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Thermal damage and energy evolution characteristics in process of impact failure of sandstone after high temperature treatment
were studied by split Hopkinson pressure bar (SHPB) system.The ultrasonic P-wave velocity, density, porosity, peak stress, 𝐸𝑇/𝐸0,
thermal damage, fracture, and energy evolution characteristics of sandstone with temperature during the experimental process
were explored. Results show that, with the increase of temperature, the ultrasonic P-wave velocity and density decrease, while the
porosity increases. It is found that the peak stress and 𝐸𝑇/𝐸0 decrease with the increase of temperature, and the decreasing trend
is fitted with the simple cubic equation. Above 600∘C, dynamic peak stress and 𝐸𝑇/𝐸0 decrease rapidly. The thermal damage of
rock increases with the increase of temperature, which is in accordance with the logistic curve model. The thresholds of damage
strain energy release rate are 200∘C and 800∘C in this research. Its total input strain energy decreases with the increase of processing
temperature and decreases sharply when the temperature is over 600∘C.The variation of total input strain energy has small change
at the range from 400∘C to 600∘C.

1. Introduction

Underground mining and utilization of deep underground
space have long been considered a high-risk activity. So
far, many studies have been related to deep mining of hard
rock mines and utilization [1, 2]. The study of physical and
mechanical properties, impact damage, and energy dissi-
pation of rocks after high temperature has aroused great
concern. Meanwhile, a series of difficult problems have been
put forward for the mining of deep rocks and the utilization
of deep underground space [3, 4].

Deep mining and utilization are related to the dynamic
properties of rocks under different temperature environ-
ments [5]. To study the dynamic damage and energy dissi-
pation of sandstone after high temperature treatment, many
experts and scholars have carried out a series of experi-
ments and obtained the experimental results. Zhang et al.
[6] measured the dynamic fracture toughness of Fangshan
gabbro and Fangshan marble subjected to high temperature

by split Hopkinson pressure bar (SHPB) system. Liu and Xu
[7, 8] carried out the dynamic mechanical experiments on
marble under different temperature and different strain rates
by using the high temperature split Hopkinson pressure bar
(SHPB) experimental system. There are linear relationships
among peak stress, peak strain, and elastic modulus with the
temperature. Yin et al. [9, 10] analyzed the stress-strain curve,
elastic modulus, dynamic damage, and energy dissipation of
rock. Kong et al. [11] studied the differences in the thermal
mechanical properties and acoustic emission (AE) charac-
teristics during the deformation and fracture of rock under
the action of continuous heating and after high temperature
treatment. Zhou et al. [12] proposed an inversion model
of rock damage based on microseismic moment tensor. A
numerical simulation of rock mass damage that couples
joints, water, and microseismicity was performed. The rock
mass damage mechanism was then analyzed. Li and Gu [13]
analyzed the difference in the rock’s energy dissipation under
different loading waveforms and explored the theory of rock’s
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energy dissipation under different loadingwaves. Jin et al. [14]
found that the incident energy, strain energy, and dissipation
energy of a specimen show approximate increasing trends as
the flaw angle increases.

Rocks are composed by mineral particles with various
chemical compositions and different degrees of crystalliza-
tion.The internal structure of rock is complex and its disper-
sion is large. In this article, the dynamic failure characteristics
of sandstone after high temperature treatment were studied
by using a split Hopkinson pressure bar (SHPB) system. The
ultrasonic P-wave velocity, the evolution of thermal damage,
the failure mode, and the energy dissipation of the specimen
are analyzed to characterize the dynamic features of the
sandstone. The effect of temperature on the physical and
mechanical properties of rock is analyzed.

2. Specimen Preparation
and Experiment Setup

2.1. Sample Preparation. The fine-grained sandstone was
−906m level and collected in the Zhujidong coalmine located
in Huainan city, Anhui province, China. The main compo-
nents of sandstone are quartz, feldspar, and dolomite [15–
17]. Rock samples were processed into cylindrical specimens
of 50mm × 25mm by cutting and polishing. Both planes of
each specimen were ground to ensure that both planes were
parallel with accuracy of ±0.05mm and both planes were
perpendicular to the longitudinal axis with accuracy of±0.25∘
(ISRM) [18].

