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RMT-150B rock mechanics and split Hopkinson pressure bar (SHPB) devices were adopted to investigate the physical and
mechanical properties, energy dissipation, and failure modes of argillaceous sandstone after different high temperatures under air-
dried and saturation states. In addition, SEM and EDS tests were conducted to investigate its microstructure characteristics.
Results showed that both the P-wave velocity and density of argillaceous sandstone specimen decreased with the increase of high
temperature, while its porosity increased. Compared with static stress-strain curves, there was no obvious compaction stage for
dynamic stress-strain curves, and the decrease rate of dynamic curves after peak strain was obviously slow compared with static
curves. Both the static and dynamic strengths of argillaceous sandstone specimens decreased with increasing temperature, and the
critical temperature point for the strength of argillaceous sandstone was 400°C. At the same temperature, the specific energy
absorption under air-dried state was generally smaller compared with that under saturated state. Both the strain rate and
temperature showed significant effect on the failure mode. After 100∼1000°C heat treatment, the granular crystals of the clastic
structure gradually became larger, and both the number and average size of the original pores decreased, resulting in the
deterioration of mechanical properties of argillaceous sandstone specimen.

1. Introduction

*e mining of deep mineral resources would inevitably
encounter the problem that the ground temperature in-
creased gradually with the increase of depth, and engi-
neering geological monitoring results showed that the
average temperature gradient range was 30∼200°C/km [1–3].
*e temperature of underground rock engineering, such as
nuclear waste storage, could reach about 300°C caused by
nuclear decay [4–6]. Moreover, in the process of coal
vaporization, the surrounding rock temperature would
eventually reach 1000°C [7–9]. Research results revealed that

the deep surrounding rock bared coupled high temperature,
water content, and dynamic stress derived from the impact
of blasting and machinery. *erefore, considering the effects
of high temperature, water, and external dynamic force on
rock was necessary for solving deep rock problems.

Obvious dynamic response characteristics were found
for deep rock mass suffering from mechanical disturbance,
explosion, and other impact loads, and there was obvious
difference under static load [10–12].*eoretically, strain rate
was the standard for dividing the loading type (e.g., creep,
static, and dynamic) of rock, as shown in Figure 1. Nu-
merous theories and laboratory test results indicated that
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split Hopkinson pressure bar (SHPB) device could accu-
rately test the high strain rate response of materials within
strain rate ranges of 102∼103 s−1 [13].

Previous studies on the thermal damage of rock mate-
rials mainly focused on the effect of temperature on its static
and dynamic mechanical properties [14–16], and the test
results showed that both the P-wave velocity and density of
rock decreased with the increase in temperature [17–19]. In
addition, the static peak stress and elastic modulus decreased
gradually with increasing temperature [20–22]. Ding et al.
[23] performed the uniaxial and triaxial compression ex-
periments on sandstone from 20°C to 800°C and indicated
that tensile and shear fractures formed during unloading at
the lower initial confining pressure, while sliding of the
microcracks occurred during unloading at the higher initial
confining pressure. Meng et al. [24] studied the influence of
temperature on the physical and microstructure of lime-
stone. Test results showed that limestone pore fractal di-
mension decreased gradually with increasing temperature.
Moreover, the temperature threshold interval (400°C to
500°C) was observed based on the pore structure change. Liu
and Xu [25, 26] analyzed the relationships among peak
stress, peak strain, and elastic modulus of marble and high
temperature. Yin et al. [27] investigated the stress-strain
curve characteristic, elastic modulus, dynamic damage, and
energy dissipation of rock with various high temperatures. Li
et al. [28] found that, above 600°C, the granite specimens
generated a large number of obvious large cracks and vol-
ume expansion, and their thermal conductivity decreased
rapidly. In addition, scanning electron microscopy (SEM)
and X-ray diffraction (XRD) techniques illustrated that high
temperature would lead to the phase transition of quartz
inside rock, resulting in obvious changes in physical and
mechanical properties of rock materials [29–31]. Water was
a crucial factor affecting physical and mechanical properties
of rock materials. Hence, it was essential to establish the
water sensitivity of rock to the deformation and strength in
rock engineering. For instance, Wang et al. [32] studied the
effects of water content and confining pressure on the
physical and mechanical properties and energy evolution
characteristics of rocks under uniaxial and triaxial states.
Results showed that the critical elastic energy decreased
linearly as the water content increased. In addition, ex-
perimental studies for dry and water-saturated rock mate-
rials were carried out to explain the variation in strength and
elasticity modulus with water content [33, 34].

