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Abstract

Understanding the mechanical behavior of rock under conditions of high temperature and pressure is critical when it comes to
implementing underground coal gasification, deep disposal of highly radioactive nuclear waste, development and utilization of
deep underground space, development and utilization of geothermal resources, etc. To understand the effect of confining pressure
on limestone at high temperature, uniaxial and triaxial compression testing was conducted on limestone under high temperature
(20-800 °C) using the MTS 815 rock mechanics testing system. Using this system, the change in the strength and deformation
parameters of the limestone at varying temperature and confining pressure conditions were studied. The results show that the
triaxial compression stress-strain curve of limestone at high temperatures is divided into five stages: compaction stage, elastic
stage, plastic deformation stage, post-peak failure stage, and residual stage. In addition, the rock brittleness and ductility decrease
as the temperature increases. The peak stress and residual strength of the limestone at high temperatures increase as the confining
pressure increases, and the strength of the rock specimens decreases as the temperature increases. The internal friction angle ()
first increases and then decreases as the temperature increases, but the relationship of the cohesive force (¢) to temperature is
opposite that of ¢, indicating that the shear strength of limestone at high temperatures is determined by both ¢ and ¢. The elastic
modulus of limestone at high temperatures increases with the increase in confining pressure and decreases as the temperature
increases, and the peak strain of limestone at high temperatures increases as the confining pressure and temperature increase. The
effect of temperature on the failure of limestone is not obvious, and the failure of rock specimens during uniaxial compression
testing was mostly through axial splitting, while the failure of rock specimens under triaxial compression testing was mostly
through shear failure. As the confining pressure increases, the fracture type of the rock specimens gradually changes from brittle
tensile fracture to shear fracture, and the instability type of the rock specimen changed from the sudden instability type to the
progressive failure type. Our research results are especially useful in areas where engineering is performed on rocks under high
temperature.

Keywords High-temperature rock - Strength and deformation characteristics - Triaxial compression testing - Brittleness and
ductility - Failure form

Introduction

Rock is formed through lengthy and complicated geological
processes, including tectonic movements under the influence
of various factors. It is also the main constituent of the crust
and mantle. Rock is a natural aggregation of one or several
rock-forming minerals and has a specific structure, chemical
composition, and mineral composition (Song et al. 2019). In
recent years, there has been much attention paid to the me-
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repair and reconstruction of underground chambers and tunnel
projects (Heuze 1983; Glover et al. 1995; Heap et al. 2009; Su
et al. 2015; Sun et al. 2016; Zhang and Sun 2018; Liu et al.
2016; Liu et al. 2018). In high-temperature rock engineering
projects, such as underground mining and underground ener-
gy storage projects, rock is present in a particular temperature
and stress environment. The mechanical parameters of rock
occurring at high temperature are the basis for stability analy-
sis and support design of rock after events such as fire.
Excessive temperature can cause a rock to deteriorate dramat-
ically, and therefore, it is especially necessary to study the
strength characteristics of rock under various temperature
and three-dimensional stress states (confining pressure).
These studies have important theoretical significance and en-
gineering application value when it comes to understanding
the influence of high temperature on the strength and defor-
mation characteristics of rock.

