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Abstract

To explore the mechanical properties and damage characteristics of basalt under high temperature and high pressure, triaxial
compression tests are conducted on thermal damage rock samples, and the evolution process from progressive damage to
macroscopic failure of rock is tracked and quantified by CT image reconstruction and acoustic emission technology. The
results show that: (1) the ability of basalt to resist load and deformation changes from slight enhancement to rapid deteriora-
tion with the increase of temperature, and 600 C is its threshold. The failure mode of rock gradually changes from brittleness
to plasticity with the increase of temperature, and its post-peak stress gradually presents certain plastic flow characteristics.
(2) With the increase of temperature, the initial damage variable D, of basalt presents a stage feature of changing from low-
speed development to rapid growth. When the temperature exceeds 400 “C, the total damage variable D will have obvious
precursor characteristic of small increase before the drastic change, and this characteristic will become more obvious with
the increase of temperature. (3) The main mineral types of basalt hardly change with the increasing temperature, while the
temperature has a certain influence on the proportion of some components. The proportion of anorthite and enstatite shows
the changing trend of first decreasing and then increasing, while the evolution of andesine is opposite, and the proportion
of other mineral components is basically unchanged. (4) The main reason for the improvement of mechanical properties of
basalt within the temperature threshold is that the expansion of mineral particles and the constraint of confining pressure
promote the closure of internal primary cracks and increase the compactness. However, when the heat treatment temperature
of basalt exceeds the threshold value, the structural deterioration caused by heat treatment is gradually prominent, and the
defects generated play a leading role in the mechanical properties of rock.

Highlights

e The mechanical properties of thermal damage basalt under triaxial loading were clarified and its temperature threshold
was obtained

e The evolution process from progressive damage to macroscopic failure of basalt was tracked and quantified

e The microscopic failure mechanism of thermal damage basalt was revealed

e The number of tensile cracks of saturated coal increased with the cyclic loading frequency due to the prominent lag effect
of strain behind stress.

Keywords Rock mechanics - High temperature effect - Basalt - Mechanical behavior - Damage characteristics

P4 Leibo Song 3 Hydraulic Engineering Research Calculation, Pearl River
song_leibo@ 163.com Water Resources Research Institute, Guangzhou 510611,
. Guangdong, China
hool of Civil Engineering, Shaoxing Universi
gﬁagginog 3C 1 ;000, gzheejeian;’ghﬁ:; g Universiey # Huahui Engineering Design Group Co., Ltd,
Shaoxing 312000, Zhejiang, China
2 Collaborative Innovation Center for Prevention and Control 5

Guangxi Conmmunication Design Group Co., Ltd,

f Mountain Geological Hazards of Zhejiang Province, : R
of Mountain Geological Hazards of Zhejiang Province Nanning 530029, Guangxi, China

Shaoxing University, Shaoxing 312000, Zhejiang, China

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00603-023-03613-8&domain=pdf
http://orcid.org/0000-0002-3371-8567

118

G.Wang et al.

1 Introduction

The increasing demands for energy, resources and under-
ground space promote mining and geothermal development
and other projects to develop in the deep at an unprecedented
speed (DasGupta et al. 2022; Pan et al. 2021; Song et al.
2022; Wang et al. 2023a, b; Niu et al. 2023). At present, the
depth of mining development reaches 1500 m, the depth of
geothermal resources exploitation exceeds 3000 m, and the
depth of oil field exploitation reaches 7500 m. The deep
engineering construction tends to be normalcy (Li et al.
2021). The deep rock mass engineering is located in com-
plex geological environment such as high temperature and
high ground stress. It will lead to various changes in rock
mass structure, composition and macro-mechanical proper-
ties, seriously threatening the construction safety and service
life of the project (Miao et al. 2021; Braun et al. 2021).
Therefore, it is of great scientific value and engineering
guiding significance to study the physical and mechanical
properties and damage characteristics of deep rock mass
under high temperature and high ground stress.