All the mentioned results were obtained by considering
the effect of water or temperature, while limited studies
focused on the physical and mechanical properties of rock
with various water contents after high temperature treat-
ment. In this paper, argillaceous sandstone collected from
−725m depth of a coalmine was selected, and attempts were
made to explore the water saturation effects on the static and
dynamic mechanical properties, energy dissipation char-
acteristics, and failure mode of argillaceous sandstone after
different high temperatures. Scanning electron microscopy
(SEM) and energy dispersive spectrometer (EDS) tests were
conducted to investigate the microscopic morphological and
damage characteristics of rocks after high temperature

treatment under air-dried and saturated states. Study results
could provide scientific basis for rapid excavation and safety
stability analysis of deep rock engineering.

2. Specimen Preparation and
Experiment Device

2.1. Sample Preparation. *e argillaceous sandstone used in
this study was collected from −735m depth of Xieqiao
coalmine in Huainan city, Anhui province, China. *e
average P-wave velocity and average porosity of argillaceous
sandstone were 2778m/s and 1.47%, respectively. *e main
components of argillaceous sandstone were quartz which
accounted for 48.5%, 24.0% albite, 10.1% kaolinite, 2.7%
calcite, and other minerals, as shown in Figure 2(a). *e
integrity of the microstructures of the samples was good
under natural conditions, as shown in Figure 2(b). Sample
processing dimensions and methods complied with ISRM
[35] (International Society for Rock Mechanics) standard.
*e diameter of rock specimen was 50mm, while its length
was 100mm and 25mm for static and dynamic tests,
respectively.

2.2. Hydrothermal Treatment and TestingDevice. In this test,
7 temperature gradients were arranged for heating argilla-
ceous sandstone specimens: 20°C (room temperature),
100°C, 200°C, 400°C, 600°C, 800°C, and 1000°C. SX-5-12 box-
type resistance furnace with maximum temperature of
1200°C was used to heat specimens, and the heated rate was
6°C/min. It would be maintained for 4 hours after reaching
the desired temperature and then cooled to room temper-
ature naturally in the resistance furnace. Finally, the thermal
treated rock specimens were divided into two groups (sat-
urated and air-dried states), and the air drying and water
filling treatment were carried out by drying box and vacuum
water filling machine for 48 h, respectively. After high
temperature and water treatment, argillaceous sandstone
specimens were prepared for conducting static and dynamic
tests, SEM test, and EDS test. *e experiment device and
procedures are shown in Figure 3. In SHPB tests, the dy-
namic strain, stress, and strain rate could be obtained using
the “three-wave” method [36, 37].

3. Test Results and Analysis

3.1. Variation in P-Wave Velocity, Dry Density, and Porosity.
*e P-wave velocity, density, and porosity were important
parameters to reflect the damage degree of rock materials.
*e variations in P-wave velocity, density, and porosity of
argillaceous sandstone samples with temperature were ob-
tained and shown in Figure 4. With increasing temperature,
both the P-wave velocity and density of argillaceous sand-
stone gradually decreased, while the porosity showed an
opposite trend. Moreover, the variation of these three pa-
rameters was small when the temperature increased from
20°C to 200°C. For instance, the average P-wave velocity of
argillaceous sandstone decreased from 2777.91m/s (20°C) to
2642.72m/s (200°C), with the reduction rate of 4.87%. After
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Figure 2: XRD spectrum and SEM observation of argillaceous sandstone sample (20°C). (a) XRD results. (b) SEM results.
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400°C, the variation rates of P-wave velocity, density, and
porosity were significantly faster, and the average porosity of
argillaceous sandstone was 4.51% at 1000°C, which was 2.58
times higher than that at 400°C.

3.2. Static and Dynamic Stress-Strain Curves. *e static and
dynamic stress-strain curves of argillaceous sandstone with two
water contents after different high temperatures are shown in
Figures 5 and 6, respectively. In this research, the meanings of
letters in the graphs and tables were as follows: the first letter
represented the load type (static or dynamic), the second letter
represented the water content state (air-dried or saturated), and
the number represented the temperature value. For instance,
“S–S-600” represented argillaceous sandstone under saturated
state after 600°C temperature in static uniaxial compression
test. It can be seen from Figures 5 and 6 that similar change
trends were found for static stress-strain curves of argillaceous
sandstone under the air-dried and saturated state, which could
be divided into four stages: compaction stage, linear elastic
stage, plastic deformation stage, and failure stage. With the
increase of temperature, the peak stress of argillaceous sand-
stone decreased, while the peak strain increased. Compared
with static stress-strain curves, there was no obvious com-
paction stage for dynamic stress-strain curves, and the decrease
rate of dynamic curves after peak strain was obviously slow
compared with static curves.