Temperature (7) is an important factor affecting the me-
chanical properties of rock. A large number of theoretical
and experimental studies have been performed on the influ-
ence of temperature on the mechanical properties of rock
(Brotons et al. 2013; Bejarbaneh et al. 2013; Mahanta et al.
2016; Tiskatine et al. 2016; Meng, et al. 2019). Alm et al.
(1985) reviewed the mechanical properties of granite subject-
ed to different heat conditions and discussed the rock fracture
process under different temperatures. Tullis and Yund (1977)
performed uniaxial compression testing of granite at a temper-
ature of 25-1000 °C and showed that the uniaxial compres-
sive strength and elastic modulus of granite decreases
gradually as the temperature increases. Zhang et al. (2009)
and Mao et al. (2009) studied the mechanical properties of
marble, limestone, and sandstone under different high temper-
atures through uniaxial compression testing. They reviewed
the stress-strain curve characteristics of three kinds of rock and
presented the manner in which the peak stress (uniaxial com-
pressive strength), peak strain, and elastic modulus change
with temperature. Their research results indicate that the peak
stress and elastic modulus of marble show an undulating
change within the range of 20400 °C, and when the temper-
ature is above 400 °C, the peak stress and elastic modulus
show a gradual decline. Within the range of 20-200 °C, the
peak stress and elastic modulus of limestone decreases as the
temperature increases; they do not change much within the
range of 200—600 °C; and the peak stress and elastic modulus
show a sharp decline when the temperature is above 600 °C.
Within the range of 20-200 °C, the peak stress of sandstone
tends to decline; within the range of 200-600 °C, the peak
stress of sandstone increases; within the range of 20600 °C,
the elastic modulus of sandstone does not change much; when
the temperature is above 600 °C, the peak stress and elastic
modulus of sandstone drop sharply. The peak strain of lime-
stone does not change much within the range of 20-600 °C,
and when the temperature is above 600 °C, the peak strain
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rises sharply. Within the range of 20200 °C, the peak strain of
marble and sandstone decreases as the temperature increases;
and when the temperature is above 200 °C, the peak strain
increases rapidly. Chen et al. (2012) studied the mechanical
properties of granite at high temperatures through uniaxial
compression testing and found that the peak stress and
elastic modulus of granite gradually decrease, and the peak
strain increases as the temperature increases. Ranjith et al.
(2012) carried out uniaxial compressive strength testing
(UCS) after a 25-950 °C high-temperature treatment on
Hawkesbury sandstone, and presented the variation in the uni-
axial compressive strength of sandstone at different tempera-
tures. Brotons et al. (2013) studied the influence of tempera-
ture on the mechanical properties of carbonate rock and
showed that when the temperature is increased from 105 to
600 °C, the uniaxial compressive strength, elastic modulus,
and Poisson ratio decrease as the temperature increases. Wu
et al. (2013) performed tests on sandstone at a temperature of
20-1200 °C and obtained the stress-strain curve of sandstone
at high temperatures; a notable point from this study is that the
peak stress and elastic modulus of rock specimens after a
specific high temperature gradually decrease as the
temperature increases. Shao et al. (2015) conducted uniaxial
compression testing on Strathbogie granite; in this study, at
approximately 800 °C, the granite stress-strain curve showed
obvious plasticity and post-peak strain-softening behavior,
i.e., the brittle-plastic transition was observed to occur be-
tween 600 and 800 °C under uniaxial compression. Yang
etal. (2017) carried out uniaxial compression testing on gran-
ite treated at a high temperature of 200-800 °C with the TAW-
1000 servo-controlled rock mechanics experimental system;
the results of this study show that the uniaxial compressive
strength and elastic modulus of granite first increase and then
decrease as the temperature increases to a limit of 300 °C; this
study also analyzed the strength and deformation failure
behavior of granite at high temperatures. Masri et al. (2014)
conducted triaxial compression testing under confining pres-
sure (o3 =0-20 MPa) on the Tournemire shale after a 20—
250 °C temperature exposure and analyzed the effect of
temperature and confining pressure on the mechanical
properties of the Tournemire shale. Xu and Zhang (2016)
carried out triaxial compression testing under different tem-
peratures (7= 25-1000 °C) and confining pressures (o3 =0—
40 MPa) through the MTS 815 rock mechanics testing system
and analyzed the influence of the temperature and confining
pressure on the strength and deformation characteristics of
rock specimens; the study showed that the peak stress, shear
strength, residual strength, and plastic deformation of rock
specimens at high temperature increase with the increase in
the confining pressure; in addition, the cohesive force of the
limestone specimen decreases linearly as the temperature
increases, and the internal friction angle first increases and
then decreases as the temperature increases. Su et al. (2017)
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treated marble samples at 0-900 °C with the MXQ1700
heating furnace and conducted triaxial compression testing
under confining pressures of 0—15 MPa with the MTS 815
rock mechanics testing system; this study revealed the effect
of temperature, confining pressure, and joint direction on the
strength and deformation characteristics of the marble
specimens.

There are a large number of theoretical and experimental
studies covering the influence of temperature on the mechan-
ical properties of rock, but most have focused on the physical
properties and characteristics of rocks under uniaxial com-
pression testing at high temperatures. Relatively few studies
have been performed using triaxial compression testing of
rocks at high temperatures. In addition, due to the differences
in mineral compositions and compositional structures of dif-
ferent types of rocks, the deformation and strength character-
istics of different rocks vary under different temperatures and
confining pressures; even the same rock under different geo-
logical conditions behaves differently since the pressure and
temperature conditions are different. Differences in the min-
eral composition, crystal transition, microstructure, etc. of dif-
ferent rocks existing at high temperatures require that further
studies should be undertaken to understand the behavior of
these different rocks under different conditions. Adequately
understanding rock mechanics under different temperature
and confining pressure conditions is required when it comes
to underground gasification of coal and oil shale, development
of geothermal resources, treatment of high-temperature nucle-
ar waste, etc. Therefore, it is necessary to study the effect of
both pressure and temperature on the mechanical properties of
rock. Keeping this in mind, in this study, triaxial compression
tests were performed on limestone samples after high-
temperature treatments at 20—800 °C to understand the effect
of high temperature and confining pressure on the samples.
The research results can be used as a reference for stability
analysis and for restoration and reinforcement design related
to high-temperature rock engineering.

