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Abstract
It has important guiding significance to study the influence of high temperature on physical and chemical properties and 
dynamic compression mechanical properties of rocks on the stability of rock mass engineering involving thermal behavior. 
The damage characteristics and dynamic mechanical characteristics of sandstone after different temperatures (20 °C, 200 °C, 
400 °C, 600 °C, 800 °C, 1000 °C) are studied. The mineral composition, mineral content and pore structure of sandstone 
changed significantly after heat treatment. The content of clay minerals decreases and the content of quartz increases. And 
all the internal hematite is reduced at 400 °C. The content of macropores increases, and the pore size range decreases. The 
Split Hopkinson pressure bar is used to perform uniaxial impact compression tests on the heat-treated sandstone specimens 
with different average impact speeds (8.6 m/s, 14.6 m/s and 18.8 m/s). It is found that the impact speed would weaken the 
degrading effect of temperature on sandstone, and the temperature would increase the strengthening effect of strain rate. 
The change of the dynamic elastic modulus of sandstone under the coupling effect of temperature and loading includes the 
temperature weakening stage, the impact load enhancing stage and the temperature weakening stage. A damage dynamic 
constitutive model considering the combined effects of temperature initial damage and impact loading damage is established 
according to the study of the macroscopic and mesoscopic degradation characteristics of sandstone by temperature. The 
rationality of the model is verified.

Keywords  Thermal damage · Pore structure · Dynamic mechanical properties · Constitutive model · X-ray diffraction · 
Sandstone

1  Introduction

The extraction of oil and natural gas (Castanier and Brigham 
2003; Wang et al. 2018), underground nuclear waste stor-
age (Zuo et al. 2010) and the extraction of thermal energy 
(Róański et al. 2021) are all affected by the thermal behavior 
of rocks (Liu and Xu 2013). Heated minerals would expand 
and undergo a series of chemical reactions, resulting in 
changes in the physical and chemical properties of heat-
treated rocks, such as the number of pores (Tao et al. 2020), 
mineral composition and structure (Hajpál and Török 2004). 
The cracks are extended due to the thermal stress generated 
by the high temperature, which leads to a decrease in the 
mechanical properties of the rock (Mahanta et al. 2016). 

The risk of external fires and gas explosions increases as 
the mining depth increases (Li et al. 2018). The rock mass in 
underground engineering is inevitably disturbed by dynamic 
compression (Xie et al. 2020), which would affect the stabil-
ity of the surrounding rock. Therefore, it is of great signifi-
cance to the stability of rock mass engineering to study the 
influence of the physical and chemical properties of heat-
treated rock on its dynamic performance.

Previous studies have found that the thermal expansion 
properties of rocks are affected by mineral composition, 
thermal expansion coefficient of minerals (Rijaniaina et al. 
2016), initial porosity (Sippel et al. 2007) and grain size 
(Janio de Castro Lima and Paraguassú 2004). The perme-
ability (Morrow et al. 1981) and porosity (Fan et al. 2018; 
Sirdesai et al. 2019) of the rock increase with increasing 
temperature. The elastic modulus (Tian et al. 2018), com-
pressive strength (Zhao and Zhihong 2016), tensile strength 
(Guha Roy and Singh 2016), fracture toughness (Peng et al. 
2020) and wave velocity are all reduced, and the anisotropy 
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of wave velocity is more obvious. And the mechanical prop-
erties of the rock are affected by the heating rate, cooling 
method (Kumari et al. 2017; Shen et al. 2020) and cooling 
rate (Shao et al. 2014; Zhang et al. 2020). The mechani-
cal tests of heat-treated rocks are mostly static tests. The 
dynamic behavior of the rock mass cannot be ignored either 
(Fan et al. 2017; Li 2013; Li et al. 2015a, b, 2019; Yu et al. 
2021). The dynamic compressive strength and tensile 
strength of heat-treated rock will decrease (Fan et al. 2020, 
2017; Xu et al. 2021). The temperature-induced degrada-
tion of dynamic strength is not the same as static strength 
because it involves the effect of strain rate, and is more 
complicated.