Before the test, all samples were numbered and grouped
according to different temperature levels. The temperature
scope on deep sandstone ranges from 20∘C to 1000∘C and
the impact loading pressure is 0.85MPa and 1.05MPa,
respectively. Test was divided into six temperature grades:
20∘C (room temperature), 200∘C, 400∘C, 600∘C, 800∘C, and
1000∘C, and each group was equipped with no less than 6
specimens.

2.2. Thermal and Testing Equipment. The heating device is a
SX-5-12 box-type resistance furnace, which is composed of
the control box and the furnace. The resistance furnace can
heat the specimens to a maximum temperature of 1200∘C.
Sandstone specimens were heated in a resistance furnace at
a rate of 6∘C/min till the desired temperature. The desired
temperature is kept constant for 4 h. After that, the specimens
are left in the furnace to cool down to room temperature.
Themass, volume, and P-wave velocity of these samples were
tested before and after heating.

The dynamic impact loading test of sandstonewas carried
out by the SHPB system with a diameter of 50mm which
belongs to Anhui University of Science and Technology.

3. Experimental Data and Analysis

3.1. Variation in Ultrasonic P-Wave Velocity. Under natural
state, the velocity of ultrasonic P-wave is a comprehensive
embodiment of the elastic coefficients, deformation charac-
teristics, and damage degree of rock material [19, 20]. The
ultrasonic P-wave velocity of sandstone measured before and
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Figure 1: Relation of ultrasonic P-wave velocity before and after
temperature treatment.
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Figure 2: Variation of density versus temperature of sandstone.

after high temperature treatment is shown in Figure 1. Before
heat treatment, the average wave velocities of the specimens
ranged from 3400m/s to 3440m/s. However, for specimens
after heat treatment, it shows overall decrease of velocity;
among those from 20∘C to 200∘C, the drop rate was relatively
slow.

The reason for decrease of ultrasonic P-wave velocity is
explained as follows. On the one hand, the different states
of water inside the rock will form water vapor and escape
from the cracks under high temperature conditions, which
aggravate the formation and expansion of the cracks and
pores. On the other hand, the differences among the thermal
expansion coefficients of the internal mineral components of
rock and the strain between crystal and fissure lead to flaw
and exfoliation of rock after high temperature treatment.

3.2. Variation in Density and Porosity. The variation of den-
sity and porosity before and after heating is shown in Figures
2 and 3. Below 200∘C, the density drops slowly relatively. After
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Figure 3: Variation of porosity versus temperature of sandstone.

that, it drops obviously. Because of deformation changes in
structure lead to expansion and fine surface grains on the
samples may flack under temperature deformation [8].

Figure 3 shows the evolution curve between porosity of
sandstone samples and temperature. The evolution can be
divided into three different stages.Thedifferent states ofwater
(attached water, bound water, and mineral combined water)
that exist inside the rockwill evaporate after high temperature
treatment [21]. In the first phase, from 20∘C to 200∘C, the
porosity average increases from 0.73% to 0.87% slowly, and
the increase rate is 18.28%. The stage is mainly due to the
increase of porosity caused by evaporation of water in the
rock. In the second phase, from 200∘C to 800∘C, the porosity
average increases from 0.87% to 1.63% rapidly, and the
increase rate is 88.35%. With the increase of temperature, the
internal mineral water evaporates continuously, which leads
to the increasing of mineral composition and microcracks
in the rock. On the one hand, the change of microcracks
increases the porosity. On the other hand, it destroys the
original small network structure and greatly improves the
connectivity of osmotic system and improves the capacity of
channel flow. In the third phase, from 800∘C to 1000∘C, the
porosity average increases slowly from 1.63% to 1.70%, and
the corresponding to the increase rate is 4.10%. There seems
to be a threshold at about 800∘C and beyond which porosity
average increase does not change a little.

3.3. Variation in Peak Stress and Relative Elastic Modulus
(𝐸𝑇/𝐸0). Variation in peak stress and relative elasticmodulus
with temperature is shown in Figure 4. With the increase
of temperature, the peak stress and relative elastic modulus
show a trend of gradual reduction. For sandstone, when the
temperature exceeds a certain range, obvious deterioration
will occur. From 20∘C (room temperature) to 200∘C, dynamic
peak stress decreases by 9.45% and 11.81% at 0.85Mpa
and 1.05Mpa. From 200∘C to 400∘C, dynamic peak stress
decreases by 12.88% and 14.59% at 0.85Mpa and 1.05Mpa.
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Figure 4: Relation of peak stress and 𝐸𝑇/𝐸0 with temperature.

