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Abstract  To study the damage and acoustic emis-
sion (AE) energy evolution of basalt under high 
temperature, a series of tests under uniaxial stress 
are carried out on basalt heated at 25  °C, 200  °C, 
400  °C, 600  °C, 800  °C and 1000  °C. Through the 
comprehensive analysis of AE parameters such as 
absolute energy and amplitude, the AE characteristics 
and damage evolution laws of basalt were explored. 
The results show that high temperature has a signifi-
cant effect on the characteristics of rock stress–strain 
curve. With the increase of temperature, the compac-
tion stage of the curve becomes longer, the plasticity 
increases, and the peak strength of basalt decreases. 
The higher the heat treatment temperature, the faster 
the strength decreases, and the strength decreases 
by 63.91% at 1000  °C. The AE localization points 
converge from the dispersed state to the aggregated 

state. With the increase of temperature, the period of 
convergent nucleation of the AE localization sites is 
advanced, high amplitude AE signals shifted from a 
concentrated distribution near the peak stress to a dis-
crete distribution throughout the entire process. The 
heat treatment of the rock has an additive effect on 
the burstiness. 600–800 °C can be used as the thresh-
old temperature of basalt to transform from brittle 
failure to plastic failure. The high temperature effect 
is responsible for the transition of the AE cumulative 
absolute energy at 400–600 °C. The influence of high 
temperature on damage evolution is discussed. The 
initial damage increases exponentially after 800  °C. 
With the increase of temperature, the evolution rate 
of damage variable becomes faster and gradually 
changes from linear to nonlinear.

Keywords  High temperature · Uniaxial 
compression · Basalt · Damage evolution · AE energy 
evolution

1  Introduction

With the continuous improvement of the modern 
energy system, the disaster-causing mechanism of 
engineering activities and disaster warning and risk 
assessment have become the core scientific issues. 
Underground engineering activities such as deep min-
eral exploitation, geothermal resource development, 
underground coal gasification and nuclear waste 
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repository are all involved in the damage of high-tem-
perature rocks (Horst 2019; Zhao 1994; Ozguven and 
Ozcelik 2013; Luc et al. 2015; Jobmann et al. 2010; 
Ju 2010). We have to consider the effect of high tem-
perature on the mechanical properties and deforma-
tion behavior of rock materials. Therefore, the study 
of rock failure characteristics and damage evolution 
law after high temperature plays a very important role 
in the selection of engineering structural parameters, 
scientific evaluation of engineering rock mass stabil-
ity and nuclear waste storage safety.

Rock thermal effect has been widely studied as a 
research hotspot, but it mainly focuses on the physi-
cal properties and mechanical behavior of different 
types of rocks, such as elastic modulus (Justo and 
Castro 2020; Motra and Stutz 2018), compres-
sive strength (Justo and Castro 2020; Hakan et  al. 
2019; Deng et  al. 2022), longitudinal wave veloc-
ity (Vagnon et al. 2021; Deng et al. 2022), density 
(Hrifech et  al. 2023; Motra and Stutz 2018) and 
Justo and Castro (2020) studied the influence of 
temperature on the fracture characteristics of sand-
stone, limestone and marble, and obtained the rela-
tionship between physical and mechanical param-
eters and temperature change. Vagnon et al. (2021), 
Hrifech et  al. (2023), Motra and Stutz (2018) and 
other scholars have conducted in-depth research on 
the physical and mechanical behavior of rock under 
the influence of high temperature, and revealed 
the relationship between physical properties and 
heat-induced damage. Deng et  al. (2022) studied 
the effect of high temperature on the physical and 
mechanical properties of granite, and analyzed 
its dynamic damage evolution law. It can be seen 
that with the increase of temperature, the physical 
and mechanical properties decreased, the damage 
increased, and the AE activity was severe. AE tech-
nology can monitor the deformation instability pro-
cess of thermally treated rocks under external stress 
in real time (Rong et al. 2018), so it is widely used 
in experiments. Li et  al. (2021) studied the defor-
mation and failure characteristics of marble and the 
AE activity rule at 30 °C, 60 °C, 90 °C, 120°Cand 
150 °C, revealing the relationship between the fail-
ure characteristics of marble and temperature. Yin 
et  al. (2022) conducted heat treatment on gran-
ite samples at 25  °C, 200  °C, 400  °C, 600  °C and 
800 °C. Based on brittleness index and peak strain 
energy, the relationship between temperature and 

energy evolution of granite was discussed, revealing 
that high temperature leaded to energy dissipation 
and reduced rock brittleness. Kumari et  al. (2017) 
investigated the stress–strain behaviour under tem-
perature conditions by conducting a series of high-
temperature tri-axial experiments on Australian 
Strathbogie granite under four different tempera-
tures (RT, 100, 200, 300  °C), and monitored the 
process by AE. The mechanical behaviour in the 
process of rock failure was analyzed.