In terms of damage constitutive models, the physical 
parameters (porosity, wave velocity, elastic modulus, CT 
number, thermal conductivity, density, and volume) that 
change after high temperature are used by most schol-
ars to establish damage factors (Li et al. 2021). Then the 
stress–strain relationship is obtained using the theory of 
elasticity. But the influence of strain rate is not considered 
in this method. In the study of dynamic mechanics, it is 
generally considered that rock strength obeys a certain dis-
tribution, among which the Weibull distribution is recog-
nized (Wang et al. 2007). Scholars established the dynamic 
loading damage factor based on this specific distribution 
form, and the dynamic stress–strain relationship is obtained. 
However, the initial damage of the rock is not considered in 
this method.

In this paper, Nuclear Magnetic Resonance (NMR), 
Magnetic Resonance Imaging (MRI) and X-ray diffraction 
(XRD) tests are used to analyze the meso-scale physical and 
chemical properties of sandstone after heat treatment. The 
∅100 mm Split Hopkinson pressure bar (SHPB) is used to 
research the dynamic compressive performance of sandstone 
specimens after heat treatment. The relationship between the 
change characteristics of pores and cracks and the macro-
scopic dynamic compressive characteristics of the sandstone 
after heat treatment is discussed, and a constitutive model 
considering the temperature damage and the dynamic load-
ing damage is established and verified.

2 � Experimental Procedure

2.1 � Sandstone Preparation

The sandstone specimens used in this paper were taken 
from northern Shaanxi, China. The area is rich in mineral 
resources, dominated by rocky landforms. The specimen 
was processed into a cylinder with a diameter of 98 mm 
and a height of 50 mm for subsequent tests. The accuracy 
of the specimens meets the requirements of “Engineering 
Rock Mass Test Method Standard” (GB/T50266-2013) and 

“International Society for Rock Mechanics” (ISRM). The 
error of the height and diameter of the specimens shall not 
be greater than ± 0.3 mm, the error of parallelism shall be 
less than ± 0.05 mm, and the non-perpendicularity of the 
surface shall be less than ± 0.25°.

2.2 � Test Process

The selected sandstone specimens were prepared for the fol-
lowing tests:

a.	 Thermal treatment. Temperature control equipment 
(model: AI-518) and muffle furnace (model: SX2-10-
13) were used as heating test instruments in this paper. 
The maximum heating temperature of the instrument is 
1300 °C, and the temperature control accuracy is 1 °C. 
Six different temperatures (room temperature 20 °C, 
200 °C, 400 °C, 600 °C, 800 °C, 1000 °C) were set 
in the heating test. The heating curve is shown in the 
Fig. 1. The temperature was kept constant for 2 h after 
reaching the target temperature, it is considered that the 
temperature of the inner and outer surfaces of specimen 
is consistent (see Fig. 2).

b.	 NMR test. The NMR phenomenon refers to the relaxa-
tion behavior of the spin hydrogen nuclei in the fluid 
contained in the rock in a constant magnetic field and 
a radio frequency magnetic field (Li et al. 2020). NMR 
test of saturated sandstone specimens can indirectly 
obtain the internal pore structure. The vacuum pump-
ing equipment was filled with distilled water exceeding 
the specimen. The vacuum pumping equipment was con-
tinuously pumped for 4 h at a pressure of 0.1 MPa until 
no bubbles overflow on the surface of the specimens, 
and then soaked for more than 24 h to obtain a water-
saturated specimen. The saturated specimens were put 
into the low-field NMR system (model: MacroMR12-
150H-I). The change of the pores inside the sandstone 
specimen after heat treatment was analyzed.

c.	 XRD test. D/max 2500 X-ray powder crystal diffractom-
eter (Fig. 3) was used. The heat-treated specimens were 
ground and then subjected to XRD test to analyze the 
change of mineral composition with temperature.

d.	 SHPB test. The Φ100mm SHPB system was used to 
study the dynamic mechanical properties of sandstone 
specimens after heat treatment under different impact 
speeds. The material of the pressure bars is 45Cr alloy 
steel, the density is 7850 kg/m3, and the elastic modulus 
is 210 GPa. The length of the incident bar is 4400 mm, 
and the length of the transmission bar is 3000 mm. The 
stress pulse signals are collected through the two strain 
gauges on the incident bar and the transmission bar. The 
collected pulse signals are converted and amplified by 
the super dynamic strain gauge, and then stored by the 
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computer. In the SHPB test, three types of impact air 
pressure (0.2 MPa, 0.35Mpa, 0.5 MPa) were set, and 
the impact compression test was performed on the speci-
mens treated at six temperatures. The average impact 
speeds corresponding to the three impact air pressures 
were 8.6 m/s, 14.6 m/s and 18.8 m/s, respectively. Three 
specimens were designed for each working condition, so 
there were a total of 54 sandstone specimens in this test 
(see Fig. 4).