Between 400∘C and 600∘C, dynamic peak stress is almost
unchanged. Above 600∘C, dynamic peak stress decreases
rapidly. By regression analysis, peak stress and temperature
meet the following equation:

0.85MPa:

𝜎 = 136.128 − 0.767 ( 𝑇100) − 1.542 (
𝑇
100)
2

+ 0.068 ( 𝑇100)
3 𝑅2 = 0.845.

(1)

1.05MPa:

𝜎 = 152.983 − 5.311 ( 𝑇100) − 0.776 (
𝑇
100)
2

+ 0.023 ( 𝑇100)
3 𝑅2 = 0.854.

(2)

𝐸𝑇 is the dynamic elastic modulus of rock treated with
corresponding temperature and 𝐸0 is the dynamic elastic
modulus of rock at 20∘C (room temperature) in Figure 4.
The variation regularity is the same as the peak stress, which
accords with the following fitting formula.

0.85MPa:

𝐸𝑇
𝐸0 = 1.040 − 2.030 (

𝑇
1000) + 1.868 (

𝑇
1000)

2

− 0.739 ( 𝑇1000)
3 𝑅2 = 0.942.

(3)

1.05MPa:

𝐸𝑇
𝐸0 = 1.039 − 1.830 (

𝑇
1000) + 1.448 (

𝑇
1000)

2

− 0.496 ( 𝑇1000)
3 𝑅2 = 0.932.

(4)
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Figure 5: Relation of ultrasonic P-wave velocity after high temper-
ature treatment with temperature.

3.4. Variation in Thermal Damage. Because of the different
deformation of various mineral crystals in the rock, when
the temperature changes, there will be a stress field inside
the rock, which will promote the evolution and expansion
of the microcracks and lead to the deterioration of the rock
properties. As a result, the ultrasonic P-wave velocity will
decrease to a certain extent. Relation of ultrasonic P-wave
velocity after high temperature treatment with temperature
is shown in Figure 5.The fitting formulas of the curve can be,
respectively, obtained as follows:

𝑉𝑇 = 4318.727
(1 + 𝑒−1.477+0.00224𝑇) 𝑅

2 = 0.981. (5)

In this test, damage is according to ultrasonic P-wave
velocity:

𝐷 = 1 − (𝑉𝑇𝑉0 )
2

, (6)

where 𝐷 stands for thermal damage, 𝑉𝑇 is ultrasonic P-wave
velocity at temperature𝑇, and𝑉0 is ultrasonic P-wave velocity
at room temperature.

It can be seen from Figure 6 that the thermal damage
of sandstone increases with the increase of temperature. The
trend of porosity with temperature is basically the same. The
fitting formulas of thermal damage and porosity of sandstone
after high temperature treatment are obtained as follows:

𝐷 = 0.817
(1 + 𝑒3.508−0.0075𝑇) 𝑅

2 = 0.991

𝛾 = 1.974
(1 + 𝑒0.661−0.0026𝑇) 𝑅

2 = 0.986,
(7)

where 𝛾 is porosity of sandstone.
The fitting curve of thermal damage of rock treated

by temperature is simplified to thermal damage model (8),
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Figure 6: Relation of thermal damage and porosity with tempera-
ture.
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Figure 7: Relation of thermal damage and ultrasonic P-wave
velocity.

which accords with logistic curve model [22]. It is seen that
the logistic model can well reflect the nonlinearity of thermal
damage evolution of sandstone exposed to different treatment
temperatures.

𝐷 = 𝛼
(1 + 𝑒𝛽−𝜂𝑇) , (8)

where 𝛼, 𝛽, and 𝜂 are constants.
Figures 7 and 8 show the relationship among wave

velocity, porosity, and thermal damage. With the increase of
ultrasonic P-wave velocity, the thermal damage decreases and
the thermal damage increases with the increase of porosity.
Through the curve analysis, the corresponding fitting formula
is obtained, which accords with the exponential form.

The rock material is regarded as isotropic and release
rate of damage strain energy under uniaxial stress state. The
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Figure 9: Relation of release rate of damage strain energy and
temperature.

release rate of damage strain energy can better represent the
damage and crack fracture and propagation inside rock. The
relation between thermal damage and release rate of damage
strain energy can be expressed as

𝜃 = 𝜎2
2𝐸 (1 − 𝐷)2 , (9)

where 𝜃 is release rate of damage strain energy, 𝜎 is peak
stress, and 𝐸 is elastic modulus, as shown in Figure 9.