Material and methods
Material and sample preparation

Limestone from Xuzhou, Jiangsu, China, was selected as
the test material. This limestone is gray in its natural state
and mainly composed of calcite, dolomite, illite, etc. The
limestone has a uniform overall texture and has an average
density of 2.71-2.73 g/cm’. The rock specimens were proc-
essed into cylinders with a diameter of 50 mm and height of
100 mm using rock processing equipment such as coring
machine, rock sawing machine, rock grinding machine, and
others. The rock specimens were heat-treated at high tem-
peratures with a GWD-02A high-temperature furnace

(Fig. la). With this equipment, the temperature can be
raised to (7) 20 °C (normal temperature), 200 °C, 400 °C,
500 °C, and 800 °C at a rate of 10 °C/min. A constant
temperature was maintained for 4 h after the specified tem-
perature was reached to ensure uniform heat levels inside
the rock specimens. After being cooled to normal tempera-
ture, the specimens were taken out from the oven. The
curve of the rate of rise in temperature is as shown in Fig.
1 b, and Table 1 presents details of the high-temperature
limestone specimen testing program.

For the uniaxial and triaxial compression testing of the
limestone at high temperatures (Fig. 1c), the MTS 815 rock
mechanics testing system, which is composed of loading, test-
ing, and control systems, was used. This system can be used
for axial force or stress control, axial displacement or strain
control, etc. and meets the requirements for rock testing. The
stiffness of the testing machine is 2.6 x 10° N/m, the axial load
is 1459 kN, and the maximum travel of the axial actuator is
100 mm; the sensitivity of the servo valve in this system is
290 Hz, the data acquisition frequency is 5 kHz—1 MHz, the
loading strain rate is 10~ '—10%/s, and the minimum sampling
time is 50 us. Before the testing began, Vaseline (lubricant)
was evenly applied on the upper and lower surfaces of the
rock specimens to reduce the influence of friction between
the bearing plate of the testing machine and the rock speci-
mens on the testing results.

Experimental methods

The strength and deformation properties of rock form the
basis of theoretical calculations and engineering design
when it comes to researching the mechanics of rock.
Uniaxial and triaxial compression tests of rock are the basic
testing methods for studying the mechanical properties of
rock (Tembe et al. 2008; Yang et al. 2011; Nicksiar and
Martin 2012), and these testing methods and processes are
briefly described below:

(1) Uniaxial compression testing method and process: The
diameter and height of the rock samples are measured at
the upper, middle, and lower ends of the rock specimens,
or the left, middle, and right ends of the end surface, etc.
with a Vernier caliper, and the average value is taken as
the diameter or height of the rock specimen; the loading
indenter is placed on the upper and lower ends of the
rock specimens, and then the rock specimens are placed
at the central position of the bearing plate of the testing
machine; the axial and circumferential displacement sen-
sors, etc. are then installed; the axial displacement load-
ing control mode is adopted, the upper limit of the com-
pression displacement is set, the axial load is applied at a
loading rate of 0.003 mm/s, and the testing is stopped
when the failure of the rock specimens occurs.
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Fig. 1 a—c Testing temperature curve and testing equipment

Table 1  High-temperature rock specimen testing program for limestone

Temperature (°C) 03 (MPa)

0 5 15 20 25 30

20 No. 1, no. 2, No. 19, no. 20, No. 22, no. 23, No. 25, no. 26, No. 28, no. 29, No. 31, no. 32,
no. 3 no. 21 no. 24 no. 27 no. 30 no. 33

200 No. 4, no. 5, No. 34, no. 35, No. 37, no. 38, No. 40, no. 41, No. 43, no. 44, No. 46, no. 47,
no. 6 no. 36 no. 39 no. 42 no. 45 no. 48

400 No. 7, no. 8, No. 49, no. 50, No. 52, no. 53, No. 55, no. 56, No. 58, no. 59, No. 61, no. 62,
no. 9 no. 51 no. 54 no. 57 no. 60 no. 63

500 No. 10, no. 11, No. 64, no. 65, No. 67, no. 68, No. 70, no. 71, No. 73, no. 74, No. 76, no. 77,
no. 12 no. 66 no. 69 no. 72 no. 75 no. 78

600 No. 13, no. 14, No. 79, no. 80, No. 82, no. 83, No. 85, no. 86, No. 88, no. 89, No. 91, no. 92,
no. 15 no. 81 no. 84 no. 87 no. 90 no. 93

800 No. 16, no. 17, No. 94, no. 95, No. 97, no. 98, No. 100, no. 101, No. 103, no. 104, No. 106, no. 107,
no. 18 no. 96 no. 99 no. 102 no. 105 no. 108
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(2) Triaxial compression testing methods and processes:
After the diameter and height of the prepared rock spec-
imens are measured with a Vernier caliper, the periphery
of the rock specimens is covered with a thin heat shrink-
able tube and uniformly wrapped with waterproof adhe-
sive tape to prevent the hydraulic oil from immersing
into the rock specimen and affecting the testing results;
the rock specimen is placed in the triaxial pressure cham-
ber, and air in the pressure chamber is then discharged. A
confining pressure is applied at a loading rate of
0.1 MPa/s and the confining pressure value is kept con-
stant at confining pressures of 5, 15, 20, 25, and 30 MPa.
The axial displacement loading control mode is adopted,
the upper limit of the compression displacement is set,
and the axial load is applied at a loading rate of
0.005 mm/s until the rock specimen fails.