The above research results have systematically 
studied the physical and mechanical properties of 
different rocks and obtained many useful conclu-
sions. At the same time, the generation of cracks 
under high temperature will destroy the integrity of 
rock and affect the rock composition and mineral 
cementation form, which is very likely to destroy the 
stability of underground rock mass engineering (Ali 
and Bradshaw 2010; Manish et al. 2017; Víctor et al. 
2021). Therefore, it is particularly necessary to study 
the damage characteristics and failure mechanism 
of rock after high temperature. In addition, basalt is 
often selected as the basic material for nuclear waste 
storage (Thomas 1983). During the disposal process, 
nuclear waste continuously releases heat in the form 
of nuclear decay heat. High temperature will not only 
cause thermal stress in the rock due to thermal expan-
sion, but also change the physical and mechanical 
properties of the rock, as well as the deformation and 
failure mechanism (Kwon and Choi 2006; Ren et al. 
2019; Nakayama et  al. 2011; Kitamura et  al. 2011). 
Therefore, the revelation of the mechanical properties 
and damage evolution of basalt at high temperature 
has certain guiding significance for the key technical 
problems of rock mass engineering under high tem-
perature such as nuclear waste storage safety.

Based on the above analysis, to fully investigate 
the effects of high temperature on the fracture process 
and the failure mechanisms of rocks under compres-
sive stress, this study conducts a series of uniaxial 
compression tests on thermally treated basalt using 
the AE monitoring technology. Firstly, the effect of 
high temperature on the mechanical properties of 
basalt was studied. Secondly, the relationship between 
AE parameters such as absolute energy and ampli-
tude and temperature is comprehensively analyzed, 
and the temporal and spatial evolution of AE events 
and damage variables are used to study the damage 
evolution law. In summary, the failure mechanism of 
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thermally damaged basalt is revealed by analyzing the 
AE mechanical characteristics, damage evolution law 
and failure pattern of the samples.

2 � Experimental Procedure

2.1 � Sample Preparation and Test System

Standard cylindrical basalt samples with a diameter 
of 50 mm and a height of 100 mm specified by the 
International Society of Rock Mechanics (ISRM) 
(Fairhurst and Hudson 1999) are used in the test, as 
shown in Fig.  1. The basic physical and mechanical 
parameters of basalt without temperature treatment 
are shown in Table 1.

The MTS 815 high-rigidity rock mechanics test 
system is used in this loading test. The system con-
sists of a test part, a loading part and a control part. 
It is equipped with a servo-controlled full-automatic 
pressurization and measurement system. The vertical 
maximum output is 4600kN. The overall stiffness of 
the test frame is 11.0 × 109 N/m. The structure of the 
test machine is shown in Fig. 2. The DIC test system 
of MatchID company and the PCI-II AE test system 
of American Physics Acoustic Company (PAC) are 
synchronously applied. The threshold value is set to 
40 dB, the pre-gain is 40 dB, the sampling frequency 
is 1  MHz, and the AE sensor type is RT50-AE, as 
shown in Fig. 3.

2.2 � Test Design

Based on Standard for Test Methods of Engineering 
Rock Mass (GB/T 50266-2013), the basalt samples 

are dried at 105 °C for 24 h. The selected samples are 
treated at high temperature (200 °C, 400 °C, 600 °C, 
800  °C, 1000  °C) by KSL-1200 X muffle furnace, 
and heated to the specified temperature at a rate of 10 
°C/min.

After maintaining the corresponding temperature 
for 2 h, the power supply is cut off, and the samples 
are placed in the furnace and cooled to room tem-
perature. Subsequently, the uniaxial compression 
test is carried out on the MTS 815 high-rigidity rock 
mechanics test system to obtain the stress–strain 
curve. At the same time, AE sensors are installed on 
rock samples to monitor the AE signals in the process 
of basalt compression deformation in real time.

3 � Result

3.1 � Stress–Strain Relationship

The stress–strain curves of basalt after different tem-
perature treatments are shown in Fig. 4.