Currently, a lot of research has been conducted on the
physical properties and static mechanical characteristics
of rocks under high temperature and high pressure, and
abundant theoretical and application results have been
obtained. Yin et al. (2021) took coarse-grained and fine-
grained granite as the research object, and found that the
thermal expansion coefficient of granite increased linearly
with the temperature increasing from 100 to 400 °C, and
the thermal expansion coefficient of coarse-grained gran-
ite was 1.52 times that of fine-grained granite on average.
Gautam et al. (2018) found that the threshold temperature
of the thermophysical properties of Jalore granite is 300 “C.
When the temperature exceeded 300 °C, the deterioration
of granite samples was aggravated, leading to a significant
decrease in its thermal conductivity and longitudinal wave
velocity. Liu et al. (2021) and Shi et al. (2020) studied the
strength and deformation characteristics of sandstone under
high temperature and high pressure. The results showed that
the mechanical properties such as compressive strength and
elastic modulus of rocks presented a changing trend of first
increasing and then decreasing with the increase of tem-
perature. Su et al. (2017) conducted triaxial tests on veined
marble samples under different temperatures, and the results
showed that high temperature had a significant weakening
effect on the triaxial compressive strength, elastic modulus
and secant modulus of marble, and significantly affected the
mechanical behavior. Ma et al. (2019) simulated the cou-
pled environment of temperature and stress field of rocks
in deep strata, indicating that high temperature of 400 C
can enhance the strength and elastic modulus of granite.
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The above research systematically analyzes the macro-
scopic physical and mechanical properties of deep rock
under high temperature environment. However, the differ-
ence of macro-mechanical properties of rocks is actually
caused by structural or compositional changes such as meso-
defects (Sangsefidi et al. 2021; Liu et al. 2023). Liu et al.
(2022) found that the internal composition and structure
of skarn changed under high temperature based on SEM
(scanning electron microscopy) and XRD (X-ray diffrac-
tion) analysis technology, which was the main reason for
the change of rock mechanical properties. Shi et al. (2020)
thought that the change of mineral composition and defects
of high temperature marble is an important reason for the
change of its dynamic mechanical properties. Therefore, it
is of great significance to study the quantitative description
of microstructure characteristics, the rock damage and the
mineral composition characteristics. In addition, with the
rapid development of deep large-scale rock mass engineer-
ing, the types of high temperature surrounding rocks have
also expanded from granite, marble and sandstone to other
categories. The research on thermal damage mechanical
properties of other rocks also needs to be promoted urgently.
Basalt is an important part of the earth's oceanic crust and
continental crust. It has many characteristics such as high
compressive strength and wide distribution, and is a com-
mon rock type in rock mass engineering (Garcia-Ramonda
et al. 2022; Silva et al. 2021; Wang et al. 2021a, b). In this
study, basalt is taken as the research object. Through the
reconstruction of CT (Computerized Tomography) image
of thermal damage basalt, the spatial distribution character-
istics of porosity and cracks in basalt after high temperature
treatment are analyzed at the microscopic level. Based on
triaxial loading test and acoustic emission monitoring, the
evolution process from progressive damage to macroscopic
failure of rock is obtained. The research results are of great
significance for understanding the thermal damage evolution
of basalt under high temperature environment in the deep,
reasonably selecting engineering structural parameters and
scientifically evaluating the stability of rock mass.

2 Experimental Procedure
2.1 Sample Preparation and Test Equipment

Basalt samples are taken from Pingjiang County, Hunan
Province, China. At normal temperature, the rocks are lead
gray, dense and hard, and the texture is uniform. The com-
position analysis and microscopic detection of basalt at
normal temperature are carried out by the X-ray diffraction
device and the SEM. As shown in Fig. 1(a), through the
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Fig. 1 Composition and microstructure of basalt at room temperature

18

1/

7

NN

Number /piece

2950

2910
Density/kg-m”

(a) Density distribution

Fig.2 Statistics of density and wave velocity of basalt samples

phase analysis of the material, it is found that the mineral
components mainly include andesine and enstatite, and the
secondary minerals include anorthite and diopside. As can
be seen from Fig. 1(b), basalt has a high degree of recrys-
tallization, uniform and compact grain arrangement, and a
massive structure as a whole. The interior of the rock is
intact and compact, without any other obvious crack defects.

The selection of test samples meets the requirements
of the same area, the same batch and similar mechanical
properties. According to the International Society for Rock
Mechanics (ISRM) standards (Brown 1981), cylindrical
standard samples with a diameter of 50 mm and a height

(b) SEM images
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of 100 mm are prepared. The processed samples are ini-
tially screened, and samples with obvious natural or pro-
cessing defects are eliminated. Then, the dimensions and
longitudinal wave velocity of the samples are measured,
and abnormal basalt samples are excluded. The parallel-
ism and flatness of two end faces of sample are within
0.02 mm. The longitudinal wave velocity of basalt samples
is between 5835 and 5947 m/s, and the density is between
2.842 and 2.922 g/mm? (Fig. 2). The dispersion is small
and the distribution characteristics basically obey the nor-
mal distribution law, which can ensure the reliability of
subsequent tests.
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Fig.3 Test system

The basalt samples after heat treatment are scanned by
the Phoenix vitomelx m micro-focus CT scanning system
shown in Fig. 3(a). The system consists of micron and
nanometer ray tubes, a carrier rotating table and X-ray
detector. During the scanning process, a conical X-ray
beam is generated by bombarding a tungsten metal tar-
get with high-energy electrons and focusing on the 3608
rotating carrier table. Through the detection panel, the
full-range ray pictures of the rock sample on the carrier
table can be automatically captured, which can realize the
three-dimensional measurement and nondestructive analy-
sis of the internal structure of the rock (Kuncham et al.
2022). The MTS815 rock mechanics test system shown in
Fig. 3(b) is used for triaxial compression test (Wang et al.
2021a, b). The system is composed of test unit, loading
unit and control unit. It is equipped with a servo controlled
full-automatic pressurization and measurement system.
The loading is stable and the test is accurate. Its maxi-
mum vertical load is 4600 kN, and the overall stiffness of
the test frame can reach 11.0 x 10° N/m. During the load-
ing process, the deformation of the sample is measured
by high-precision axial extensometer and circumferential
extensometer, respectively.
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2.2 Test Design

The basalt samples are heat treated, and the rock samples
are divided into 6 groups (A ~F) for 24 h of drying, with
each group conducting three parallel tests. Using the KSL-
1200X muffle furnace, the B-F group rock samples are sub-
jected to high-temperature treatment at 200 °C, 400 °C, 600
°C, 800 C, and 1000 °C (basalt melting at 1200 C). The
heating rate is 20°C/min, and the power supply is cut off
after maintaining the corresponding temperature for 1 h.
The samples are placed in a furnace and cooled to room
temperature. The heat treatment path is shown in Fig. 4(a).
Rock samples before and after heat treatment are shown in
Fig. 4(b). After high temperature treatment, the color of
samples changes obviously. After heat treatment at 200°C,
400°C, 600°C, 800°C and 1000°C, the lead gray color of rock
samples at room temperature changes to brown cyan, flaxen,
dark khaki, dark brown and purple black, respectively. It
is mainly caused by the change of mineral composition in
rocks under different temperatures.