3.3. Static and Dynamic Compressive Strength. Static and
dynamic strengths of argillaceous sandstone under different
test conditions are presented in Figure 7. In addition, to
describe the effect of water on strength of argillaceous
sandstone, the relative peak stress (K) was defined and could
be calculated:

K �
σS − σA

σS
, (1)

where σS and σA were the strengths of argillaceous sandstone
specimen under the saturated state and air-dried state,
respectively.

Figure 7 illustrated that both the static and dynamic
strengths of argillaceous sandstone specimens decreased
with increasing temperature. Moreover, the decrease speed
from 400°C to 600°C was obviously slower compared with
other temperature scopes under different test conditions.
*e mechanism behind this phenomenon could be
explained as follows: rock materials were composed of
different mineral particles; the thermal expansion coeffi-
cients of various mineral particles of rocks were different
under high temperature. Hence, small deformation and
thermal stress were generated during heating process,
resulting in the damage of argillaceous sandstone specimen.
In addition, the quartz α-β phase had an irreversible change
at 573°C [29], as shown in Figure 8. Two Si–O tetrahedrons
in the crystal structure changed from the angle of 150° to
180°, which was of benefit to soften property of rock
specimen. Moreover, OH− and H− would be separated from
the mineral skeleton at 450∼500°C, and the loss of com-
ponent water and crystal water would lead to further de-
struction of mineral crystal structure [38].

It could be found that, after the same temperature, the static
compressive strength of argillaceous sandstone at saturated state
was small compared with that at air-dried state. However, its
dynamic compressive strength at saturated statewas higher than
that at air-dried state. Additionally, from the variation inKwith
temperature it could be noticed that the value of dynamic
relative peak stress was between 0.12 and 0.35, and it increased
with the increase of temperature. Under static load, the loading
speed was lower than that of crack propagation; hence, the
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Figure 5: Static uniaxial compression stress-strain curves of argillaceous sandstone after high temperature. (a) Air-dried state. (b) Sat-
uration state.
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saturated flowingwater in the rockwould have sufficient time to
diffuse to the newly expanded crack. At the same time, the
expansion of free water in the crack would produce a similar
“siphon” effect and reach the crack tip, which played a role in
lubricating the crack contact surface and promoted the crack
growth [21]. However, under dynamic load, the crack propa-
gation speed was much faster than that under static load, and
free water had no enough time to expand into the crack during
failure process. At this time, the water played a cohesive strength
to prevent the crack growth on the fracture surface; moreover,
Stefan effect caused by free water in the crack surface of water
bearing sandstonewould produce a reaction force to prevent the
separation of the two crack surfaces [39], leading to higher
strength of water-saturated rock under dynamic load.

It could be found that strain rate effect was observed
for argillaceous sandstone with two water states. To
quantitatively describe the increment of strength behavior
of argillaceous sandstone after high temperature treat-
ment caused by strain rate, the dynamic compressive
strength increase factor under air-dried state (DCFA) and
saturated state (DCFS) was defined, which could be
calculated:

DCFA �
σD,A,T

σS,A,T
, (2)

DCFS �
σD,S,T

σS,S,T
, (3)

D-A-20
D-A-100
D-A-200
D-A-400

D-A-600
D-A-800
D-A-1000

0.000 0.005 0.010 0.015 0.020 0.025
0

30

60

90

120

150

180 160 ± 20s–1

ε

σ 
(M

Pa
)

(c)

D-S-600
D-S-800
D-S-1000

D-S-20
D-S-100
D-S-200
D-S-400

0.000 0.005 0.010 0.015 0.020 0.025
0

30

60

90

120

150

180 160 ± 20s–1

ε

σ 
(M

Pa
)

(d)

D-A-20
D-A-100
D-A-200
D-A-400

D-A-600
D-A-800
D-A-1000

0.000 0.005 0.010 0.015 0.020 0.025 0.030
0

30

60

90

120

150

180

210 200 ± 20s–1

σ 
(M

Pa
)

ε

(e)

D-S-600
D-S-800
D-S-1000

D-S-20
D-S-100
D-S-200
D-S-400

σ 
(M

Pa
)