As temperature rises, the release rate of damage strain
energy of sandstone under the two types of impact pressure
degrees shows a trend of gradually increasing in Figure 9. It
is observed from the diagram that the release rate of damage
strain energy has little changes from 20∘C to 200∘C. After

800∘C, the release rate of damage strain energy increases
rapidly. 200∘C and 800∘C are the threshold of damage strain
energy release rate in the test. By regression analysis, release
rate of damage strain energy and temperature meet the
following equation:

0.85MPa:

𝜃 = 0.179 + 1.142𝑒𝑇/301.516 𝑅2 = 0.972. (10)

1.05MPa:

𝜃 = −0.827 + 2.144𝑒𝑇/356.788 𝑅2 = 0.974. (11)

3.5. Fracture of Sandstone. From the appearance changes of
sandstone specimens as displayed in Figure 10, the failure
of rock is obvious after high temperature treatment under
the two impact pressure degrees. The sandstone is light gray
at 200∘C. What is more, above 400∘C, sandstone samples
start to gradually change from gray to light red. When the
temperature reaches 800∘C, although the surface integrity
is still good, it is intuitively felt that the internal damage is
widespread, which is due to the dehydration of minerals that
undergo physical and chemical changes. With the increase of
temperature, the main failure modes of the samples change:
the size of the fragments decreases greatly and becomes more
uniform; the number of powder particles increases; and there
is an effect of temperature on the surface fracture.

3.6. Energy Evolution Curves. Analysis of energy transforma-
tion and conversion in the evolution of rock deformation and
failure will contribute to reflecting the law of rock failure
truly. Considering a rock unit of one unit volume, energy
evolution equation of a rock unit in principle stress space can
be expressed as (12) which took only the axial stress and strain
into consideration [23].The energy evolution curves of failure
processes were fulfilled as shown in Figure 11.

𝑈 = ∫𝜀
0
𝜎𝑑𝜀

𝑈𝑒 = 12𝜎𝜀
𝑒

𝑈𝑑 = 𝑈 − 𝑈𝑒.

(12)

where 𝑈 is the total input strain energy of a rock unit gener-
ated by the external load and Ud and Ue stand, respectively,
for the dissipated energy and the releasable elastic strain
energy of a rock unit. The unit of U, Ud, and Ue is MJ/m3,
equivalent to the stress unit, MPa.

It is clear that the total input strain energy increases
impact presses rate at the same temperature. The total input
strain energy decreaseswith the temperature increasingwhen
the impact pressure is the same. The whole process of energy
evolution is divided into four stages: compression of fissures,
linear deformation, yield of rock, and failure of rock. The
change of elastic strain energy directly reflects the stability of
rock during deformation and failure.
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Figure 10: Dynamic compression fracture morphology of sandstone.

Taking into account the four stages of the energy evo-
lution of sandstone during the dynamic characteristics, the
energy dissipation ratio 𝐾 and the formula are calculated as
follows.

𝐾𝑖 = 𝑈
𝑑
𝑖

𝑈𝑖 , (13)

where the subscript, 𝑖, fetches values from 𝑐, 𝑙, 𝑦, and 𝑓,
representing the four stages, compression of fissures, linear
deformation, yield of rock, and failure of rock.

Figure 12 shows𝐾𝑐,𝑙,𝑦,𝑓 of sandstone specimens after high
temperature treatment. The energy dissipation ratio of the
linear deformation and yield stage, 𝐾1,𝑦, is about from 0.50
to 0.75, the compression stage 𝐾𝑐 is about 0.25, and the
failure stage 𝐾𝑓 is more than 1.25. 𝐾𝑓 goes up a little as the
temperature goes up. Actually, the distribution regularities
of energy dissipation ratios of different stages are in good
agreement with the energy evolution characteristics during
the deformation and failure process of rock specimens, as
presented previously.

The results show that no matter how the temperature
changes, the energy dissipation of the sandstone will accord
to a certain rule after high temperature treatment. There
are differences in the failure stage of the sandstone. 𝐾𝑓 of
the sample has changed obviously after high temperature
treatment. It can be seen fromFigure 12 that the three stages of
the sample before the peak points kept near a constant value,
and𝐾𝑓 is minor increasing with the increase of temperature.