The basic physical properties of the basalt are measured,
and then the composition of the sample is tested. Further-
more, the internal structure of the sample is reconstructed
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in three dimensions using the Phoenix v | tom | x m CT
system, and the above steps are repeated after heating. Tri-
axial compression test is carried out based on MTS815 rock
mechanics test system to obtain the mechanical properties of
basalt after thermal damage and record the acoustic emission
data during the failure process. Three repeatability tests were
conducted under each condition. The specific test process is
shown in Fig. 5.

In the process of CT scanning, current and voltage
determine the number and penetration intensity of X-ray
respectively. Due to the change of internal composition and
structure of the sample after high temperature treatment, the
penetration current and voltage need to be adjusted accord-
ingly. In the pre-experiment, the voltage and current most
suitable for the temperature are debugged to scan the sample.
Each scanning time is 35 min, and the spatial resolution is
within 40 um. The axial load is applied at a loading speed
of 0.002 mm/s using “displacement” control until the basalt
sample fails. The whole loading process is monitored by
PCI-II acoustic emission system, in which the threshold
value is set to 40 dB and the sampling frequency is 1 MHz.

Simultaneously, the axial and circumferential deformation
of the sample is measured in real time by high-precision
extensometer. The specific test scheme is shown in Table 1.

3 Results
3.1 Stress-Strain Curve

The typical triaxial stress—strain curve of basalt sample
after high temperature treatment is shown in Fig. 6(a).
The stress—strain curves of basalt are basically the same
under different temperature heat treatments, and they all go
through the stages of pore-fracture compaction, linear elas-
ticity, unstable fracture development and post-peak failure as
shown in Fig. 6(b). However, due to the different treatment
temperatures, basalt shows certain differences under differ-
ent high temperature treatments. The details are as follows:

Pore-fracture compaction stage (I): The basalt speci-
men has no significant crack defects, so the correspond-
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Table 1 Experimental Scheme

Number Heating rate  Target Cooling methods Voltage /Kv Current /JuA Confining pressure /MPa Axial compression loading rate
‘C/min tempera- mm/s
ture
/C
A 20 25 Natural cooling 140 kV 150uA 30 0.002
B 200 140 kV 150uA
C 400 140 kV 150uA
D 600 140 kV 150uA
E 800 130 kV 140uA
F 1000 92 kV 190uA
0 ¢~
% Deviatoric stress/MPa
e
S AN
£ I
< 111
5 25°C
) 200°C
— 400
o .
800°C
loooxc W/ A\l
L 1 J l :
a e 0 €laterss  HOOp strain Axial strain  €axoal

(a) Stress-strain curves of triaxial
compression under different temperatures

Fig.6 Stress—strain curves of triaxial compression

ing pore and crack compaction characteristics of basalt
sample at room temperature (25°C) are not obvious. The
compaction stage of basalt after heat treatment at 200°C
and 400°C is less different from that at room temperature.
However, when the heat treatment temperature exceeds
400°C, the stress—strain curve of basalt shows obvious
upward concave growth characteristics at the initial stage,
i.e., high temperature promotes the rapid growth of defect
volume in basalt samples. It takes more time to complete
the closing process of internal pores and cracks under the
combined action of axial pressure and confining pressure.
Linear elastic stage (II): The stress—strain curve of
basalt shows linear growth characteristics under differ-
ent heat treatments, due to its relatively dense internal
structure. The rock enters the stage of elastic defor-
mation. When the heating temperature is 400 C, the
stress—strain curve slope is the largest, showing a strong
ability to resist elastic deformation, and the elastic
modulus reaches 159.2 9 GPa, which is 9.37% higher
than that at room temperature. When the heating tem-
perature exceeds 600°C, the slope of stress—strain curve
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(b) Typical triaxial compression stress-strain

relationship

decreases significantly, i.e., the ability to resist elastic
deformation is obviously weakened. At 1000 °C, the
elastic modulus is only 67.40 GPa. Compared with the
normal temperature state, the elastic modulus degrada-
tion of rock samples is as high as 53.72%.

Unstable fracture development stage (II1): With the con-
tinuous increase of load, the stress—strain curve changes
from linear growth to upward convex growth, showing
obvious nonlinear characteristics. Under the drive of
load, microcracks inside the rock constantly initiate and
propagate, and the sample changes from elasticity to
plasticity until the rock sample reaches the peak point
of bearing limit. When the temperature exceeds 400 °C,
the pre-peak plastic characteristics of basalt samples
tend to be obvious, and a certain yield platform appears.
Post-peak failure stage (IV): After the basalt reaches
the bearing capacity, its internal structure is destroyed,
and its bearing capacity is lost due to crack penetra-
tion. When the heating temperature is less than 400°C,
the stress of basalt samples drops instantaneously after
reaching the peak, showing strong brittleness character-
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Fig. 7 Strength and deformation characteristics of basalt at different temperatures

istics. With the increase of heat treatment temperature,
the instability of rock samples turns into a gradual pro-
cess, and its post-peak stress gradually decreases and
eventually fails, showing a certain plastic flow.