0.000 0.005 0.010 0.015 0.020 0.025 0.030
0

30

60

90

120

150

180

210 200 ± 20s–1

ε

(f )

Figure 6: Dynamic uniaxial compression stress-strain curves of argillaceous sandstone after high temperature. (a) Air-dried state
(120± 20s−1). (b) Saturation state (120± 20s−1). (c) Air-dried state (160± 20s−1). (d) Saturation state (160± 20s−1). (e) Air-dried state
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where σD,A,T and σS,A,T were the dynamic and static
strengths of argillaceous sandstone specimen after high
temperature treatment under the air-dried state, re-
spectively; σD,S,T and σS,S,T were the dynamic and static
strengths of argillaceous sandstone specimen after high
temperature treatment under saturated state,
respectively.

Figure 9 displays variation in DCFA and DCFS of ar-
gillaceous sandstone with temperature. It could be seen that
the values of both DCFA and DCFS were larger than 1,
showing obvious strain rate strengthening effect. Under the
same high temperature and strain rate, the value of DCFS
was much higher than that of DCFA; for instance, the
dynamic growth factor with saturated state at 600°C under

120± 20 s−1 was 2.54, which was higher than the value of 1.15
with air-dried state. *is phenomenon demonstrated that
water was of benefit to increase the strength growth rate of
argillaceous sandstone under dynamic load. Under the same
water content state, DCFS increased with the increase of
strain rate and temperature; moreover, its increment was
obvious after 400°C.

3.4. Variation in Energy Dissipation and Mass Fractal
Dimension. Previous investigation demonstrated that spe-
cific energy absorption could reflect the energy dissipation
ability of rock under dynamic load [40], which could be
obtained by the following equation:

ξ �
WS

V
, (4)

where WS was the absorption energy of argillaceous sandstone
specimen;Vwas the volume of argillaceous sandstone specimen.

In addition, to further illuminate the fracture charac-
teristic of argillaceous sandstone after different high tem-
peratures, the fracture result was quantified by mass fractal
dimension of fragmentation. *e rock fragments were
collected and screened by different sizes after SHPB test. *e
sizes were 0.15mm, 0.3mm, 0.6mm, 1.18mm, 2.36mm,
4.75mm, 9.5mm, 13.2mm, 16mm, 19mm, 26.5mm,
31.5mm, and 37.5mm, and the typical grading curve is
displayed in Figure 10.

After obtaining the mass fractal dimension of frag-
mentation under different test conditions, the fragment
distribution parameters could be calculated:
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b �
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ln r
, (6)

D � 3 − b, (7)
where mr was accumulative mass under sieve of charac-
teristic size r; M was total mass of specimen; rm was particle
size; b was fragment distribution parameter; D was the mass
fractal dimension of fragmentation.

Figure 11 displays the specific energy absorption and
mass fractal dimension of fragmentation of argillaceous
sandstone with various temperatures and water content
states. At the same temperature, the specific energy

absorption increased with increasing strain rate after high
temperature for two water content states. In addition, the
specific energy absorption under air-dried state was gen-
erally smaller compared with that under saturated state.

*e relationship among mass fractal dimension, specific
energy absorption of argillaceous sandstone, and strain rate
is shown in Figure 12. With the increase of strain rate, both
the specific energy absorption and mass fractal dimension
increased continuously after the same temperature. More-
over, the specific energy absorption and the mass fractal
dimensions showed positive correlation. *e value of spe-
cific energy absorption reflected the energy consumed per
unit volume of rock specimen; hence, larger specific energy
absorption led to more deformation and damage of rock
specimen, resulting in more fracture surfaces and smaller
scale fragments.
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3.5. Static and Dynamic Failure Modes of Argillaceous
Sandstone. Figure 13 shows the typical static failure modes
of argillaceous sandstone specimen with air-dried state after
different high temperatures. It could be noticed that, after
20°C, 100°C, and 200°C, cracks paralleled to the axial di-
rection and diagonal connection were observed for argil-
laceous sandstone specimen, and the corresponding failure
modes were mainly shear and splitting, as shown in
Figures 13(a), 13(b), and 13(c). As a contrast, after 400°C,
600°C, and 800°C, the argillaceous sandstone specimen
presented coupled shear and splitting failure; in addition,

partial compression failure was observed, caused by high
temperature damage, as shown in Figures 13(d), 13(e), and
13(f). After 1000°C, large damage for internal structure was
generated inside argillaceous sandstone specimen, and it was
almost without bearing capacity; hence, collapse appeared
under external load, as shown in Figure 13(g).