Similar to that at room temperature, the complete 
stress–strain curve of high temperature basalt under 
uniaxial compression after cooling roughly goes 
through four stages: compaction, elasticity, yield and 

Fig. 1   Basalt sample

Table 1   Basic physical and mechanical parameters of basalt

vp is longitudinal wave velocity; E is elasticity modulus; σ is 
uniaxial compressive strength

Density/g m−3 vp/m s−1 E/MPa σ/MPa Poisson’s ratio

2.90 5987.54 271.98 194.95 0.1

Fig. 2   MTS 815 high rigidity rock mechanics test system
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failure, as shown in Fig. 4. In the compaction stage, 
the curve is concave. The higher the temperature, 
the longer the compaction stage, indicating that the 
higher the temperature, the more initial micro-cracks 
inside the rock. With the increase of temperature, 
the slopes of linear elastic stage are 278.83, 244.89, 
201.81, 196.72, 108.76 and 48.85, respectively, show-
ing a decreasing trend. When the temperature reaches 
1000 °C, the plastic yield stage is obvious, and a yield 
platform appears. Finally, the rock enters the fail-
ure stage, at which the axial stress reaches the peak 
strength. Before 800 °C, the rock sample is destroyed 
rapidly, the axial stress decreases sharply, and the 
strain changes very little, showing brittle failure. 
However, at 1000 °C, the rock sample has stress fluc-
tuation during the failure process, showing obvious 

plastic characteristics. This is because the high tem-
perature of 1000 °C causes a large number of thermal 
cracks in the rock, resulting in multiple penetrations 
of thermal cracks during the loading process, show-
ing multiple stress decreases. With the increase of 
temperature, the peak strength is 192.56 MPa, 188.70 
MPa, 185.04 MPa, 170.54 MPa, 127.63 MPa and 
65.64 MPa, respectively, showing a decreasing trend. 
Due to the difference in thermal expansion of differ-
ent particles of minerals inside the rock, structural 
thermal stress will be formed between the particles, 
thereby forming more new cracks or promoting the 
expansion of primary cracks, resulting in the deterio-
ration of the mechanical properties of basalt and the 
reduction of strength.

3.2 � Analysis of AE Characteristics

3.2.1 � AE Energy and Three‑Dimensional 
Spatio‑temporal Evolution Laws

The stress–strain behavior of rock has a good cor-
respondence with the damage types and AE energy 
evolution of rock (Sagar and Prasad 2012; Xue et al. 
2021; Khadivi et  al. 2023). The damage represented 
by AE energy has good reliability, which can reflect 
the essential characteristics of rock damage and frac-
ture (Wang et  al. 2023; Ullah et  al. 2023). The spa-
tial–temporal evolution of the AE events can directly 
visualize the development of cracks inside the rock 
samples during the process of rockburst incubation 
(Chajed and Singh 2024; Singalreddy et  al. 2022). 
Figure 5 shows the evolution of AE energy and three-
dimensional spatio-temporal localization during the 

Fig. 3   AE signal analyzer

Fig. 4   Stress–strain curve of basalt after different temperature 
treatment
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whole process of uniaxial compression of basalt after 
high-temperature action. Three-dimensional display 
is carried out according to the amplitude and occur-
rence time of AE source. Among them, the amplitude 
of AE source (unit: dB) is distinguished by the size 
and color of the ball. The larger the amplitude of AE, 
the larger the size and the deeper the color of the ball.

As shown in Fig.  5, the damage process of rock 
samples is divided into three stages: the initial dam-
age stage (0–20% σc), the stable damage develop-
ment stage (20% σc–60% σc), and the accelerated 
damage development stage (60% σc–σc) based on 
the AE three-dimensional spatio-temporal evolution 
(Li et  al. 2022; Cao et  al. 2022). In the initial dam-
age stage, the primary cracks and pores within the 
rock are closed, the AE energy is increased slightly, 
and the AE sources are randomly distributed in the 
specimen. During the stage of stable damage develop-
ment, the pressure on the rock samples is insufficient 
to cause the formation of new cracks, resulting in lit-
tle AE energy activeness. Essentially, the cumulative 
AE energy curves are horizontal. At the peak stress of 
about 60% σc, the number of AE localization points 
increases slightly, indicating crack initiation. In the 
early stage of accelerated damage development, the 
AE localization points are gradually aggregated and 
connected at about 80% σc, and initially converge to 
form a nucleus, which indicates that cracks begin to 
expand and small damages gradually accumulate. In 
the late stage of accelerated damage development, 
the number of AE localization points increases dra-
matically, and a large number of localization points 
in the initial nucleation areas are converged into rup-
ture zones, indicating continuous crack expansion 
and penetration accompanied by the generation of 
a large number of new cracks, and the AE source is 
extremely active. The cumulative AE energy curves 
show a sudden increase change approximate to a ver-
tical line.