3.2 Strength and Deformation Characteristics

The strength and deformation characteristics of rock are cru-
cial for the stability evaluation of rock mass (Huang et al.
2020; Song et al. 2023). The average compressive strength
o, and elastic modulus E of basalt after different high tem-
perature treatments are summarized in Fig. 7. To analyze
the influence of temperature on strength and deformation
characteristics, the parameter deterioration coefficient Dp is
defined as Formula (1) with reference to the index at 25°C:

Po — Pi
Dp = — x 100% 1)
Po

where Dp is the parameter deterioration rate of basalt, p, is
the parameter value of basalt at room temperature and p; is
the parameter value of basalt at a certain temperature. The
parameter deterioration rates D, and Dy, of triaxial compres-
sive strength o, and elastic modulus E of basalt after differ-
ent high temperature treatments are calculated respectively,
and the results are shown in Fig. 7.

High temperature treatment affects the strength and defor-
mation characteristics of basalt. With the increase of tem-
perature, the compressive strength ¢, and elastic modulus E
show a changing rule of increasing first and then decreasing,
and the synchronous deterioration rates D . and Dy show
a U-shaped evolution characteristic of first decreasing and
then increasing, which is consistent with the phenomenon
studied by many scholars such as Xu et al. (2015) and Liu
and Xu (2015).

As shown in Fig. 7(a), when the heat treatment tem-
perature is less than 400°C, the strength of basalt shows
a phenomenon of stress strengthening with the increase
of temperature. Compared with the compressive strength
250 MPa of basalt at 25°C, the compressive strength o,
after heat treatment at 200 ‘C and 400 °C increases by
10.50% and 15.85%, respectively. The main reason is that
the expansion of mineral particles causes the gradual clo-
sure of primary fractures, which increases the compact-
ness of rocks and thus improves the mechanical properties
to some extent. When the heat treatment temperature is
higher than 600 C, the compressive strength ¢, decreases
greatly. Compared with the 25 °C, the compressive strength
o, after heat treatment at 800 ‘C and 1000 °C decreases by
38.22 MPa and 79.11 MPa, respectively, and the deterio-
ration rates D, reach 15.28% and 30.44%. At this stage,
a large number of pores and cracks generated by thermal
damage inside the sample play a dominant role.

The evolution of elastic modulus E with heat treatment
temperature is similar to that of compressive strength
(Fig. 7b). The average elastic modulus E of basalt at
25 °C is 145.63 GPa, showing a strong ability to resist
deformation. When the heat treatment temperature is less
than 400 °C, the change amplitude of basalt stiffness with
temperature is relatively small, showing a slight upward
trend. Compared with 25 °C, the elastic modulus E after
heat treatment at 200 and 400°C increases by 6.67% and
9.37%, respectively. When the heat treatment temperature
is higher than 600°C, the elastic modulus E shows obvious
deterioration. Compared with 25 “C, the ability of rocks
to resist deformation after heat treatment at 800 ‘C and
1000 °C is significantly reduced, and the elastic modulus
E decreases by 47.812 GPa and 78.23 GPa, respectively,
and the deterioration rates Dy are 32.83% and 53.72%.
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Fig.8 Attenuation rate of physical parameters of basalt after different high temperature heat treatments

4 Discussion
4.1 Initial Damage of Heat Treatment Basalt
4.1.1 CTTesting Analysis

After high temperature treatment, the physical properties of
basalt samples will change to some extent. The difference of
rock densities and wave velocities under different working con-
ditions is calculated, and the density attenuation rate K » and
longitudinal wave velocity attenuation rate K, are defined, as
shown in Formulas (2) and (3). As can be seen from Fig. 8,
the difference of the densities and the wave velocities of basalt
shows an increasing trend with the increase of heat treatment
temperature. Compared with the physical and mechanical
properties of basalt samples after high temperature treatment,
it can be found that the evolution of density attenuation rate K,
and wave velocity attenuation rate K, of basalt is similar. When
the heat treatment temperature is less than 400 ‘C, K ,and K,
increase at a low speed, and the high temperature treatment
has little effect on the density and wave velocity. When the
heat treatment temperature is greater than 400 C, K ,and K,
begin to increase sharply, indicating that large pores and cracks
appear inside the sample, which leads to significant changes in
density and wave velocity. When the temperature is 1000 °C,
the visible local cracks appear on the surface of the sample,
and the changes of K, and K, of the rock sample are the most
obvious at this temperature.

_P—=Po
p

K,

X 100% )

V-V,
Ky = 0 x 1007% 3)
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where, pandp, respectively, represent the density of the
sample before and after heat treatment, and vandv,,, respec-
tively, represent the wave velocity of the sample before and
after heat treatment.