Analysis of triaxial compression testing results
of limestone at high temperatures

The triaxial compression testing stress-strain curves of lime-
stone rock specimens at high temperatures are shown in
Figs. 2 and 3, and Table 2 gives the results of triaxial com-
pression testing of limestone rock specimens at high temper-
atures. Figures 2 and 3 show that the triaxial compression
testing stress-strain curve of limestone rock specimens at high
temperatures can be divided into the following stages: com-
paction, elastic, plastic deformation, post-peak failure, and
residual (Martin and Chandler 1994; Martin 1997). (1)
Compaction stage: under the effect of a load, the microcracks
or pores in the rock shrink gradually until they close (Guo
et al. 2019); the increase in the amplitude of the stress is
relatively slow, while the increase in the amplitude of the
strain is relatively fast; the stress-strain curve is concave, and
this stage mainly reflects the closing of the microcracks in the
rock specimens. (2) Elastic stage: the curve in this stage basi-
cally increases linearly, and the stress and strain are in a direct
proportional relationship, i.e., the deformation of rock after
unloading in the elastic stage are recoverable elastic deforma-
tion. (3) Plastic deformation stage, which is also known as the
yield stage: with the further increase in the load, the closed
microcracks in the rock specimens re-open and expand con-
tinuously, while, at the same time, new cracks occur; the
microcracks in the rock specimen continue to expand, con-
nect, and penetrate under the effect of load; in this stage, the
stress-strain curve shows a non-linear relationship, and the
process mainly reflects the yield process in which the internal
material of the rock specimens gradually reach the limit of
their bearing capacity. Due to the discontinuity and heteroge-
neity of rock, the stress-strain morphology near the bearing
limit (peak point) of the rock sample is different, which re-
flects the differences in the distribution of the internal material

strength of the rock specimens. In general, during the axial
compression process, when the strength distribution of inter-
nal materials of the rock specimen is homogeneous, the inter-
nal materials of the rock specimens reach their bearing capac-
ity limit almost simultaneously, so that the bearing capacity
limit of the rock specimen may become a stress cusp (peak
point); when the difference in the strength distribution of the
internal material of the rock specimen is large, the yield pro-
cess is long, and a gentle yield platform is often formed in the
stress-strain curve. (4) Post-peak failure stage: when the load
is increased to the limit of the bearing capacity of the rock
specimens, the interaction between cracks is enhanced and the
internal cracks of the rock specimen penetrate to form a
macrofracture, which causes the rock specimen to lose its
capacity to bear the load, and thus, the rock fails. This stage
represents the continuous weakening of the bearing capacity
of the rock specimens. (5) Residual stage: After the macro-
fracture surface of the rock is generated, the bearing capacity
of the rock does not completely disappear but is reduced to a
certain extent (residual strength), and it still shows a certain
bearing capacity at the macroscopic level. At this stage, after
the rock has failed, a certain amount of bearing capacity is
maintained due to the friction between the broken rock blocks.
Of course, the bearing capacity of the rock specimen after
failure during uniaxial compression testing is very low.
There are some differences in the characteristics of the
stress-strain curves of the rock specimens under the combined
action of temperature and confining pressure. During uniaxial
compression testing, the stress-strain curve of the rock speci-
men quickly decreases after reaching the peak stress point (o).
The rock specimen loses its bearing capacity in a short time,
and brittle failure of the rock occurs. As the confining pressure
increases, after the stress-strain curve reaches the peak stress
point, the stress decreases with the increase of strain.
Meanwhile, the plastic deformation of the rock specimen
gradually increases, and the brittle-ductile transition occurs.
As the temperature rises, the rock specimen shows an obvious
yield platform in the stress-strain curve, and the failure state of
the rock specimens gradually changes from brittle failure to
ductile failure (Heard 1960; Wawersik and Fairhurst 1970;
Fredrich et al. 1990). As can be seen from Fig. 2, at the same
temperature, both the peak stress and strain of the limestone
increase with the rise of confining pressure, and the post-peak
stage of the stress-strain curve of the limestone after high
temperature is transformed from a strain-softening character-
istic to ideal plasticity. That is to say, when the confining
pressure increases to a certain value, the stress-strain curve
of the limestone shows a yield platform (under the action of
axial load, the strain of the rock specimen increases continu-
ously, while the stress remains basically unchanged),
exhibiting a plastic flow state, i.c., an ideal plasticity of the
rock specimen is achieved at the post-peak. At this time, the
corresponding confining pressure is called the transformation
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the transformation confining pressure, there is an obvious

peak stress point (stress cusp) on the stress-strain curve of

the rock; when the confining pressure continues to increase
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f 7=800 C