Compared with the room temperature, with the 
increase of heat treatment temperature, the nuclea-
tion period of acoustic emission localization point is 
advanced. The AE energy fluctuates before the stress 
peak, and no longer maintains a small energy state, 
suggesting that the heat treatment of the rock has an 
additive effect on the burstiness, which is most pro-
nounced when the temperature is 1000 °C. The turn-
ing point of the cumulative AE absolute energy curve 
is delayed, and there is a corresponding “step-like” 

change. In addition, the peak absolute energy of the 
AE shows a hysteresis phenomenon compared to the 
peak stress.

Differences in heat treatment temperatures lead 
to differentiation in the initial thermal damage of the 
specimen, which alters the course of damage evolu-
tion during specimen destruction, resulting in differ-
ent rock damage patterns. When the heat treatment 
temperature increases from 25 to 1000  °C, the time 
required for the basalt sample cracks from complete 
development to failure is 2396  s, 2930  s, 3239  s, 
3315 s, 3830 s and 5127 s, respectively, showing an 
increasing trend, and the rock failure shows a transi-
tion from brittle failure to plastic failure. The number 
of AE event points is 718, 1314, 2278, 4048, 8375 
and 9193, respectively, showing an increasing trend. 
600–800  °C can be used as the threshold tempera-
ture of basalt to transform from brittle failure to duc-
tile failure. The transformation of basalt failure pat-
tern changes the damage evolution and development 
course of sample in the failure process, and affects the 
course of crack initiation, condensation, nucleation 
and penetration failure, leading to the difference of 
three-dimensional spatio-temporal evolution.

The high temperature affects the rock energy 
release process to a certain extent, and there are some 
differences in the AE absolute energy and cumula-
tive absolute energy evolution laws for rock sam-
ples under different high temperature. The peak and 
cumulative absolute energy of AE after different ther-
mal temperature are shown in Table 2.

As can be seen from Figs.  6 and 7, with the 
increase of heat treatment temperature, the peak of 
AE absolute energy shows a trend of first decreasing, 
then increasing, and then decreasing. The cumulative 
absolute energy of AE shows a trend of first increas-
ing and then decreasing. The obvious turning point 
of absolute energy and cumulative absolute energy 
of AE occurs at 400–600  °C, so this temperature 
range can be considered as the turning point of abso-
lute energy of AE. However, at 1000 °C, an order of 
magnitude decrease in the AE absolute energy and 
cumulative absolute energy occurs due to the change 
of failure pattern. This phenomenon is mainly due to 
the fact that heat treatment at a certain temperature 
(200–400  °C) is helpful to improve the properties 
of basalt. At a relatively low temperature, heat treat-
ment mainly causes dehydration of the sample and 
expansion of the mineral grain. However, the degree 
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of thermal expansion will not cause the thermal frac-
ture of mineral grains and the further expansion of 
existing natural cracks. Instead, some natural cracks 
are gradually closed, and the contact between mineral 
grains is closer, releasing more elastic strain energy 
(Ma and Chen 2020; Xie et  al. 2023; Dong et  al. 
2022). However, at 400–600  °C, the mineral parti-
cles of basalt begin to deform, and even the miner-
als begin to decompose, transform and recrystallize 
under high temperature, which consumes more elastic 
strain energy. Secondly, with the increase of tempera-
ture, the AE activity becomes more and more intense, 
and the elastic strain energy consumed by the slip and 
rotation of mineral particles under compressive load 
is also increasing.

3.2.2 � Amplitude Distribution Characteristics of AE

AE amplitude is the maximum amplitude of the sig-
nal waveform that characterizes the magnitude of a 
rock fracture event and is commonly used for frac-
ture source type identification and intensity meas-
urements. And the amplitude distribution is largely 
dependent on the material and deformation mecha-
nism, so the judgment of the change of rock proper-
ties based on the amplitude information is of great 
significance (Pollock 1973). The amplitude of the 
signal waveforms is different due to the differences 
in the AE sources (He et  al. 2010; Khoshouei et  al. 
2022), and the signals with amplitudes in the range 
of 40–70 dB and 70–100 dB are referred to as low-
amplitude and high-amplitude signals (Zhang et  al. 
2019). The distribution of AE amplitude of basalt 
after high temperature is shown in Fig. 8, the statistics 
of AE amplitude is shown in Fig. 8, and the statistics 
of amplitude mean and proportion of low amplitude 
are shown in Fig. 9.