To clarify the initial damage of basalt better, CT technol-
ogy is used for detection. Based on the principle of scanning
imaging and the function of visual reconstruction, the results
of CT tomography slices are imported into Avizo software
for 3D image reconstruction to obtain 3D solid images and
3D fracture rendering images. As shown in Fig. 9, with the
increase of heat treatment temperature, the microcracks of
basalt gradually develop from the surface layer to its interior,
and the number and size of the microcracks increase con-
tinuously and the microcracks gradually overlap to generate
macrocracks. Specifically, compared with 25 “C, microcracks
of basalt below 400°C are mainly distributed on the surface
of the sample, the scale of the pores is generally small, and
the pore volume is generally within 0.03 ~0.3mm?>, so the
development of internal defects in the sample is not obvious.
After high temperature treatment at 600 ‘C, the number of
pores on the basalt surface begins to increase, and the pore
volume gradually increases. The number of microcracks
and internal defects of basalt after heat treatment at 800 °C
are further developed and develop to the center of the sam-
ple, forming a network structure of microcracks in different
directions and levels, and the internal pore volume changes
greatly. After heat treatment at 1000 °C, the internal micro-
cracks of basalt converge and nucleate, and the surrounding
pore structures are interconnected to generate crack groups,
resulting in macroscopic staggered cracks. The propagation
direction of the surrounding macrocracks is approximately
parallel to the free surface, with a random distribution char-
acteristic around the center of the specimen. The maximum
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Fig.9 Contrast of CT gray scale of basalt section before and after heating

pore volume has reached 4.99mm?, and the deterioration of
the internal structure of the rock sample is significant.

To further analyze the evolution of the number and scale
of cracks, the porosity and pore volume range at different heat
treatment temperatures are counted and plotted in Fig. 10. It
can be found that when the heat treatment temperature is less
than 600 °C, the pore volume range and porosity of basalt show
an upward trend, but the trend is relatively gentle. Compared
with 25 ‘C, the lower limit of the pore volume hardly changes,
and the upper limit changes slightly, with the porosity from
6.86 to 7.56%. It indicates that although there is damage inside
basalt in this temperature range, the scope and scale of the
damage are small. When the heat treatment range is greater
than 600 °C, the lower limit of pore volume range changes less,
the upper limit increases, resulting in a significant increase in
porosity. After heat treatment at 800 °C, the maximum pore
volume of basalt reaches 2.75mm?, and the porosity reaches
12.75%. At this moment, the internal structure of the basalt
deteriorates significantly. After heat treatment at 1000 °C, the
pore volume range of basalt reaches 0.5 ~4.99mm?>, and the
porosity is as high as 18.02%, resulting in a large range of
structural damage inside the rock.

4.1.2 Initial Damage Variable

High temperature treatment will cause thermal damage to
rocks, leading to the initiation and propagation of internal
microcracks and directly affecting the mechanical proper-
ties of rocks (Gautam et al. 2018; Shi et al. 2020). To further
quantify the thermal damage characteristics caused by high
temperature, the initial damage variables of rocks are analyzed
by CT calculation method (Ghamgosar et al. 2021; Vaneghi
et al. 2021). Assuming that the cross-sectional area of the rock
sample is A, its effective bearing area is A in the non-destruc-
tive state. When the sample has a certain level of damage, the
effective bearing area of the rock sample is reduced to A, then
the damage variable is:

_A-Ay

A
D, = 1--<

1 1 “

If the density of non-destructive matrix rock is p, and the

number of holes (cracks) in the resolution unit is 7, the average
density p in the resolution unit is:

AO
P=Po<1_n‘x> S
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Table2 Initial damage of Temperature/C 200 400 600 800 1000
rock samples at different
temperatures Average initial damage DO 0.016 0.019 0.020 0.023 0.051 0.071
Damage growth ratio k 1.188 1.250 1.437 3.187 4.437
When the damage hole density isA, the distribution law of p [p _E (p)] 2
. . e . 0[F0
n for different resolution units is: A= ———— (10)

k
pln = Ky = exp(~10) ©)

The mean value E(p) and variance D(p) of p are:

E(p) = po(1= 4+ 4) (7)

A ®)

2
Dp)=py- =

The mean value E(p) and variance D(p) of CT numbers
corresponding to rock density distribution can be obtained
by mathematical statistics of CT numbers. According to
Formulas (7) and (8), the damage hole area A, and damage
hole density A can be calculated as follows:

__D(p)-A ;
*" bolpo - E)] ©)

@ Springer

D(p) - A

The damage formula based on cross-sectional area is
as follows:

_S=Sy _Sa_n-i-A

D -~ ‘90
0 3 S 3 (11)

where § is the cross-sectional area of the sample. S, is the
effective area of the scanning section of the sample.S, is the
damage area of the sample. If the resolution of CT equip-
ment is m,, and the number of holes (cracks) in the resolution
unit is n = S/m, the Formula (11) can be written as follows:

E
D, = %AAO - %[1 - —(”)]
i my Po

12)

The initial damage of basalt sample under high temper-
ature heat treatment at 25°C ~ 1000°C can be obtained by
Formula (12). The specific initial damage variable values
are shown in Table 2. Based on the initial damage of 0.016
at 25 °C, the stage characteristics of the initial damage
growth ratio k are obvious after high temperature treatment
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Fig. 11 Initial damage DOof basalt

at 200 C ~ 1000 ‘C. As a whole, there are two stages of
low-speed deterioration and high-speed development (as
shown in Fig. 11). When the heat treatment temperature
is 200 ‘C ~ 600 °C, the corresponding k value is within
1.118 ~1.437. When the temperature exceeds 800°C, the k
value increases rapidly to 3.187 ~4.437.