3 � Microstructure of Sandstone After Heat 
Treatment

3.1 � Mineral Composition of Heat‑Treated 
Sandstone

It can be found the surface color of the sandstone speci-
men becomes red obviously after the heat treatment from 
Fig. 5. And visible cracks appeared on the surface of the 
specimens.

Fig. 1   Heating test

Fig. 2   NMR Test
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The mineral diffraction patterns (Fig. 6) and composi-
tion content changes (Fig. 7) of the sandstone specimens 
after heat treatment at different temperatures are obtained 
through the XRD test. The sandstone specimens used con-
tains 93.1% quartz at room temperature, indicating that 
this type of sandstone belongs to quartz sandstone. It also 
contains a small amount of clay minerals and hematite in 
addition to a large amount of quartz. The content of clay 

minerals and hematite decreased, and the content of quartz 
increased after the action of high temperature. Hematite is 
reduced to Fe after high temperature. It can be found from 
Fig. 7 that all hematite is reduced to Fe at 400 °C. Under the 
action of high temperature, some clay minerals decompose 
to produce red minerals. The above two reasons cause the 
surface of the sandstone to be dark red after heat treatment at 
400 °C. The texture of the sandstone surface is clearer. Kao-
linite is taken as an example among clay minerals. Kaolinite 
(Al2O3∙2SiO2∙2H2O) undergoes dehydroxylation (Zhang 
et al. 2019) between 500 and 600 °C. As the temperature 
rises, the kaolinite undergoes a phase change, and the SiO2 
phase is precipitated. This is the reason why the total amount 
of clay minerals has decreased and the quartz content has 
increased.

3.2 � Pore Characteristics of Heat‑Treated Sandstone

3.2.1 � Porosity Variation Analyses

After the NMR test, the porosity of the heat-treated sand-
stone is obtained. The relationship between porosity and 
temperature is analyzed. It can be found from Fig. 8 that 
the porosity of the sandstone specimens increases with 
the increase of temperature, and the overall rise in an 
"S" shape. Between 20 and 400 °C, the porosity gradu-
ally increases as the temperature increases. When the 
temperature is greater than 400 °C, the rate of increase 
drops. The fitting curve is obtained by fitting the scattered 

(1)

{
Al2O3 × 2SiO2 × 2H2O → Al2O3 × 2SiO2 + 2H2O

2
(
Al2O3 × 2SiO2

)
→ 2Al2O3 × 3SiO2 + SiO2.

Fig. 3   X-ray powder diffractometer

Fig. 4   Split Hopkinson pressure 
bars (SHPB) equipment

Fig. 5   The apparent morphology of heat-treated sandstone specimens
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points, and the fitting effect is good. The second deriva-
tive of the porosity-temperature relationship is calculated, 
and the temperature corresponding to the inflection point 
is determined to be 311 °C. In other words, the porosity 
of the sandstone specimen increases the most when the 
temperature is 311 °C.

The two-dimensional grayscale image obtained by 
MRI test is shown in Fig. 9. Based on the introduction in 
Sect. 3.1, iron is reduced at 400 °C. Specimens contain-
ing metallic minerals could affect MRI imaging. So, only 
20 °C and 200 °C are shown here. It can be found that the 
pores increase significantly at 200 °C.

Fig. 6   X-ray diffraction data of heat-treated sandstone

Fig. 7   Changes in mineral content

Fig. 8   Variation of porosity with temperature

Fig. 9   MRI of heat-treated sandstone

Fig. 10   Variation of T2 spectrum
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3.2.2 � T2 Spectrum Analysis

The T2 spectrum of the heat-treated sandstone specimen is 
obtained by the NMR test, as shown in the Fig. 10. The 
transverse relaxation time has a linear relationship with the 
pore radius:

where r is the pore radius. C is the conversion coefficient. C = FS × � . 
FS is the geometry factor (for the spherical pores FS = 3 ; and 
for the columnar pores FS = 2 ). � is crosswise surface relax-
ation strength (μm/ms). The value of C is regionally empiri-
cal. In China, the value of C is generally 0.01–0.15 μm/ms 
for most sandstones(Li et al. 2006). In this paper, the value 
of C is 0.01 for the convenience of research.