From the statistical results of Figs. 8 and 9, it can 
be seen that the amplitude of the AE signals gener-
ated in the fracture process of basalt after high tem-
perature is between 40 and 100 dB, while the propor-
tion of AE events decreases rapidly with the increase 
of the amplitude. This indicates that small cracks are 
dominated by low energy damage during rock load-
ing; most of the signals have amplitudes between 
40–50  dB, which suggests that the generation of 

fracture with high energy is resulted from the gradual 
accumulation of a large number of small fractures. 
As can be seen in Fig. 9, the AE amplitude distribu-
tion characteristics of basalt after heat treatment at 
different temperatures are similar. Before the plas-
tic strengthening stage, only low amplitude signals 
are generated, with occasional sudden changes in 
high amplitude signals. The concentration of high 
amplitude signals occurs only before and after the 
peak stress, indicating that high-energy cracks are 
generated and rock is broken. However, high ampli-
tude energy is already present at the beginning of 
rock loading when the heat treatment temperature is 
1000 °C, which is mainly caused by thermal damage 
to the rock.

From the results in Fig.  10, it can be seen that 
the amplitude mean (Fig.  10) and maximum ampli-
tude (Figs.  8, 9) of the AE signals after different 
temperature effect are different. With the increase of 
temperature, the amplitude mean of the AE signals 
are 52 dB, 50 dB, 48 dB, 47 dB, 48 dB and 50 dB, 
respectively, which also show the “U” shaped change 
with a decrease followed by an increase, indicating 
that the energy released during the fracture process of 
the rock samples after high temperature is decreasing. 
Meanwhile, the proportions of low amplitude of AE 
signals are 96.02%, 96.69%, 96.84%, 97.93%, 99.3% 
and 98.11%, respectively, which are all in larger pro-
portions and with a tendency to increase, which sug-
gests that the effect of temperature on the internal 
elasticity of the rock samples is greatly reduced, and 
that the higher the temperature, the more difficult it is 
to produce large scale fracture. In summary, the AE 
signals clearly show low amplitude aggregation phe-
nomenon during the fracture process of rock samples 
under high temperature, that is, with the increase of 
temperature, the rock samples tend to produce small 
scale fracture, which is manifested as plastic failure.

3.3 � Damage Evolution Analysis of Basalt Fracture 
Process

3.3.1 � Evolution Law of Basalt Fracture Damage 
under High Temperature

To quantitatively describe the damage evolution law 
of basalt under temperature and stress, Cho et  al. 
(2015) and Xiao et al. (2009) defined the mechanical 

Fig. 5   AE energy and three-dimensional spatial–temporal 
evolution of basalt

◂
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damage variable of rock samples in compression pro-
cess based on the AE energy.

where Dw is the damage variable of basalt at time t. wt 
is the AE release energy of rock from the beginning 
of the test to time t. wAE is the total AE release energy 
of rock during the whole process from the beginning 
of the test to reaching the damage limit stress.

In addition, the sample has been subjected to high 
temperature treatment before the compression test, so 
there has been some initial damage inside the sample. 
The initial thermal damage caused by thermal tem-
perature (Ma and Chen 2020) is defined as:

where σT is the uniaxial compressive strength of 
basalt after thermal temperature with the target tem-
perature of T. σ0 is the uniaxial compressive strength 
of untreated basalt.

Xu and Karakus (2018) showed that the total 
damage of rocks after thermal temperature during 
loading is coupled by initial thermal damage D0 and 
mechanical damage Dw according to the following 
relationship:

By substituting Eqs. (1) and (2) into Eq.  (3), the 
modified thermal damage variables can be obtained:

According to Eq.  (4), the evolution processes of 
damage variables in the uniaxial compression of 
basalt under various conditions are obtained. The 
damage evolution of basalt under uniaxial compres-
sion after high temperature is shown in Fig. 11.