4.2 Damage Evolution Characteristics of Basalt
Under Triaxial Compression

4.2.1 Temporal and Spatial Distribution Characteristics
of Microcracks

AE (acoustic emission) location technology based on
Geiger algorithm (Zhao et al. 2008) is used to track the
evolution process of fracture in rock samples under tri-
axial compression. As shown in Fig. 12, the magnitude
of the AE source amplitude (unit: dB) is distinguished
by the size and color of the sphere. The larger the AE
amplitude, the larger the sphere size and the darker the
color of the sphere, and vice versa. The evolution char-
acteristics of basalt AE events are closely related to the
macroscopic failure characteristics. With the increase of
driving load, the AE signal gradually increases when the
sample is destroyed, and the source amplitude is concen-
trated in 60~ 100 dB. When it is less than 40% of the peak
stress, the AE events generated by acoustic emission are
only scattered in the middle of the sample, indicating that
the degradation begins from the middle and a nucleation
zone is initially formed during compression. When the
stress increases to 60% of the peak stress, the number of
AE events increases sharply, the primary cracks continue
to propagate, and the location of AE events corresponds to
the main crack area of macroscopic failure. When the axial

stress reaches 80% of the peak stress, the number of events
expands rapidly to both sides based on the central fracture
concentration zone. When the peak stress is reached, the
number of AE events increases to the maximum, forming
a fracture zone. The cracks eventually condense and pene-
trate, leading to rock failure. Under the action of high tem-
perature heat treatment, the structure of basalt rock sam-
ples undergoes certain changes, which correspondingly
affects the failure process. On the whole, with the increase
of heat treatment temperature, the micro-fracture events
of rock samples at the same stage increase sharply, espe-
cially when the load exceeds 40% of the peak stress, i.e.,
high temperature accelerates the failure process of basalt.
Statistics of micro-fracture event information are shown in
Table 3. Combined with the macroscopic failure diagram
and sketch map of basalt, it can be found that when the
temperature is lower than 400 °C, a number of oblique
cracks with a certain angle to the direction of the princi-
pal stress are generated. A network of micro-crack areas
is formed in the local area, accompanied by some shed-
ding fragments. When the temperature exceeds 600 °C,
the volume shows obvious lateral expansion, accompanied
by strip surface peeling. The macroscopic cracks on the
surface of the sample are mostly tensile cracks and basi-
cally consistent with the principal stress loading direction.

4.2.2 Evolution Characteristics of Damage Variable

Under external loads, the microcracks in rocks will contin-
uously initiate, propagate, and aggregate, ultimately lead-
ing to rock instability and failure (Sarfarazi et al. 2021;
Song et al. 2022). This progressive failure process of rock
materials caused by the accumulation of micro-defects can
be fed back by damage variable (Manthei 2005; Luo et al.
2020Yousefpour et al. 2022). Kachanov (1999) proposed
the concept of continuity factor and damage stress, which
is considered to have pioneered the discipline of damage
mechanics. The damage variable is defined as follows.
Ay
D=—_= (13)

m

where A, is the cumulative projected area of all existing
damages on the plane perpendicular to the stress direction,
and A, is the cross-sectional area at the initial undamaged
state.

Assuming that the cumulative acoustic emission energy
value for complete failure of the entire cross-sectional area
Am is EO, the AE energy value for micro element failure
per unit area is:
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Fig. 12 Acoustic emission localization and macroscopic failure characteristics of basalt samples

@ Springer



Mechanical Properties and Damage Evolution Characteristics of Thermal Damage Basalt Under... 1129
Table 3 Number of AE events No. Temperature/C 20% G ax 40% 6,44 60% a0« 80% 6 ,ax 100% 6 a5
in each stage
A 25 383 764 1148 1531 1914
B 200 42 840 1260 1680 2100
C 400 741 1483 2223 2963 3706
D 600 1064 2129 3195 4260 5325
E 800 2974 5950 8926 11,903 14,880
F 1000 10,078 20,157 30,236 40,313 50,392
E, increase, and the stress—strain curve synchronously shows a
E, = A_m (14) nonlinear growth characteristic, i.e., the rock sample struc-

Therefore, when the cumulative damage area is Ad, the
cumulative acoustic emission energy value is:

E,
E,=EA; = A_Ad (15)

m

The rock damage variable represented by the acoustic
emission energy value is:

D,

T (16)
where, E, is the energy released by acoustic emission of
rock before the time 7.

Overall, under the action of high temperature, the inter-
nal structure of rock undergoes mutual dislocation, which
leads to the continuous increase of internal pores and cracks,
resulting in initial damage (the first stage). The subsequent
loading process exacerbates the damage (the second stage)
and eventually leads to the failure of rock samples. There-
fore, the total damage of basalt samples is the superposi-
tion of thermal damage caused by temperature change and
structural progressive damage caused by load. By combin-
ing Formulas (12) and (16), the calculation formula of total
damage D can be obtained.