4. Discussion

In general, rock falls into the category of brittle material. The
experimental results show that high temperature is the key
factors that influence the physical and chemical mechanical
properties of rock. The physical changes mainly include
the loss of water in rock, the change of mass and volume,
the initiation, and propagation of cracks, and the chemical
changesmainly include the phase transition of crystal and the
change of mineral composition.

The main reasons for these changes in the contents of the
previous study are as follows.

Firstly, the different states of water (attachedwater, bound
water, andmineral combined water) that exist inside the rock
will evaporate after high temperature treatment. In particular,
the weakly bound water can completely escape at about
150∘C, and the strong bound water can completely escape
only at the temperature of about 200∘C to 300∘C. When the
temperature is above 400∘C, especially at 450∘C to 500∘C,
OH− and H− will be separated from the mineral skeleton and
the mineral skeleton will be destroyed, which will destroy the
mineral skeleton. A new mineral is formed. The crystalline
water evaporates and escapes at less than 400∘C. The loss
of component water and crystalline water will lead to the
destruction of the crystal structure of the mineral [21].

Secondly, because of the difference of thermal expansion
coefficient of mineral composition in rock, there is thermal
stress between crystal and fissure, which results in flaw and
exfoliation of rock after high temperature treatment [12, 24].

Thirdly, After 400∘C, the fissuring between the crystalline
grains in the interior of rocks shows a cracking phenomenon
and the crack can not be recovered. A variety of mineral
related systems of sedimentary rocks change at high tem-
peratures, the most significant of which is the reverse phase
of quartz at 573∘C from 𝛼 to 𝛽 phase. In addition, the clay
minerals contained in the sandstone are kaolinite-dominant.
The presence of minerals such as kaolinite by small weight
loss intervals belongs to the dehydroxylation. The existence
of clay minerals such as kaolinite may result in the loss of
hydroxyl structural water. Therefore, the loss of hydroxyl
structural water and from 𝛼 to 𝛽 transition of quartz also
contributed to facture propagation [15–17].

5. Conclusions

The dynamic failure characteristics of sandstone after high
temperaturewere studied by using a split Hopkinson pressure
bar (SHPB) system. The physical and mechanical properties
of sandstone treated at different temperatures were obtained.
The damage characteristics, energy evolution, and failure
mode of the specimen are analyzed. Based on the result, the
following conclusions can be drawn.
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(a) 𝑃 = 0.85MPa, 𝑇 = 20∘C
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(b) 𝑃 = 0.85MPa, 𝑇 = 200∘C
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(c) 𝑃 = 0.85MPa, 𝑇 = 400∘C
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(d) 𝑃 = 0.85MPa, 𝑇 = 600∘C

yi
eld

lin
ea

r

co
m

pr
es

sio
n

failure

U

Ue

Ud

0.02 0.04 0.060.00
Strain

0

1

2

3

4
En

er
gy

 (M
J/m

3
)

(e) 𝑃 = 0.85MPa, 𝑇 = 800∘C
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(f) 𝑃 = 0.85MPa, 𝑇 = 1000∘C
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(g) 𝑃 = 1.05MPa, 𝑇 = 20∘C
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(h) 𝑃 = 1.05MPa, 𝑇 = 200∘C
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Figure 11: Energy evolution curves of sandstone after different temperature and impact pressure.
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Figure 12: 𝐾𝑐,𝑙,𝑦,𝑓 of sandstone specimens after high temperature
treatment.

(1) In this paper, the peak stress and relative elastic mod-
ulus with temperature is studied. The peak stress and
relative elastic modulus decrease with the increase
of temperature, and the decreasing trend fits with
the simple cubic equation, and the fitting degree
is feasible. Above 600∘C, dynamic peak stress and
relative elastic modulus decrease rapidly.

(2) The thermal damage of rock is increasing with the
increase of temperature, and the experimental results
are in accordance with the logistic curve model.
Thermal damage increases with the decrease of wave
velocity and the increase of porosity. The release rate
of damage strain energy can better represent the
damage and crack fracture and propagation in rock.
200∘C and 800∘C are the threshold of damage strain
energy release rate.

(3) The change of energy can better reflect the rock
breakage.The total input strain energy decreases with
the temperature increasing when the impact pressure
is the same. Its total input strain energy decreases with
the increase of processing temperature and decreases
sharply when the temperature is over 600∘C. The
variation of total input energy has small change at the
range from 400∘C to 600∘C. The three stages of the
sample before the peak points kept near a constant
value, and 𝐾𝑓 is little increasing with the increase of
temperature.
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