After thermal temperature, the damage variables 
have similar characteristics. As can be seen from 
Fig.  11, the high temperature causes certain initial 
thermal damage to the rock, and the internal cracks 
of the sample have been developed to a certain extent. 
According to Eq.  (2), the initial damage is 0.012, 
0.033, 0.051, 0.152, 0.345 and 0.663, respectively, 
showing an increasing trend. With the increase of 
temperature, the damage variable curve gradually 

(1)D
w
=

w
t

w
AE

(2)D0 = 1 −
�
T

�0

(3)1 − D =
(

1 − D0

)(

1 − D
w

)

(4)D = D0 + D
w
− D0Dw

= 1 −
�
T

�0

+
w
t
�
T
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Table 2   Peak and cumulative absolute energy of AE under 
uniaxial compression of basalt after different thermal tempera-
ture

Thermal temperature 
(°C)

Absolute energy 
peak (aJ)

Accumulated 
absolute energy 
(aJ)

25 3.39E+09 1.48E+10
200 1.20E+09 2.38E+10
400 1.77E+09 6.88E+10
600 3.04E+09 3.72E+10
800 1.22E+09 2.37E+10
1000 5.12E+08 9.72E+09

Fig. 6   AE absolute energy peak

Fig. 7   AE cumulative absolute energy
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Fig. 8   The distribution of AE amplitude of basalt after high temperature
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changes from vertical rise to curve rise, the growth 
rate slows down, the accelerated damage develop-
ment stage becomes longer, and the failure charac-
teristics of rock change from brittle failure to plastic 
failure. Before 800 °C, the initial damage of the rock 
is relatively small and develops steadily with a cer-
tain initial damage. Until the rapid damage develop-
ment stage, the damage variable rises rapidly until it 
is equal to the critical value. The rock sample does 
not appear obvious softening section before the peak 
stress, but quickly enters the failure section. After the 
failure, the stress-time curve also declines almost lin-
early, and the damage variable curve rises linearly, as 
shown in Fig. 11a–e. However, after 800 °C, the ini-
tial damage of rock is large, and the damage variable 
curve steadily increases with a certain slope. The rock 
sample has a slight softening characteristic before 
the peak stress, and the stress-time curve fluctuates 
after the failure. At the same time, the ductile failure 
of the rock is the most obvious, as shown in Fig. 11f. 
After the thermal temperature of 1000 °C, the inter-
nal structure of basalt produces thermal damage and 
forms more dense cracks. A large part of the strain 
energy accumulated in the process of deformation 
and failure of the sample in the early stage has been 
consumed by the crack development and the friction 
and sliding of crystal particles during the damage 
failure of the rock. It makes the rock mineral parti-
cles slip or even rotate under lower compression load, 
which is macroscopically manifested as ductile failure 
of the sample, that is, more obvious strain hardening. 
The damage variable directly reflects the degree of 
rock damage through the proportion of microcracks, 
and well reveals the evolution law of basalt fracture 
damage under high temperature.

3.3.2 � Damage Constitutive Relationship

The theoretical curve can be obtained by bringing the 
damage variable D obtained by Eq. (4) into the dam-
age constitutive equation. However, considering the 
effects of physical and mechanical properties such 
as material anisotropy and the coefficient of thermal 
expansion, so the damage correction factor (Wang 
et al. 2021) is introduced, and the damage constitutive 
equation is as follows.

where E is elastic modulus. η is the damage correc-
tion factor, which is related to temperature.

The theoretical curve is obtained according to 
Eq.  (5) and it is compared with the test curve, as 
shown in Fig. 12.

As can be seen from Fig. 12, in the crack closure 
stage, the stress–strain curve of the model is basi-
cally a straight line, which is quite different from the 
characteristic that the slope gradually becomes larger 
in the test curve. Because in the crack closure stage, 
the number of acoustic emission signals generated 
by the rock is very small relative to the number of 
acoustic emission signals generated by the entire pro-
gressive failure process of the rock, resulting in the 
ratio wt/wAE is very small and basically unchanged, so 
1–D is approximately constant. As a result, the stress 
increases linearly with strain at this stage, which is 
quite different from the experimental results, but the 
model can reflect the axial stress-axial strain relation-
ship of rock to a certain extent.

Therefore, the selection of the damage correction 
factor η in the damage constitutive equation of sam-
ples under different conditions is reasonable. Differ-
ent thermal temperature increase the degradation of 
the damage correction factor η and rock properties, 
resulting in a decrease in the damage resistance. In 
addition, before the final failure, when the samples in 
the same state produce the same strain, the theoreti-
cal stress value is greater than the experimental stress 
value. The main reason for this inconsistency is that 
the AE sensor cannot receive some AE events with 
lower energy, indicating that the cracks are small. The 
theoretical failure value is less than the experimental 
failure value, so the theoretical stress value obtained 
from the damage constitutive equation is greater than 
the experimental stress value.