*e dynamic impact compression failure modes of ar-
gillaceous sandstone under air-dried state with various strain
rates and high temperatures are shown in Figure 14. Both the
strain rate and temperature showed significant effect on the
failure mode. At 120± 20 s−1, tensile cracks were observed
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for specimen after 20°C, 100°C, 200°C, and 400°C, and
specimen fractured into two or three pieces. With the in-
crease of high temperature and strain rate, both the fracture
surface and fragmentation degree of argillaceous sandstone
specimen gradually increased.

3.6. SEM and EDS Results of Argillaceous Sandstone. Rock
was a complex multiphase composite heterogeneous ma-
terial, and the variation in microstructure could reflect the
damage deterioration degree of argillaceous sandstone
caused by high temperature, which further affected its
mechanical behavior.*e argillaceous sandstone samples for
conducting SEM and EDS tests were soaked in alcohol for
5min to remove the surface impurities and then dried for
more than 12 h under 105°C. *e prepared samples are
shown in Figure 15.

Sedimentary rocks could be divided into five basic types:
clastic structure, muddy structure, authigenic particle
structure, biological skeleton structure, and crystalline
structure [41, 42]. Figure 16 displays the microstructure

characteristics of argillaceous sandstone after different high
temperatures obtained by SEM and EDS tests. From the
electron microscopic scanning image (Figure 16(a)), it could
be seen that the argillaceous sandstone was clastic structure
and consisted of mineral particles with different sizes.
Moreover, its interior was dense and only contained some
tiny connection cracks at 20°C (room temperature), as
shown in Figure 16(b). After 100∼1000°C heat treatment, the
granular crystals of the clastic structure gradually became
larger; meanwhile, both the number and average size of the
original pores decreased, and the initial cracks increased
obviously, as shown in Figures 16(c)–16(n). After 20°C
(room temperature), when the magnification was ×4000,
large numbers of fine and isolated cracks and pores could be
observed inside argillaceous sandstone specimen. Above
800°C, the crystal gradually appeared tear ridge and became
the main fracture form, and the crack appeared locally and
gradually expanded; in addition, a large number of cracks
and holes inside argillaceous sandstone connected with each
other, which was one of the reasons for the weakening of
mechanical properties of argillaceous sandstone.
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Figure 14: Dynamic failure mode of argillaceous sandstone after high temperature.
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Figure 13: Static failure mode of argillaceous sandstone after high temperature. (a) 20°C. (b) 100°C. (c) 200°C. (d) 400°C. (e) 600°C (f) 800°C.
(g) 1000°C.
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Figure 15: Prepared argillaceous sandstone samples for SEM and EDS tests.
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Figure 16:Microstructure characteristics of argillaceous sandstone after high temperatures treatment: (a) 20. (b) 20. (c) 100. (d) 100. (e) 200.
(f ) 200. (g) 400. (h) 400. (i) 600. (j) 600. (k) 800. (l) 800. (m) 1000. (n) 1000. (a, c, e, g, i, k, m) SEM results, enlarged ×2000 and ×4000; (b, d, f,
h, j, l, n) EDS results.
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4. Conclusions

(1) With the increases of temperature, the peak stress
gradually decreased and showed remarkable strain
rate effect, while the peak strain gradually increased.
*e temperature response to the critical points of the
peak strength was about 400°C. *e incident energy
gradually decreased with increasing temperature
under air-dried and saturated states. *e specific
energy absorption values and the mass fractal di-
mensions showed positive correlation.

(2) Under static load, shear and splitting failure modes
were observed for argillaceous sandstone specimen
after 20°C, 100°C, and 200°C. After 400°C, 600°C, and
800°C, the argillaceous sandstone specimen pre-
sented coupled shear and splitting failure. However,
the collapse appeared after 1000°C under external
load. Under dynamic load, tensile cracks were ob-
served for specimen after 20°C, 100°C, 200°C, and
400°C, and specimen fractured into two or three
pieces.

(3) SEM and EDS test results indicated that, after
100∼1000°C, the granular crystals of the clastic
structure gradually became larger; meanwhile, both
the number and average size of the original pores
decreased, and the initial cracks increased obviously.
Above 800°C, the crystal gradually appeared tear
ridge to become the main form of fracture, and the
crack appeared locally and gradually expanded.
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