Fig. 2 Stress-strain curve for triaxial compression testing of limestone specimens under different confining pressures. a =20 °C. b 7'=200 °C. ¢ T=
400 °C. d T'=500 °C. e T=600 °C. f T=800 °C

and is higher than the transformation confining pressure, there
is no longer an obvious peak point on the stress-strain curve
(the stress continues to be maintained at a certain numerical
level). As can be seen from Fig. 2 a, for the rock specimens at
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Fig. 3 Stress-strain curve in triaxial compression testing of limestone rock
15 MPa. d 03 =20 MPa. e 03 =25 MPa. f 63 =30 MPa

normal temperature (7= 20 °C), when the confining pressure
is higher than 25 MPa, there is an obvious yield platform near
the peak strength, and the peak stress point is not obvious;
after the yield platform lasts for a period of time, the stress
begins to decrease slowly with obvious elasticity
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specimens at different temperatures. a 03 =0 MPa. b 03=5 MPa. ¢ 03 =

characteristics. As can be seen from Fig. 2 b—f, for the rock
specimens subjected to temperatures of 200-800 °C, when the
confining pressure is higher than 15 MPa, there is an obvious
yield platform near the peak strength, and the amount of stress
decreases after the yield platform gradually slows down as the
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Table 2 Triaxial compression

testing results of limestone Temperature (°C) Project o3 (MPa)
specimens after high temperature
0 5 15 20 25 30
20 o7 (MPa) 92.39 111.40 125.72 139.27 146.37 155.75
E (GPa) 36.52 37.66 40.03 41.90 43.42 45.48
200 o7 (MPa) 81.75 102.78 120.15 132.83 139.12 146.43
E (GPa) 26.92 29.61 34.48 36.76 39.40 41.40
400 or(MPa) 76.17 93.31 113.85 127.58 133.07 139.75
E (GPa) 19.92 24.17 30.86 34.75 38.05 40.81
500 or(MPa) 75.15 89.85 106.13 118.40 122.58 133.02
E (GPa) 16.94 18.59 21.76 23.15 24.95 27.14
600 or(MPa) 65.20 83.71 96.24 109.64 115.84 126.60
E (GPa) 13.15 14.79 18.75 20.74 22.86 24.90
800 or(MPa) 56.06 73.76 83.19 92.32 109.50 118.20
E (GPa) 10.34 11.70 14.94 16.83 18.88 20.30

The data in the table is the average value of three rock specimens

temperature increases, which means that the brittleness of the
rock decreases and the plasticity increases as the temperature
increases. As can be seen from Fig. 3, under the same confin-
ing pressure, the strength of the limestone (peak stress) grad-
ually decreases and the strain gradually increases as the tem-
perature increases; when 7= 500 °C and o3 =0 MPa, the
strength of the rock specimens drops sharply with a decrease
amplitude of — 18.66%; when 7= 500 °C and o3 =15 MPa,
the strength decrease amplitude of the rock specimen is —
15.58%; when T= 500 °C and o3 =30 MPa, the strength
decrease amplitude of the rock specimens is — 14.60%. In
summary, when 7= 20 °C, the stress-strain curve of the rock
specimens shows obvious brittle failure characteristics; when
T'= 200 °C, the stress-strain curve of the rock specimens
shows brittle failure characteristics under the low confining
pressure conditions, and certain ductile failure characteristics
under the high confining pressure conditions, i.e., as the strain
increases, the speed of the stress reduction becomes slower,
the plastic deformation of the rock specimen increases gradu-
ally, and the rock specimen transitions from brittle failure to
plastic deformation; when 7'>400 °C, the rock specimen
shows obvious ductile failure characteristics, and an obvious
yield platform appears on the stress-strain curve.

Discussion

Analysis of strength characteristics of limestone
at high temperatures

The strength of a rock is what prevents failure of the rock
under external force, and it is one of the most important char-
acteristics of the mechanical properties of a rock. The strength
of a rock is usually expressed by peak stress and residual

@ Springer

strength; the peak stress refers to the maximum load on the
rock specimen during uniaxial or triaxial compression testing
(i.e., failure resistance capacity of the rock), and it is closely
related to environmental factors such as confining pressure
and temperature. Residual strength refers to the bearing capac-
ity provided by the friction force on the fracture surface after
the failure of rock sample. Data about the peak stress and
residual strength of the limestone specimens used in this study
after being subjected to high-temperature conditions during
uniaxial and triaxial compression testing were statistically an-
alyzed, and the relationship between the peak stress, residual
strength (residual stress), confining pressure, and temperature
was obtained, as shown in Figs. 4 and 5. As can be seen from
Figs. 4 and 5, the peak stress and residual strength of the
limestone specimen, after being subjected to high tempera-
tures, increase as the confining pressure increases; as the tem-
perature increases, the strength of rock specimens decreases.