4 � Discussion

4.1 � Exploration of Damage Correction Factors

From the above results, it can be seen that the dam-
age evolution of basalt is significantly affected by 
high temperature. High temperature causes changes 
in the physical properties of rocks and disrup-
tion of the mineral crystal lattice bone of rocks, 

(5)� = E(1 − �D)�
Fig. 9   The statistical of AE amplitude of basalt after high 
temperature
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leading to cracks and connectivity changes within 
the rock (Zhang et al. 2018; Heuze 1983; Sun et al. 
2016). With the increase of temperature, miner-
als will expand, melt, phase transform, transform 
and recrystallize (Sun et  al. 2013). In view of the 
initial damage, the constitutive model based on the 
damage variable of AE energy can better reflect the 
mechanical properties of the rock. The selection of 
damage correction factor in this model has a certain 
relationship with temperature. By establishing the 
correlation between the damage correction factor 
and temperature, it is more convenient to estimate 
the change of the damage correction factor by the 
temperature, so as to modify the constitutive model.

The quantitative correlation between the damage 
correction factor η and temperature in the constitu-
tive model was obtained by fitting, and the correla-
tion coefficient R2 is 0.99, which represents a good 
fitting effect. The fitting relation is:

(6)
� =1.04 − 0.0018 ∗ T + 3.24 exp(−6) ∗ T

2

− 2.10 exp(−9) ∗ T
3,R2 = 0.99

where η is the damage correction factor; T is the ther-
mal temperature of the basalt.

The correlation between the damage correction 
factor η and temperature in the present constitu-
tive model is shown in Fig. 13. With the increase 
of temperature, the damage correction factor η 
tends to decrease, but there is a change in the rate 
of change of the curve in the process of change. 
200–400  °C, The various forms of water within 
the rock are evaporated and the mineral lattice 
begins to change (Heuze 1983; Sun et  al. 2013, 
2016), resulting in the damage correction factor η 
beginning to slow with the change of temperature; 
600–800  °C, the minerals expand, melt, phase 
transform, transform and recrystallize, The rock 
begins to emerge into a liquid state and progres-
sively enters a sintered state (Sun et al. 2013; Chen 
et al. 2022), resulting in the damage modification 
factor η beginning to steepen with change of tem-
perature. The future studies could further optimize 
the damage correction factor η and consider cor-
rections for the nonlinear compaction stage.

Fig. 10   The statistics 
of amplitude mean and 
proportion of low ampli-
tude of basalt after high 
temperature
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Fig. 11   Damage evolution of basalt under uniaxial compression after high temperature
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4.2 � The Quantitative Error Analysis

The quantitative analysis of error between experimen-
tal and theoretical results were shown in Fig. 14. The 
number marked on the bar chart is the error value of 
the experimental and theoretical results.

Through the quantitative analysis of the maximum 
strain and stress error of the experimental and theoret-
ical results, it is found that the maximum strain of the 
sample is similar, while the maximum stress is only 
different but also within the controllable range. The 
errors are 8.05%, 11.92%, 17.51%, 17.86%, 1.07% 
and 5.74% of the maximum stress, respectively, and 
the higher the heat treatment temperature, the smaller 
the error. In addition, we can also find that with the 
increase of heat treatment temperature, the theoretical 
stress increases first due to the closure of the original 
crack and then decreases due to the irreversible rock 
damage caused by thermal damage, which is similar 
to the experimental results. Therefore, this model can 
better describe the mechanical properties of basalt 
after high temperature uniaxial action, and the higher 
the heat treatment temperature, the stronger the adapt-
ability of the model.

4.3 � Microstructure Characteristics

Basalt is a brittle material formed by dense cemen-
tation of various mineral particles. The mineral com-
position and microstructure together determine the 
fracture properties of basalt. The difference in min-
eral composition and microstructure is the internal 
mechanism that causes the difference in macroscopic 
mechanical properties. The microstructure, defect 
morphology and pore structure characteristics of 
basalt were obtained by scanning electron micros-
copy, and the fracture mechanism of basalt thermal 
damage was revealed from the microscopic point of 
view. The surface microstructure of basalt at differ-
ent temperatures was observed by scanning electron 
microscope (SEM), and the results were shown in 
Fig. 15.

