample
increased slightly within 300 ◦C; the elastic modulus of group A was higher than 500 ◦C. The influence
of quantity, the deformation modulus and peak strain are significant. The effect of high temperature
on the deformation parameters of group A is slowed down by the high temperature of 600~900 ◦C.
The influence of high temperature on the initial modulus and the deformation modulus of the sample
is greater than the modulus of elasticity.

4.2.2. Strength Properties

The relationship between uniaxial compressive strength and temperature of samples in group A
after different high temperature effects is shown in Figure 10. It can be seen from Figure 10 that the peak
intensity of the A21 sample after the high temperature of 400 ◦C and the high temperature of 600 ◦C is
significantly lower than the peak strength of other samples at the same temperature, which can be
understood as the heterogeneity of the sample. Sample dispersion masks the effect of temperature on
peak intensity. The compressive strength of the sample increased with the increase of temperature
after the high temperature of 500 ◦C.Appl. Sci. 2019, 9, x FOR PEER REVIEW 13 of 23 
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When the temperature exceeded 500 ◦C, the compressive strength of the sample decreased with
the increase of temperature. Compared with the average compressive strength of 80.3 MPa at room
temperature of 25 ◦C, the average compressive strength of group A samples after 100 ◦C, 200 ◦C, 300 ◦C,
400 ◦C, 500 ◦C, 600 ◦C, 700 ◦C, 800 ◦C and 900 ◦C increased by 13.7%, 9.3%, 27.4%, 15.9%, and 34.4%.
−6.0%, 7.4%, −3.8% and −5.6%, respectively.

The compressive strengths of the three samples at 500 ◦C are 115.4 MPa, 105.6 MPa and 102.8 MPa,
respectively, and the average compressive strength is 107.9 MPa. The high temperature effect in the
range of 100~500 ◦C was observed, the ability has a strengthening effect. The high temperature action
of more than 500 ◦C slightly reduces the bearing capacity of the sample, which is roughly equivalent to
the peak intensity of 25 ◦C at room temperature, which indicates that the high temperature effect at
900 ◦C has no obvious influence on the uniaxial compressive strength of the sample.

4.2.3. Failure Patterns

The failure mode of the uniaxial compression of the sample after different high temperature is
shown in Figure 11. The uniaxial compression failure of the sample is more complicated. Most of the
failure modes of the sample are single diagonal shear failure, and the crack is applied to the edge of
the end of the sample. In the sample, most of the shear plane starts at the edge of the end face of the
specimen, but the projection of the entire shear plane in the horizontal plane covers the entire section
of the specimen, and the X-shaped conjugate shear of the specimen occurs due to the friction effect of
the upper and lower ends. The individual samples are conical, as shown in Figure 11a for A1 and
Figure 11b for A5. The main shear fracture surface has powdery substances with obvious friction
marks and some samples appear. The longitudinal crack is parallel to the loading direction, as shown
in Figure 11b for the A6 sample and Figure 11h for the A24 sample, and the failure mode of the sample
becomes more complicated with the increase of temperature. The higher the temperature is, the more
severe the damage of the sample and the increase of the detached powdered sand will be.
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4.3. Analysis of Triaxial Compression Test Results

4.3.1. Deformation Properties

The complete stress–strain curve of the triaxial compression test of the B group samples after the
high temperature action is shown in Figure 12. It can be seen from Figure 12 that the regular triaxial
compression stress–strain curve of the sample after the high temperature action is basically the same as
that of Figure 7, and is roughly divided into four stages: compaction, elasticity, yielding, and failure.
The deformation characteristics of the specimens are different under the action of temperature and
confining pressure, and the axial compression deformation increases with the increase of temperature.
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Figure 12. Complete stress–strain curve of samples after high temperature under conventional triaxial 
compression condition. 
Figure 12. Complete stress–strain curve of samples after high temperature under conventional triaxial
compression condition.