Under sufficient compressive stress, shear failure (com-
pression shear failure) of rock-like materials occur, and the
shear strength is related to the strength parameters of the ma-
terial (cohesive force and internal friction angle), and thus the
strength characteristics can be indicated by the internal cohe-
sion and internal friction angle of the rock. The general ex-
pression (Yang et al. 2012; Bejarbaneh et al. 2015) of the
Mohr-Coulomb (M-C) in Eq. 1 is:

T = ¢ + otanyp (1)

where 7 is the ultimate shear stress (shear strength) of rock
(MPa); o is the normal stress of rock (MPa); ¢ is the internal
cohesion of rock (MPa); and ¢ is the internal friction angle of
rock (°).

When the principal stress is adopted, the formula of the
Mohr-Coulomb strength criterion is as follows:
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where ¢, is the maximum principal stress (MPa); o5 is the
minimum principal stress (MPa); o, is the theoretical uniaxial
compressive strength of rock (MPa), o.=2.-cosp/(1-sinyp) ; ¢
is the slope of the strength line, £ = (1+sinp)/(1-siny).

The strength characteristic parameter ¢ and ¢ of the rock
can be obtained from Eq. 1:

1—sing
C=0c—F
2¢-sing
e (3)
=sin ——
4 £+2

From Eq. 3, the relationship between the cohesive force,
internal friction angle, and temperature of limestone speci-
mens after being subjected to high temperatures can be obtain-
ed, as shown in Fig. 6.

160 4 T T T T T T T
0o .
V\ . \
1204 \T\v ]
;’7\ ~ \v
21 — T
o o—_ -
o~ 80 ]\D \_
—0— 0,=0MPa u\ |
60 4| 0~ 7:=5MPa ]
—/— 0,=15MPa
1=V 0,=20MPa ]
40 0,=25MPa
—1—¢,=30MPa
20 T T T T T T T
0 100 200 300 400 500 600 700 800
T (°C)
a oT
90 1— T T T T T T T
—0— 0,=0MPa
80 —o—0=5MPa | |
70 \\ —h—o= 15MPa| |
—v— 0,=20MPa
< 3
60 - ‘ ,=25MPa|
\V \ —— 6,=30MPa
ﬂ;f o \ \ ]
€ 401 \ \ \_
S}

30- \\ N \ i
\

20 4
1040 | D\D\,\-'
O T T T T T T T
0 100 200 300 400 500 600 700 800
T (°C)
b o-T

Fig. 5 Relationship between peak stress, residual stress, and temperature
of limestone specimens. a o7 b 0,-T

It can be seen in Fig. 6 that when 7'<400 °C, ¢ of 19.728°
at 20 °C increases to 20.99° at 400 °C with an increase in
amplitude of 6.43%. When 7> 400 °C, ¢ gradually decreases;
and when the temperature reaches 800 °C, the internal friction
angle decreases to 18.76°, which is an amount of —4.87% as
compared to that at 20 °C. However, the relationship of ¢ with
temperature is opposite to that of ¢. The true reason for this is
that before the temperature reaches 400 °C, different thermal
expansion coefficients of minerals cause irregular deformation
in the rock, enhance the mutual friction and mutual
interlocking between rock particles, and cause the internal
friction angle to increase as the temperature increases. When
the heating temperature reaches 400 °C, due to the rise in the
temperature, water inside the rock specimens evaporates and
the minerals dehydrate, so that the internal porosity increases;
in addition, the thermal stress between mineral particles inside
the rock specimens is further increased, and microcracks con-
tinuously merge and penetrate, resulting in larger microcracks
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Fig. 6 Relationship between cohesion, internal friction angle, and
temperature of limestone specimens at high temperatures