The concave and convex surfaces and folds appear 
on the surface of the rock, which is mainly caused by 
the extrusion wear of the particles during the fracture 
process of the rock, the brittleness of the rock, the 

heterogeneity of the composition and the uneven dis-
tribution of the mineral particles. From the diagram, 
it can be found that before 400 °C, the fracture of the 
sample produces typical transgranular fracture char-
acteristics such as parallel cleavage plane and inter-
secting cleavage plane caused by shear action and 
smooth cutting surface with parallel slip line stripes 
or rhyolitic or step-like distribution. After 600 °C, the 
fracture of the sample produces typical intergranu-
lar fracture characteristics such as rough tensile sur-
face and a large number of large rock debris. With 
the increase of heat treatment temperature, the gloss 
of the fracture surface decreases and the crack width 
increases. The fracture of rock tends to be disordered 
and disordered gradually, and the fracture is not lim-
ited to cleavage plane and crystal boundary. Due to 
the different thermal expansion deformation and 
stress, there are small pores between crystals and cut-
tings and other cements. However, with the increase 
of heat treatment temperature, this boundary becomes 
blurred, mainly because the minerals in the rock and 
the cements between the minerals are seriously dried 
at high temperature.

5 � Conclusion

Through uniaxial compression test and AE test 
of basalt after high temperatures, the relationship 
between stress–strain curve, AE characteristic param-
eters and damage evolution characteristics with tem-
perature is analyzed. AE properties and damage 
characteristics of basalt under high temperature uni-
axial stress are revealed. The main conclusions are as 
follows:

1.	 The characteristics of stress–strain curve of 
rock are significantly influenced by temperature. 
With the increase of temperature, the compac-
tion stage of the curve becomes longer, the plas-
ticity increases, and the peak strength of basalt 
decreases. The higher the heat treatment tem-
perature, the faster the strength decreases. At 
1000  °C, the strength decreases by 63.91% and 
the local stress fluctuation of the rock sample is 
obvious and multiple stress drops occur, showing 
obvious plastic characteristics.

2.	 The AE spatio-temporal evolution results intui-
tively reflect the location of the AE source, frac-

Fig. 12   Comparison of theoretical and experimental curves of 
stress–strain relations of basalt after high temperature
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ture development and damage conditions within 
the rock. The AE localization points gradually 
converge from the dispersed state to the aggre-
gated state; With the increase of temperature, 
the period of convergent nucleation of the AE 
localization sites is advanced, and the AE abso-
lute energy before the peak stress is fluctuated, 
and the heat treatment of the rock has an addi-
tive effect on the burstiness. High temperature 
changes the failure pattern of basalt. The failure 

mechanism of basalt changed from shear failure 
to tensile-shear mixed failure, and finally to ten-
sile failure. The critical temperature of brittle-
ductile transition of basalt is 600–800 °C.

3.	 The AE characteristic parameters quantify the 
rock damage and well reflect the damage evolu-
tion characteristics of rock samples. The high 
temperature changes the failure pattern of basalt 
and has a significant impact on the characteristics 
of AE signals. With the increase of temperature, 
the AE absolute energy shows a trend of first 
decreasing, then increasing and then decreasing, 
and the turning point of the cumulative abso-
lute AE energy curve is delayed, and there is a 
“step-like” change; 400–600  °C is the turning 
point of the decrease of the AE cumulative abso-
lute energy release, and the order of magnitude 
of energy release decreases at 1000 °C. The high 
amplitude AE signals shifted from a concentrated 
distribution near the peak stress to a discrete 
distribution throughout the entire process, and 
exhibits a low-amplitude aggregation phenom-
enon. Based on the variation of acoustic emis-
sion characteristic parameters with temperature, 
the sudden increase of acoustic emission energy, 
the vertical rise of cumulative acoustic emission 
absolute energy and the high amplitude acoustic 
emission signal can be used as the precursory 
information of rock fracture.

Fig. 13   The correlation between the damage correction factor 
η and temperature
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Fig. 14   The quantitative analysis of error between experimental and theoretical results
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4.	 The thermal damage constitutive model con-
sidering the coupling of initial thermal damage 
and mechanical damage is used to simulate the 
damage characteristics of basalt after high tem-
perature by using the damage correction factor. 
The validity and applicability of the constitutive 
model are verified by comparing the experimen-
tal results. The influence of high temperature 
on the damage evolution is discussed. With the 
increase of temperature, the thermal damage 
plays a leading role. The evolution of damage 
variables gradually changes from linear to non-
linear. Before 800 °C, the initial damage is small, 
the rock damage increases slowly and linearly 
before the failure, and the near failure increases 
linearly. The initial damage multiplied after 
800  °C, and the damage maintained a certain 
slope growth, especially at 1000 °C.
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