According to the existing research results (Meng et al. 
2021), the pores inside the specimens are determined as 
macropores (≥ 1 μm), mesopores (0.1–1 μm) and micropo-
res (< 0.1 μm) according to the pore radius. According to 
the relationship of Eq. (2), the cumulative percentage dis-
tribution of the pore radius of the sandstone specimens 
after heat treatment at different temperatures is obtained 
(Fig. 11). It can be found that each curve in the T2 spectrum 
has approximately two peaks. As the temperature increases, 
the curve tends to move to the right. The left peak gradually 
decreases, and the right peak gradually increases. That is to 

(2)r = C × T2,

say, the content of macropores inside the specimen gradually 
increases as the temperature increases. This is also reflected 
in Fig. 11. As the temperature increases, the curve moves 
to the right. It shows that the lower the temperature acting 
on the sandstone specimen, the larger the pore size range of 
the specimen, the pores of various sizes are included. It is 
verified that the effect of high temperature would enlarge the 
pore size inside the sandstone specimens.

4 � Analysis of SHPB Test Results

4.1 � Test Principle

It is assumed that the equipment and specimens during the 
SHPB test are isotropic and satisfy the one-dimensional 
stress wave theory. The calculation principle diagram is 
shown in Fig. 12.

The average stress � , strain rate 𝜀̇ and strain � of the sand-
stone specimen are calculated by Eqs. (3)–(5) (Gong et al. 
2019; Li et al. 2017):

where C0, A and E0 are the wave velocity, cross-sectional 
area and elastic modulus of the bar, respectively. As and ls are 
the cross-sectional area and height of the sandstone speci-
men, respectively. �i is the incident strain. �t is the transmis-
sion strain, and �r is the reflection strain.

4.2 � Dynamic Stress Equilibrium

During the SHPB test, it is an effective dynamic compres-
sion test that the specimen is in a state of stress equilibrium 
before it is broken (Zhou et al. 2017). It is considered that 
the specimen is in a state of stress equilibrium if the fol-
lowing Eq. (6) is satisfied (Chen et al. 2018). The stress 

(3)𝜀̇ = −
𝜇1 − 𝜇2

ls
=

C0

ls

(
−𝜀i + 𝜀r + 𝜀t

)
,

(4)� =
C0

ls

t

∫
0

(
−�i + �r + �t

)
d�,

(5)� =
E0A

2As

(
�i + �r + �t

)
,

Fig. 11   Cumulative percentage distribution of pore size

Fig. 12   Schematic diagram of 
calculation
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state when the average impact speed reaches 18.8 m/s is 
shown in Fig. 13. It can be found that the sum of the inci-
dent stress and the reflected stress almost coincides with the 

transmission stress curve, which means that the specimen is 
in a state of stress equilibrium during the dynamic loading 
process.

where �i is the incident stress, �r is the reflected stress and �t 
is the transmission stress.

4.3 � Stress–Strain Curve Characteristics

According to Eqs. (3)–(5), the stress and strain of sand-
stone specimens at each time can be calculated. The 
stress–strain curve of sandstone after heat treatment 
is obtained (Fig. 14). It can be found from Fig. 14 that 
the curve includes three stages of the conventional 
stress–strain curve (Li et al. 2020): the elastic deformation 
stage, the plastic deformation stage and the failure stage. 
There is no obvious pore compaction stage. This may be 
because the rock crystals have no enough time to close due 
to the large inertia during the impact. It can be indicated 

(6)�t = �i + �r,

Fig. 13   Dynamic stress equilibrium verification

Fig. 14   Stress–strain curve of sandstone after heat treatment
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that the high temperature damage to the sandstone speci-
men would directly lead to the decrease of the dynamic 
compressive strength. As the temperature increases, the 
dynamic peak stress of sandstone decreases significantly, 
which is more obvious during low-speed impact. When 
the average impact speed increases, the strain rate of the 
specimen must be increased, so that the dynamic peak 
strength increases. Therefore, when the average impact 
speed is 8.6 m/s, the peak strength at 1000 °C is reduced 
by 45.53% compared to that at 20 °C. When the average 
impact speed is 18.8 m/s, it is reduced by 14.55%. It can be 
seen from the Fig. 14 that the broken shape of sandstone 
becomes more broken with the increase of temperature 
and impact speed.