and a decrease in friction between the rock specimens, and,
thus, the internal friction angle is reduced. In general, the
internal friction angle and cohesion force are indicators used
to indicate the shear strength of a rock. The cohesive force
reflects the cohesive degree of the interior of the rock, and is
related to the particle size, cementing compositions, and ce-
mentation degree of the mineral particles present in the rock.
The changes in cohesive force and internal friction angle are
roughly opposite to the changes in temperature, which indi-
cates that the shear strength of the rock specimens is deter-
mined by the cohesive force and internal friction angle.
Limestone usually contains many microcracks. The axial
deformation caused by triaxial compression includes elastic
deformation of the mineral particle framework, slippage of
cracks, and closure of the pores. The plastic deformation of
rock sample during triaxial compression includes friction slip
between particles and pore closure. The confining pressure
can make the cracks in the rock sample close partly and slip
between the cracks. As the confining pressure increases, the
cracks inside the rock specimens become more closed, there
are fewer cracks that slip, and the axial deformation of the
rock specimen is smaller, so that the rock specimen has a
higher elastic modulus, which shows that the deformation
resistance of rock specimens gradually increases as the con-
fining pressure increases. In addition, under a confining pres-
sure, the pores or microcracks in the rock are compacted and
closed again (Guo et al. 2019), the normal stress on the crack
surface increases, and the residual strength of the rock speci-
men increases. Because limestone is an aggregation composed
of different minerals, there is a certain difference between the
thermal expansion coefficients of various minerals, and the
deformation characteristics after heating during triaxial com-
pression loading includes frictional slippage, pore closure, etc.
between the particles. The confining pressure can partially
seal the internal cracks of rock specimens and cause different
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slippage between different cracks. When the structural stress
reaches or exceeds the strength limit of the rock, microcracks
appear between the mineral particles at the interface. The rapid
expansion of organic components in the rock specimens leads
to microcrack expansion and rock damage. Simultaneously,
some minerals in the rock specimen may recrystallize and
form new minerals, the factors of decrease of stiffness of ce-
ment between particles may affect the deformation of the rock
specimens, and finally, the deformation resistance of lime-
stone specimens decreases. Furthermore, as the temperature
increases, the stress between or within particles further in-
creases, causing more microcracks on the rock specimen or
expansion, opening, and connection of the primary cracks
leading finally to the deterioration in the mechanical proper-
ties of the rock specimens. The deterioration of the mechanical
properties of the limestone after being subjected to high tem-
peratures is the result of the combination of structural thermal
stress and expansion formed due to factors like mineral crystal
transition, crystal expansion, coefficient difference, and or-
ganic matter expansion.

Analysis of deformation characteristics of rock at high
temperatures

The elastic modulus of rock material, which is an important
performance parameter in geotechnical engineering design,
determines the stiffness characteristics of the rock. At the
macroscopic level, the elastic modulus of a rock is the mea-
surement of the deformation resistance of the rock material. At
the microscopic level, the elastic modulus of the rock reflects
the bonding strength between the microstructures, crystal
structures, etc. of rock material, and affects the factors related
to the elastic modulus of rock material, such as crystal struc-
ture, chemical composition, microstructure, stress, and tem-
perature. In this study, the elastic modulus (Young’s modulus,
E) of the rock specimens was calculated using the slope of the
approximate straight segment on the stress-strain curve of the
limestone at different temperatures, as shown in Fig. 7 a-b. As
the confining pressure increases, the plastic deformation near
the peak stress of the rock increases, and, therefore, there must
be some relationship between the confining pressure and peak
strain. The relationships between peak strain of the limestone
specimens at high temperature and confining pressure condi-
tions and the temperature are as shown in Fig. 7 c—d. The peak
strain described in this paper refers to the corresponding axial
strain value (¢) when the rock specimen reaches the peak
stress. As can be seen from Fig. 7 a—d, the elastic modulus
of limestone at high temperatures increases with the increase
in the confining pressure and decreases as the temperature
increases, and the peak strain of the limestone specimens at
high temperatures increases as the confining pressure in-
creases and temperature increases.
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Limestone is an aggregation of mineral particles with
obvious heterogeneity. During axial compression, fric-
tional slippage may occur along the internal cracks of
the rock specimen. Obviously, there are a few cracks
along which slips may occur when the confining pres-
sure is increased. As a result, the axial deformation of
the rock specimens is small, and consequently, limestone
has a high elastic modulus (Yang et al. 2012). At high
temperatures, there are failures of different degrees in-
side the limestone. As the temperature increases, fusion
and phase change, and fracture of metal bonds further
increase the stress within particles and thermal stress
between or within particles occurs on a lot of minerals
inside the rock, which causes more microcracks to form
in the limestone or the expansion, opening, and connec-
tion of the primary cracks. Consequently, the strain-
softening characteristics of the limestone increase, and,
as a result, the peak strain of the limestone increases as
the temperature increases. At the macroscopic level,
limestone shows deterioration in its mechanical

properties and the elastic modulus of limestone de-
creases as the temperature increases (Ranjith et al.
2012; Sun et al. 2016).

Analysis of modes of failure of limestone at high
temperatures

Uniaxial and triaxial testing of limestone specimens at
high temperatures show that the modes of failure of rock
specimens are closely related to their physical and me-
chanical properties, confining pressure, temperature, etc.
(Baud et al. 2000; Chang and Lee 2004; Yang et al.
2012). The failure forms of limestone in this study dur-
ing uniaxial and triaxial compression testing at high
temperatures are shown in Fig. 8.