Under the action of confining pressure of 5~25 MPa, the initial compaction phases of loading
are obvious, and the higher temperature of the specimen is, the longer the compaction phases is. For
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example, in Figure 12e, after the 1000 ◦C high temperature effect, the densification of the B25 specimen
is still obvious under the action of confining pressure of 25 MPa, and the initial nonlinear deformation
is mainly dominated by crack closure. The elastic phase is mainly the elastic deformation of the mineral
particles. The yield phase is mainly composed of inter-particle slip, elastic deformation, and yield
deformation. The destruction phase is mainly macroscopic fissure slip and friction. Of course, the
strength of the cement will decrease and the inter-particle slip will increase when specimen passes
through a higher temperature.

Under the same confining pressure, the relation between deformation parameters and temperature
after different high temperature are shown in Figure 13. Compared with the results of the normal
25 ◦C test, the effect of high temperature within 400 ◦C has little effect on the deformation parameters.
Once the temperature exceeds 400 ◦C, the impact on the elastic modulus, deformation modulus, and
peak strain is greater. Although the sample is affected by its own heterogeneity, the test results are
some discrete, and the high temperature still has some regularity effect on the specimen deformation
parameters: the elastic modulus and the deformation modulus decreased monotonically with increasing
temperature, and peak strain increased monotonically with increasing temperature. Compared with
the normal 25 ◦C test results, after 600 ◦C, 800 ◦C and 1000 ◦C high temperature, the increase of elastic
modulus by an average of −8.26%, −15.30% and −33.30%, respectively; the decrease of deformation
modulus by an average of −18.60%, −28.29% and −47.33%, respectively; and the increase of axial strain
in perk strength by an average of 48.41%, 79.57% and 113.21%, respectively.
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The above analysis shows that the high temperature effect within 400 ◦C has little effect on the
deformation parameters of group B samples. Once the temperature exceeds 400 ◦C, the elastic modulus,
deformation modulus and confining pressure of the sample are linearly positively correlated with
temperature. There is a linear negative correlation and the peak strain is positively correlated with the
confining pressure and temperature.

4.3.2. Strength Properties

Figure 14 shows the relationship between the three axis strength and the confining pressure and
temperature after high temperature. From Figure 14a, it can be seen that the peak strength of the
triaxial compression test of group B is approximately linear with the confining pressure after high
temperature, and this conforms to the Coulomb strength criterion.
Appl. Sci. 2019, 9, x FOR PEER REVIEW 17 of 23 

0 5 10 15 20 25 30
50

100

150

200

250

300

σ 1/M
Pa

σ3/MPa℃

 25℃
 400℃
 600℃
 800℃
 1000℃
 mean value

1 3
2

6.541 89.039
0.9794

=
R
σ σ +

=

 
0 200 400 600 800 1000 1200

0

50

100

150

200

250

300

σ 1/M
Pa

Temperature/℃

 5MPa
 10MPa
 15MPa
 20MPa
 25MPa
 mean value

 
(a) strength and confining pressure (b) strength and temperature 

Figure 14. Relationship between three axis strength and confining pressure and temperature after 
high temperature. 

Table 1. Strength characters of samples under conventional triaxial compression after temperature. 

T/°C k Q/MPa R2 

25 5.786 77.80 0.979
400 5.233 96.61 0.989
600 6.833 94.17 0.973
800 5.784 111.20 0.940

1,000 9.078 65.61 0.975

Figure 14b shows that the peak intensity of the triaxial compression is almost the same under 
the confining pressure conditions when the temperature is lower than 800 °C; that is, the peak 
intensity increases as the temperature increases. When the temperature exceeds 800 °C, the sample 
shows two different development trends: under low confining pressure (5 MPa, 10 MPa), the peak 
strength decreases with increasing temperature; under high confining pressure (20 MPa, 25 MPa), the 
peak intensity increases with the increase of temperature; while under the medium confining 
pressure (15 MPa), the peak intensity is weakly changed by temperature, showing a transitional sign. 