4.4 � Deterioration of Temperature

As described in Sec. 4.3, the uniaxial dynamic compres-
sive strength of sandstone specimens decreases with the 
increase of temperature under the same impact speed. 
There are many reasons why temperature deteriorates the 
mechanical properties of rocks. At 573 °C, quartz will 
undergo a transition from the triangular α phase to the 
hexagonal β phase (Barshad 1952). Clay minerals would 
also decompose in this temperature range as introduced 
in Sect. 3.1. In addition, the bound water of clay min-
erals breaks away between 100 and 450  °C (Jin et  al. 
2019; Wong et al. 2020). Mineral dehydration will shrink 
(Mahanta et al. 2016). This create cracks on the surface of 
the crystal grains. Fine-grained grains are more sensitive 
to temperature than coarse-grained grains (Malaga-Starzec 
et al. 2006). Various minerals undergo thermal expan-
sion when subjected to high temperatures. Quartz has the 
largest thermal expansion coefficient compared to other 
rock-forming minerals (Wong et al. 2020). This series of 
physical and chemical reactions, such as phase change and 
decomposition due to high temperature, causes the crystal 
grains to shrink or expand and result in microcracks. The 
effect of high temperature would cause the microcracks 
inside the rock to propagate. Microcracks include two 
typesaccording to their propagation mechanism during 
heating: thermally induced microcracks (Freire-Lista et al. 
2016; Rathnaweera et al. 2018) and stress and thermally 
induced microcracks (Rao and Murthy 2001). The expan-
sion of these two types of microcracks under the action of 
high temperature is also the main reason for the decrease 
of the dynamic compressive strength. It should be noted 
that during the microcrack propagation process pointed out 
by previous scholars in the research (Ranjith et al. 2012; 
Wong et al. 2020), the phenomenon of filling the original 
cracks to increase the strength is not reflected in the sand-
stone specimens.

4.5 � Relationship Between Peak Stress and Strain 
Rate

Strain rate is a non-negligible part in the study of rock 
dynamic mechanical properties (Feng et al. 2021; Qi and 
Qian 2003). The relationship between uniaxial dynamic 
compressive strength, strain rate and heating temperature 
is shown in Fig. 15. It can be found that the dynamic peak 
strength of the sandstone specimen after the same tempera-
ture is increased with the increase of the strain rate. With 
the increase of the strain rate, the peak strength growth 
rate of the sandstone specimens at the six temperatures 
are: 20 °C: 237.94%, 200 °C: 230.24%, 400 °C: 267.02%, 
600 °C: 298.43%, 800 °C: 298.86%, 1000 °C: 430.22%. The 
heat-treated sandstone specimens have obvious strain rate 
strengthening phenomenon is shown. And this phenome-
non becomes more obvious as the temperature rises. This is 
because the internal damage of the rock becomes more seri-
ous as the temperature rises. The weaker the rock, the higher 
the sensitivity to strain rate (Feng et al. 1986). Therefore, 
the growth rate of the dynamic peak strength increases with 
the increase of temperature. It shows that temperature will 
strengthen the rate dependence of sandstone specimens.

4.6 � Dynamic Elastic Modulus Analysis

The dynamic elastic modulus (E) of rock is not only related 
to the rock properties, but also to the loading rate (Grote et al. 
2001; Sukontasukkul et al. 2004). E is obtained by calculat-
ing the slope of the elastic stage of the dynamic stress–strain 
curve (Zhou et al. 2017). The E -temperature relationship 
curve (Fig. 16) is drawn in order to discuss the E change law 
of heat-treated rock after impact load. It can be seen from 
Fig. 16 that the E of heat-treated sandstone generally shows 
a decreasing trend with the increase of temperature when 

Fig. 15   Variation of stress with strain rate
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the average impact speed is the same. E increases in a small 
range during 400–600 °C, this phenomenon occurs under 
the action of three average impact speeds. It is indicated that 
the enhancement effect of impact loading on the E is obvi-
ous in this temperature range. In other temperature ranges, 
the degradation effect of temperature on the E is stronger 
than the strengthening effect of impact loading. When the 
average impact speed is 8.6 m/s and 14.6 m/s, the decline 
rate of E at 600–1000 °C is significantly greater than that 
at 20–400 °C. This is the opposite when the average impact 
speed is 18.8 m/s. It shows that the effect of impact loading 
on the E is more obvious when the average impact speed is 
18.8 m/s. It can also be clearly seen from Fig. 16 that the E of 
sandstone after the same temperature action increases signifi-
cantly with the increase of the average impact speed. Because 
the strain rate increases under the action of high impact speed, 
which reduces the plastic deformation, the slope of the elastic 
deformation stage increases.