E E
D=D0+D1=i2[1—ﬁ] +—
my Po Ey

a7

The evolution characteristics of D of basalt under ther-
mal-mechanical action are obtained by Formula (17). As
shown in Fig. 13, high temperature heat treatment has
caused a certain degree of initial damage to the sample, so
the damage D in the initial stage of loading is not zero, and
the initial point gradually increases with the increase of heat
treatment temperature. As the load increases, the change of
rock damage is not obvious. At this time, the stress—strain
curve is in the stages of pore fracture compaction and linear
elasticity. The increase of external load has no significant
effect on the overall structure of rock. When the driving load
further increases, the rock damage variable shows a small

ture undergoes irreversible deterioration. When the driving
load tends to the peak point, the damage variable increases
sharply and reaches 1, i.e., the rock material completely
loses its bearing capacity. In addition, it can be observed
that when the temperature is less than 400 ‘C, the transition
time of the damage variable D from the initial stable stage
(small magnitude) to 1 is extremely short, showing a remark-
able sudden feature, and the failure precursor is not obvious,
which is consistent with the brittle characteristics of basalt
samples in Sect. 3.1. When the temperature exceeds 400 C,
continuous damage will occur in the rock before the peak,
and the damage variable D will increase slightly between
the stable stage and the drastic stage, and the characteristics
of this stage will become more and more obvious as the
temperature gradually approaches 1000 C.

Furthermore, the rock damage variables of each stage are
statistically analyzed. As shown in Fig. 14, the D of basalt
shows an upward trend with the increase of stress. At the ini-
tial stage of loading, the damage variable is mainly the initial
damage D, after high temperature treatment. The D, below
600 °C is small, which is consistent with the law shown by
CT scanning pore diagram. When the heating temperature
reaches 800 °C and 1000 °C, the pores and cracks in the
sample are more developed, so the initial damage is larger.
When the stress of the sample exceeds 60% of the ultimate
stress, new cracks are generated in the rock under compres-
sion, corresponding to the unstable fracture development
stage in Sect. 3.1. The material shows certain yield char-
acteristics correspondingly. Especially when the tempera-
tures are 800°C and 1000°C, the damage degree increases
significantly. This evolution characteristic is consistent with
the development of stress—strain and micro-fracture events,
indicating the rationality and feasibility of the damage model
proposed in this study.

4.3 Composition Analysis of Basalt After Heat
Treatment

Rock is a heterogeneous material composed of different

mineral components. To analyze the influence of high tem-
perature treatment on the internal mineral components of
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Fig. 13 Damage evolution curve of basalt

the sample, XRD is used to quantitatively analyze the rock  is. The diffraction patterns of basalt samples after differ-
sample exposed to high temperature treatments. Figure 15  ent temperature treatments are similar, i.e., the main min-
shows the XRD analysis of basalt after different high tem-  eral types (andesine, anorthite, enstatite) have not changed.
perature treatments. The larger the diffraction peak is, the  In view of the peak intensity, the relative content of main
higher the content of mineral components in the reaction
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Fig. 15 XRD analysis of basalt exposed to different temperature treat-
ments

minerals has changed, while the corresponding changes of
other components are relatively small.

The composition change of rock under high temperature
is one of the fundamental reasons that affect the mechanical
properties of basalt (Orabi 2022; Soesoo et al. 2021). Fig-
ure 16 shows the relative intensity change and intensity ratio
curves of the diffraction peaks of the main components of
basalt exposed to high temperature treatment. As a heat-sen-
sitive mineral, andesine has the characteristics of high tem-
perature resistance, corrosion resistance, strong brittleness
and high strength (Ghadami and Nazarinia 2022). Anorthite
has the characteristics of low thermal expansion coefficient,
small bulk density, high strength and low sintering tempera-
ture (Pei et al. 2021). Enstatite is a wave-absorbing sensitive
mineral, which belongs to silicate rock-forming mineral and
has the characteristics of high temperature resistance (Lu
et al. 2020). When the heat treatment temperature increases

8000 40%
[ 1 ——Andesine
i ] —o—Anorthite
—/\— Enstatite
_ \D——:EE - 32%
6000 -
— .
2z o o - H24% s
z - 4=
= O\ &
3 4000 H ~——\ [
E PN A EEeE| £
™ —o—T 7] H 16% g
2000 H
H 8%
0 0%
25 200 400 600 800 1000

Temperature/ ‘C

Fig. 16 Relative intensity of diffraction peaks of main components of
basalt

from 25 to 400 °C, the diffraction peak intensity of andesine
in basalt gradually increases, and the intensity ratio increases
from 23.41 to 35.09%. Anorthite and enstatite is relatively
consistent, and the intensity ratios decrease from the ini-
tial 21.43% and 20.87% to 16.11% and 16.35%. As the heat
treatment temperature continues to increase, the diffraction
peak intensity of andesine deteriorates. When the tempera-
ture is heated to 1000 “C, the diffraction peak intensity ratio
decreases to 26.89%. The intensity ratios of anorthite and
enstatite have upward trends correspondingly, reaching
18.56% and 18.25% (see Table 4 for details). The composi-
tion change of basalt under the action of high temperature
will have a certain influence on the mechanical properties
of rock.