The Strength of the specimen depends on the bonding and friction based on Coulomb strength 
theory. However, the melting and disappearance of the fusible material inside the specimen at high 
temperature causes the micro-crack to increase, which will inevitably lead to the change of the 
cohesive force of the sample. The influence of particle size is very weak, and the roughness of the 
sample does not change qualitatively. Therefore, for Equation (2), the k value should be a fixed value, 
and Q can be understood as a uniaxial compressive strength at the time of shear failure of the uniaxial 
compression of the complete sample (the confining pressure is 0 MPa), which can be regarded as the 
material strength. 

Figure 15 shows the relationship between the strength of the sample material and the 
temperature and confining pressure after deducting the confining pressure after high temperature. 

Figure 14. Relationship between three axis strength and confining pressure and temperature after
high temperature.

According to Coulomb strength criterion:

σ1 = kσ3 + Q (2)

In the formula, Q and k are the material parameter.
According to Equation (2), the relationship between the triaxial strength and the confining pressure

is obtained, as shown in Table 1. After the high temperature of 800 ◦C, the influence coefficient k of the
sample is about 5.233~6.833, which indicates that the high temperature of 800 ◦C has little effect on the
confining pressure influence coefficient k of the sample. After 1000 ◦C , the influence coefficient k of the
sample confining pressure increased significantly, reaching 9.078. From the fitting correlation of the
test results of the samples after different high temperature, except for the low correlation coefficient
of the sample after 800 ◦C high temperature; and the other fitting correlation coefficients are greater
than 0.973. The axial strength has a good linear correlation with the confining pressure, which is in
accordance with the Coulomb strength criterion. The comprehensive confining pressure influence
coefficient is 6.541 and the correlation coefficient is 0.979.
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Table 1. Strength characters of samples under conventional triaxial compression after temperature.

T/◦C k Q/MPa R2

25 5.786 77.80 0.979
400 5.233 96.61 0.989
600 6.833 94.17 0.973
800 5.784 111.20 0.940
1000 9.078 65.61 0.975

Figure 14b shows that the peak intensity of the triaxial compression is almost the same under the
confining pressure conditions when the temperature is lower than 800 ◦C; that is, the peak intensity
increases as the temperature increases. When the temperature exceeds 800 ◦C, the sample shows
two different development trends: under low confining pressure (5 MPa, 10 MPa), the peak strength
decreases with increasing temperature; under high confining pressure (20 MPa, 25 MPa), the peak
intensity increases with the increase of temperature; while under the medium confining pressure
(15 MPa), the peak intensity is weakly changed by temperature, showing a transitional sign.

The Strength of the specimen depends on the bonding and friction based on Coulomb strength
theory. However, the melting and disappearance of the fusible material inside the specimen at high
temperature causes the micro-crack to increase, which will inevitably lead to the change of the cohesive
force of the sample. The influence of particle size is very weak, and the roughness of the sample
does not change qualitatively. Therefore, for Equation (2), the k value should be a fixed value, and
Q can be understood as a uniaxial compressive strength at the time of shear failure of the uniaxial
compression of the complete sample (the confining pressure is 0 MPa), which can be regarded as the
material strength.

Figure 15 shows the relationship between the strength of the sample material and the temperature
and confining pressure after deducting the confining pressure after high temperature.
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It can be seen from Figure 15 that although the sample is affected by its own heterogeneity, the
test results are somewhat discrete. The measured material strength and temperature change trend are
basically the same under different confining pressures, at room temperature of 25 ◦C and after 400,
600, 800, and 1000 ◦C, the average material strength Q after deducting the confining pressure is 77.8,
92.1, 94.2, 111.1, and 65.5 MPa, respectively. The high temperature of 800 ◦C has a strengthening effect
on the sample. After deducting the confining pressure, the sample material strength Q is positively
correlated with the temperature. When the temperature exceeds 800 ◦C, the high temperature effect
has a degrading effect on the sample, and the material strength Q is negatively correlated with the
temperature (as shown in Figure 15a). After 400~600 ◦C high temperature effect on the material strength
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is roughly equivalent, after 800 ◦C high temperature effect on the material strength has been greatly
improved, after the 1000 ◦C high temperature effect, the material strength decreased sharply, while at
800 ◦C, material strength showed a sudden change. Compared with the normal temperature of 25 ◦C,
the average increase of sample material strength after 400, 600, 800, and 1000 ◦C high temperature is
18.87%, 20.99%, 42.78%, and −15.98%.