In summary, (1) the failure forms of limestone speci-
mens in uniaxial compression testing at a temperature of
20-800 °C are basically through axial fracture parallel to
or almost parallel to the axial direction, i.e., the failure
form after failure of rock specimens is mainly through
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failure based on axial splitting (columnar splitting). After
the failure of the rock specimens, there are many cleav-
age planes along the axial direction, and these cleavage
surfaces are parallel to or almost parallel with the axial
direction of the rock specimens, and after the failure of
the specimens, multiple long strip rock blocks are
formed. (2) At a temperature of 20-800 °C, most of
the failure forms of the rock specimens during triaxial
compression testing are through shear failure, and in
general, obvious shear failure surfaces exist in the rock
specimens. Most failure forms of the rock specimens
after failure are through single shear surface failure,
and the rock specimens are divided into both upper and
lower triangular blocks due to a shear failure surface
passing through most axial sections of the rock speci-
mens. This shear failure surface exists in the destroyed
rock specimens. On the interface (shear failure surface)
of the two rock blocks, there are obvious friction marks,
which are caused due to secondary shear failure formed
by the stress concentration at the partial rough place of
the shear surface during shear slippage of the upper and
lower rock blocks. The instability types of the rock spec-
imens include abrupt instability type and progressive fail-
ure type. The abrupt instability is characterized by a sud-
den drop of the stress and the simultaneous release of a
relatively large sound; the stress-strain post-peak curve
shows a straight line that falls sharply in the post-peak
failure stage. In the progressive failure type, the stress
slowly decreases or remains at the same level as that at
the post-peak failure stage; the sound is smaller than that
occurring during the abrupt instability type, and the
stress-strain curve is a gently descending curve in the
post-peak failure stage. As the confining pressure in-
creases, the fracture mode of the rock specimens gradu-
ally changes from brittle tensile fracture to shear fracture,
and the instability type of the rock specimens change
from the sudden instability type to the progressive failure
type. Within the designed ranges of temperature and con-
fining pressure in this study, the primary factor affecting
the mechanical properties of limestone is temperature
followed by confining pressure. However, the influence
of temperature on the instability type of limestone is not
obvious, and the instability type of limestone mainly de-
pends on the confining pressure.

Conclusions

Triaxial compression testing under a confining pressure of 0—
30 MPa was conducted on limestone specimens at tempera-
tures of 20—800 °C with the MTS 815 rock mechanics testing
system. The stress-strain curve of limestone under different
temperature and confining pressure conditions was analyzed,

and the change in the stress-strain curve shape, strength, and
deformation parameters of limestone at different temperature
and confining pressure conditions were analyzed. The main
conclusions are as follows:

(1) The triaxial compression stress-strain curves of lime-
stone at high temperatures can be divided into 5 stages
as compaction stage, elastic stage, plastic deformation
stage, post-peak failure stage, and residual stage. When
T= 20 °C, the stress-strain curve of the rock specimen
shows obvious brittle failure characteristics; when
T= 200 °C, the stress-strain curve of the rock specimen
presents brittle failure characteristics under low confin-
ing pressure conditions, and shows certain ductile failure
characteristics under high confining pressure conditions,
and the failure (deformation) mode of rock specimen
gradually changes from brittle failure to plastic deforma-
tion; when 7>400 °C, the rock specimen indicates obvi-
ous ductile failure characteristics, and an obvious yield
platform occurs. As the temperature increases further, the
confining pressure of brittle-ductile transition decreases.

(2) The peak stress and residual strength of limestone at high
temperatures increase as the confining pressure in-
creases; as the temperature increases, the strength of the
rock specimens decreases. When 7<400 °C, ¢ increases
as the temperature increases; and when 7>400 °C, ¢
decreases as the temperature increases. However, the re-
lationship of ¢ with temperature is opposite that of o, and
this study shows that the shear strength of limestone at
high temperatures is determined by the cohesive force
and internal friction angle. The elastic modulus of lime-
stone at high temperatures increases with the increase in
confining pressure and decreases as the temperature in-
creases, and the peak strain of limestone at high temper-
atures increases as the increase of confining pressure and
temperature.

(3) Most of the failure forms of limestone specimens during
uniaxial compression testing at a temperature of 20—
800 °C are through axial splitting parallel or approxi-
mately parallel with the axial directions, and most of
the failure forms of rock specimens during triaxial com-
pression testing are through shear failure. As the confin-
ing pressure increases, the fracture mode of the rock
specimens gradually changes from brittle tensile fracture
to shear fracture, and the instability type of the rock
specimen changes from sudden instability type to pro-
gressive failure type. The influence of temperature on the
instability type of limestone is not obvious. The instabil-
ity type of limestone mainly depends on the confining
pressure.
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