4.4 Comparison of Thermal Damage Laws
of Common Rocks

Granite, sandstone, marble, and basalt are common types of
rocks in rock engineering. The mechanical properties and
failure mechanisms of these rocks have always been of inter-
est to scholars (Ercenk et al. 2018; Zhai et al. 2020; Sokairge
et al. 2022; Aidaraliev et al. 2021; Silva et al. 2021). To
understand the thermal damage laws of different types of
rocks, Fig. 17 summarizes the test results of some scholars
(Du et al. 2004; Wu et al. 2007, 2012; Zhang et al. 2009,
2011; Chen et al. 2011; Chen and Yang 2014; Liu and Xu
2015; Su et al. 2017; Rathnaweera et al. 2018; Qin et al.
2020; Liang et al. 2021; Qi et al. 2021; Yang et al. 2022).
It should be noted that the current research on the thermal
damage laws of rock mechanics is almost all based on the
uniaxial compression performance of rocks. However, by
comparing these data, the differences in the thermal damage
laws of these four types of rocks can still be observed.
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Table 4 .l.)roportion of basalt Component Component ratio/%

composition

25C 200°C 400°C 600°C 800°C 1000°C

Andesine 23.41 27.63 35.09 30.04 30.43 26.89
Anorthite 2143 19.16 16.11 16.14 16.81 18.56
Enstatite 20.87 20.20 16.35 18.15 19.30 18.26
Others 34.29 33.01 32.45 35.67 33.46 36.29

Combining Figs. 7 and 17, although the results of tests in
different studies vary greatly, both the compressive strength
and elastic modulus characteristics are affected by the heat
treatment temperature. The differences in these test results
may be related to the heterogeneity caused by natural defects
inside the rock. In addition, some experimental data in cer-
tain studies show certain fluctuations, but the compressive
strength and elastic modulus of the four types of rocks all
show a decreasing trend with increasing temperature, and
there is a temperature threshold for each of them. Specifi-
cally, as the heat treatment temperature increases, these
two mechanical performance indicators slowly decrease or
exhibit slight fluctuations. When the heat treatment tem-
perature exceeds a certain temperature threshold, these two
mechanical performance indicators will drop sharply. The
comparison between Figs. 7 and 17 further reveals that there
are also differences in the temperature thresholds among
these four types of rocks. Basalt has the highest tempera-
ture threshold, followed by granite and sandstone, with little
difference between the two, and finally marble. Rocks are
aggregates composed of various minerals, and the funda-
mental causes of deterioration in their mechanical properties
may be related to changes in the mineral composition and
crystal phase transformation. The differences in the thermal
damage laws of these four types of rocks may be related to
differences in their crystal structures, mineral compositions,
and their contents.

5 Conclusions

To explore the mechanical properties and damage charac-
teristics of basalt under high temperature and high pressure,
triaxial compression tests are conducted on thermal damage
samples, and the evolution process from progressive damage
to macroscopic failure of basalt is tracked and quantified
using CT image reconstruction and acoustic emission tech-
nology. The main conclusions are as follows.

(1) Under high temperature and high pressure conditions,

the peak strength and elastic modulus of basalt show a
trend of first increasing and then decreasing with the

@ Springer

increase of temperature. The peak strength and elastic
modulus reach the maximum at 400 °C. Compared with
the room temperature state, the maximum increases in
peak strength and elastic modulus are 15.85% and 9.37%,
respectively. When the temperature exceeds 400 C, the
peak strength and elastic modulus of the rock deteriorate
significantly, with degradation of 30.44% and 53.72% at
1000 °C, respectively. In addition, due to the increase of
temperature, the failure mode of basalt transforms from
brittleness to plasticity, and the post-peak stress gradually
presents plastic flow characteristics.

(2) The structural characteristics of rock thermal damage
can be quantitatively reflected by CT three-dimensional
image reconstruction. With the gradual change of tem-
perature environment from 25 ‘C, 600 °C to 1000 °C, the
porosity of rock is 6.86%, 7.56% and 18.02%, respec-
tively, and the D, is 0.016, 0.023 and 0.071, respectively.
The structural deterioration trend is characterized by
obvious stage characteristics from low-speed develop-
ment to rapid growth.

(3) The failure of heat treatment basalt mainly begins in
the middle of the sample and continues to expand. As the
temperature increases, the rock sample gradually changes
from tensile-shear composite failure to tensile splitting
failure. When the temperature is less than 400 C, the
process from initial micro damage to failure of the rock
exhibits a significant suddenness. When the temperature
exceeds 400 ‘C, continuous damage will occur inside
the rock before the peak stress. There is a small growth
transition stage before the D undergoes a drastic change,
and this characteristic becomes more obvious with the
increasing temperature.

(4) The main mineral types of basalt hardly change with
the increasing temperature, but the temperature has a
certain influence on the proportion of some components.
As the temperature increases, the proportion of andes-
ine shows an upward convex evolution of first increas-
ing and then decreasing, accounting for 23.41%, 35.09%
and 26.89% at 25°C, 400°C and 1000°C, respectively. The
evolution characteristics of anorthite and enstatite are
relatively consistent, showing the change characteristics
of first decreasing and then increasing. The composition
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Fig. 17 Comparison of the thermal damage to different rocks

change of rock under high temperature will directly affect
the mechanical properties of rock.

(5) Within the temperature threshold, the expansion of
mineral particles and confining pressure constraint will

lead to the gradual closure of primary cracks and increase
the compactness of rocks, which is also the main reason
for the improvement of rock mechanical properties. When
the heat treatment temperature exceeds the threshold, the
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structural deterioration caused by heat treatment will
gradually become prominent, and the defects generated
inside the sample play a leading role in the mechanical
properties of the rock.
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