The relationship between material strength and confining pressure under different temperature
conditions is shown in Figure 15b. The average material strength increases with the increase of
confining pressure at 25 ◦C and high temperature. When the confining pressure is lower than 15 MPa,
the material strength increases with confining pressure. When the confining pressure is higher than
15 MPa, the strength of the material decreases, and the strength of the material with a confining
pressure of 15 MPa is abrupt. Compared with the material strength at room temperature, the strength
of the material increased after 400, 600, and 800 ◦C high temperature, and the strength of the material
decreased after 1000 ◦C high temperature. That is to say, under the condition that the temperature is
lower than 800 ◦C and the confining pressure is lower than 15 MPa, the material strength is positively
correlated with temperature and confining pressure. When the temperature exceeds 800 ◦C and the
confining pressure is higher than 15 MPa, the material strength, temperature, and confining pressure
are negatively correlation, indicating that temperature and confining pressure conditions have an
impact on the strength of the sample material, 800 ◦C is the temperature threshold, and 15 MPa is the
confining pressure threshold.

4.3.3. Failure Patterns

Figure 16 shows the fracture morphology of group B samples after triaxial compression after high
temperature action. Compared with the failure mode of the uniaxial compression test in Figure 11,
the damage mode in the triaxial compression test is relatively simple, and most of them are typical
shear failures, it is likely to be due to the presence of a confining pressure. The shear surface of the
individual samples is conical, and the main shear fracture surface has fine powdery substances with
obvious friction marks. Most of the shear plane starts at the edge of the end face of the specimen, and
the individual specimens are cracked at the end of the specimen. The projection of the entire shear
plane in the horizontal plane covers the cross section of the whole sample, and a few horizontal cracks
perpendicular to the loading direction appear on the shear surface of a few specimens. For example, in
Figure 16, the B8 sample under the action of confining pressure 15 MP after 400 ◦C high temperature
and the B12 sample under the action of confining pressure 10 MP after 600 ◦C high temperature
may cause the main rupture surfaces slip each other and a horizontal force causes the slip block to
break laterally.
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Figure 17 shows the relationship between the fracture angle of the sample, the temperature, and
confining pressure after the high temperature action. Although the sample is affected by its own
heterogeneity, the test results are somewhat discrete. The triaxial compression fracture angle of the
sample under different temperature and confining pressure fluctuates. At high temperatures, the
actual fracture angle of the sample is consistent with the theoretical calculation value. The effect on
the fracture angle of the sample is small, and the fracture angle of the sample increases slightly as
the temperature increases, as shown in Figure 17a. Compared with the actual rupture angle of 64.6◦

at room temperature of 25 ◦C, the average actual rupture angles of the samples after 400, 600, 800,
1000 ◦C is 64.6, 63.0, 66.6, 66.0, and 67.7◦, the increase rate is −2.5%, 3.1%, 2.2%, and 4.6%, respectively;
according to Coulomb strength criterion theory, the fracture angle (45◦ + ϕ/2), is 67.5, 66.4, 69.1, 67.4,
and 71.7, the average actual rupture angle of the visible sample is less than the theoretical calculated
rupture angle of 1.4◦~4.1◦. This can explain the friction effect of the sample on the upper and lower
end heads. During the compression of the sample, the axial compression of the sample is laterally
expanded, while the stiffness of the upper and lower end heads is much larger than the stiffness of the
sample, which restricts the lateral expansion of the sample to produce friction, thereby affecting the
crack propagation at the end of the sample, so that the actual cracking and outward rupture angle
becomes small.
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Figure 17b shows that the actual fracture angle of the sample is negatively correlated with the
confining pressure after the high temperature action, and the actual fracture angle monotonously
decreases with the increase of the confining pressure. Compared with the actual rupture angle of 68.4◦

of 5 MPa, the average rupture angles of the specimens under the confining pressures of 10, 15, 20, and
25 MPa is 67, 66.6, 64.2, and 61.6◦, with a decrease of 2.04%, 2.63%, 6.14%, and 9.94%, respectively. It
shows that the influence of confining pressure on the fracture angle of the sample is greater than the
influence of temperature.