5 � Dynamic Damage Constitutive Model 
of Heat‑Treated Rock

5.1 � Damage Constitutive Model Establishment

According to the principle of strain equivalence (Lemaitre 
1984), the total damage variable D of the rock considering 
thermal damage after impact loading is:

where D0 is the thermal damage variable, Di is the impact 
load damage variable.

(7)D = D0 + Di − D0Di,

The macropores in the specimen are more likely to cause 
damage to the rock than the micropores. Therefore, the ini-
tial damage factor D0 established in the previous study con-
sidering the weight of the influence of the pore size on the 
strength of the specimen is used:

among them, w1 , w2 , and w3 are the weights of micropores, 
mesopores and macropores on the damage of the rock. 
wi =

Vi∑
Vi

 , Vi is the coefficient of variation of the correspond-
ing pore content (Meng et al. 2021).  Amic,AmesandAmac are 
the area corresponding to micropores, mesopores and 
macropores in the T2 spectrum of the sandstone at room 
temperature after the NMR test. A′

mic
,A

′

mes
andA

′

mac
 are the 

area corresponding to micropores, mesopores and macropo-
res in the T2 spectrum of the heat-treated sandstone after the 
NMR test.

The weights w1 , w2 , and w3 of micropores, mesopores 
and macropores are calculated to be 0.232, 0.243 and 0.525, 
respectively. Then:

The strength of the rock obeys the Weibull statistical dis-
tribution (Cui et al. 2020; Wang et al. 2007), and the damage 
variable Di:

where m and F0 are Weibull distribution parameters. Fd is 
the dynamic micro-element strength of the rock.

After uniaxial impact compression, the dynamic micro-
element strength Fd of the rock is (Cao et al. 2017; Qi and 
Qian 2003):

where k = 2c cos�∕(1 − sin�) . c is the cohesion of the rock, 
� is the angle of internal friction. � is a constant, 𝜀̇0 is the 
uniaxial ultimate strain rate of the rock. � is the maximum 
contribution of macroscopic viscosity to strength growth. 
𝜀̇s is the strain rate corresponding to the inflection point of 
the semi-logarithmic curve of the rock material, and n is the 
material constant.

So, the total damage variable D is:

(8)D0 =
w1A

�

mic
+ w2A

�

mes
+ w3A

�

mac

w1Amic + w2Ames + w3Amac

− 1,

(9)D0 =
0.232A

�

mic
+ 0.243A

�

mes
+ 0.525A

�

mac

0.232Amic + 0.243Ames + 0.525Amac

− 1.

(10)Di =

{
1 − exp

[
−
(

Fd

F0

)m]
,Fd ≥ 0

0,Fd < 0

(11)Fd = E𝜀 − k − 𝛼 ln
𝜀̇

𝜀̇0
−

𝛽

(
𝜀̇∕𝜀̇s

)n

(
𝜀̇∕𝜀̇s

)n

+ 1

,

Fig. 16   Variation of E with temperature
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Based on the basic theory of continuous damage mechanics, 
the damage constitutive equation can be expressed as:

Incorporating Eq.  (12) into Eq.  (13), the constitutive 
equation of heat-treated rock damage is obtained:

5.2 � Parameter Solving and Model Verification

The values of c and φ refer to the research results of Ming 
and Ming (2017). The values of c and φ of sandstone 
after heat treatment at different temperatures are shown in 
Table 1.

According to the extreme value characteristics of the 
stress–strain curve, Eq.  (14) satisfies the following two 
conditions:

where �p is the dynamic compressive peak stress, �max is 
the peak strain, at this time Fd = Fdp . F0and m are obtained.