5. Discussion

After experiencing different temperatures, the uniaxial compressive strength, average modulus,
modulus of deformation, initial modulus, ultimate strain, and longitudinal wave velocity of coarse
sandstone samples show that the high temperature effect has a certain influence on the physical and
mechanical parameters of coarse sandstone. Since the coarse sandstone sample is a heterogeneous
anisotropic body, the test results are scattered widely, but there are obvious rules on the whole. For
uniaxial compression, the load-bearing capacity and deformation resistance of the specimen are
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strengthened when the temperature is less than 500 ◦C. Compared with the room temperature of 25 ◦C,
the strength, average modulus and peak deformation of the specimen are improved in varying degrees.
When the temperature exceeds 500 ◦C, the average strength increases by 34%, the average modulus
increases by 17.4%, the peak deformation increases by 27.8%, the deformation modulus decreases
slightly by 7.5%, especially the wave velocity, which decreases by 53%.

The coarse sandstone sample is a kind of high-porosity rock. The rock particles are not very
compact, and there are more pores and fissures between them. These larger pore structures can
accommodate deformation and prevent crack propagation when the temperature is lower than 500 ◦C.
The thermal expansion of mineral particles may also cause the primary cracks in coarse sandstone
sample to close gradually, and the number of cracks decreases, the internal compactness of the sample
is improved. When the temperature decreases, the contact relationship between mineral particles
can be improved, the friction characteristics can be enhanced, and the load-bearing capacity and
anti-deformation ability of the samples can be strengthened.

When the temperature exceeds 500 ◦C, the different thermal expansion rates of the mineral
particles inside the coarse sandstone sample cause the inconsistency among particles, which makes the
mineral particles or within particles, i.e., structural thermal stress. Once the structure thermal stress
reaches or exceeds the ultimate strength of the material, micro-cracks will occur, which will weaken
the bearing capacity and deformation resistance of the coarse sandstone sample. With the increase of
temperature, the inter-particle stress will further increase, resulting in produce more micro-cracks in
the coarse sandstone sample, or the expansion, broadening and connection of primary cracks. At the
same time, the reduction of the rigidity of the cements will also affect the deformation of the sample.
Macroscopically, the mechanical properties of the coarse sandstone will deteriorate, and the bearing
capacity and deformation resistance of the sample will decrease. It can be seen that the threshold
temperature of mechanical parameters of coarse sandstone is 500 ◦C.

6. Conclusions

In this paper, we carried out uniaxial compression and triaxial compression tests of two sets of
samples by applying a temperature of 25 ◦C and a high temperature of 100~1000 ◦C, and obtained some
meaningful conclusions. The research results can provide some reference and help for the development
of engineering design and high temperature rock mechanics theory.

(1) With the increase of temperature, the longitudinal wave velocity gradually decreases, and the
damage factor of temperature gradually increases.

(2) For uniaxial compression tests at different temperatures, the high temperature action within 500 ◦C
has a strengthening effect on the compression strength, and the high temperature effect has a
weakening effect on the compression strength exceed 500 ◦C, so 500 ◦C is the temperature threshold.

(3) For triaxial compression tests at different temperatures, the rock strength is positively correlated
with temperature and confining pressure when the temperature is lower than 800 ◦C and the
confining pressure is lower than 15 MPa; the rock strength is negatively correlated with temperature
and confining pressure when the temperature is over 800 ◦C and confining pressure is above
15 MPa, so 800 ◦C is the temperature threshold, and 15 MPa is the confining pressure threshold.

(4) In the triaxial compression, the actual fracture angle of the sample at high temperatures is basically
the same as the theoretical calculation value, the high temperature has little effect on the actual
fracture angle of the sample, and the actual fracture angle is negatively correlated with the
confining pressure.
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