In addition to satisfying the relationship of Eq. 11, � , � 
and n also satisfy the nonlinear dynamic strength criterion 

(12)D =

⎧
⎪⎪⎨⎪⎪⎩

1 −

�
2 −

0.232A
�

mic
+ 0.243A

�

mes
+ 0.525A

�

mac

0.232Amic + 0.243Ames + 0.525Amac

�
exp

�
−

�
Fd

F0

�m�
,Fd ≥ 0

0.232A
�

mic
+ 0.243A

�

mes
+ 0.525A

�

mac

0.232Amic + 0.243Ames + 0.525Amac

− 1,Fd < 0.

(13)� = E(1 − D)�.

(14)𝜎 =

⎧
⎪⎪⎨⎪⎪⎩

E

�
2 −

0.232A
�

mic
+ 0.243A

�

mes
+ 0.525A

�

mac

0.232Amic + 0.243Ames + 0.525Amac

�
exp

�
−

�
Fd

F0

�m�
𝜀,Fd ≥ 0

E

�
2 −

0.232A
�

mic
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(15)�
(
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)
= �p

(16)
��

��

||||�=�max

= 0,

(17)
F0 = Fdp ln �maxE1 − D0�p − 1 mm = FdpF0E�max ln �maxE1 − D0�p.

(Eq. 18) proposed by Cao (Cao et al. 2017). The values of � , 
� and n (Tab. 2) are obtained by nonlinear fitting of experi-
mental data and Eq. 18.

The parameters are brought into Eq.  14, and the 
stress–strain relationship is obtained. The stress–strain curve 
of the specimen treated at 1000 °C under the average impact 
speed of 8.6 m/s is taken as an example, and the theoreti-
cal curve is compared with the test curve (Fig. 17). These 
two curves almost coincide. It is proved that the constitutive 
model based on the nonlinear dynamic strength criterion 

(18)𝜎p = k + 𝛼ln
𝜀̇

𝜀̇0
+

𝛽

(
𝜀̇
/
𝜀̇s

)n

(
𝜀̇
/
𝜀̇s

)n

+ 1

.

Table 1   c and φ of heat-treated 
sandstone (Ming and Ming 
2017)

Parameter 20 °C 200 °C 400 °C 600 °C 800 °C 1000 °C

c 39.26 27.31 22.76 17.38 14.33 6.32
� 23.17 16.74 14.49 11.94 10.66 6.87

Table 2   Dynamic strength parameters of heat-treated sandstone

Temperature/°C � � n 𝜀̇
s
/s R

2

20 – 4.68 105.02 11.74 106.53 0.99
200 – 2.39 89.14 5.92 92.12 0.98
400 – 3.23 112.24 3.84 79.24 0.99
600 – 2.65 353.32 1.99 219.17 0.99
800 – 0.61 97.25 7.01 110.55 0.98
1000 – 0.53 181.09 2.53 173.72 0.99
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considering the initial thermal damage and loading damage 
is reasonable and it can be well applied to the research of 
this paper.

6 � Conclusions

The physicochemical properties and uniaxial dynamic com-
pressive strength of sandstone after heat treatment are dis-
cussed in this paper. The research conclusions are as follows:

(1)	 All the hematite in the sandstone is reduced when heat 
treated at 400 °C. After sandstone heat treatment, clay 
minerals are decomposed so that its content decreases 
and the quartz content increases. The surface of the 
specimen turns dark red. The content of large pores 
inside the sandstone is increased, and the pore size 
range is reduced due to the effect of high temperature. 
The relationship between porosity and temperature 
satisfies the characteristics of the S-shaped curve. The 
porosity growth rate reaches its maximum value at 
311 °C, which is 0.95%.

(2)	 The temperature degradation effect is more pronounced 
under the action of low impact speeds. Under the 
action of the average impact speed of 18.8 m/s, the 
decrease rate of peak stress caused by temperature is 
3 times lower than that at 8.6 m/s. Temperature would 
strengthen the rate dependence of sandstone specimens. 
The growth rate of the peak stress with strain rate at 
1000 °C is twice the growth rate of 20 °C.

(3)	 The dynamic elastic modulus of heat-treated sandstone 
changes with the increase of temperature including 
three stages: decrease–increase–decrease. The three 
stages correspond to the temperature weakening zone, 

the impact load enhancing zone and the temperature 
weakening zone.

(4)	 The dynamic damage constitutive model of heat-treated 
rock is established by considering thermal damage and 
impact loading damage, the theoretical curve obtained 
is very close to the experimental curve. It has been veri-
fied that the proposed model is reasonable.
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