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Abstract
High temperatures can cause deterioration of the physical–mechanical properties of rocks. In this study, the triaxial cyclic 
loading and unloading of rock specimens under different temperature conditions were investigated to reveal stress–strain 
curves, strength and deformation characteristics, failure forms, and peak stress dropping of the rock specimens at high tem-
peratures. The deformation of treated rocks has an elastic after-effect, and the stress–strain curves formed a hysteresis loop. 
Under increasing confining pressures and temperatures, the increase in plastic deformation exacerbated the degree of damage 
in the rock specimens, and the stress–strain curves gradually transformed from brittle to ductile failure, thereby reducing 
its severity. With the rise of σ3, the bearing capacity, strength and deformation of the rock specimens increased, showing an 
enhancement effect of the confining pressure. With the rise of T, the effect of deterioration due to temperature was apparent. 
The brittleness index (Bs) of the stress rock specimens was established to quantitatively express the rules of influence from 
σ3 and T on the state of post-peak stress drop. Specifically, Bs increased with the rise of σ3, whilst the post-peak stress drop 
(Ns) decreased, then increased with the rise of T. These findings provide a theoretical basis for the analysis of surrounding 
rock stability, restoration and reinforcement, and the shoring design of underground works following exposure to high tem-
perature such as those occurring after a fire.

Keywords  High-temperature rock mechanics · Triaxial cyclic loading and unloading · Brittleness index · Strength and 
deformation parameters

1  Introduction

In the course of developing geothermal resources, studies on 
the underground storage of highly radioactive nuclear waste, 
the utilization of deep underground space, the prevention of 
coal/gas explosion in coal mines, and the reconstruction of 
rock tunnels/mines after a fire are required to understand 
changes in the physical–mechanical properties of rocks after 
experiencing high-temperature treatment. This can provide a 
basis for the design, construction, and support of rock works. 
The physical–mechanical properties of rocks under high-
temperature conditions are strikingly different from those 

stored in room temperature conditions. The deformation and 
mechanical parameters of rocks after high-temperature treat-
ment can provide fundamental data that is indispensable for 
the analysis of surrounding rock stability, restoration, and 
the reinforcement and shoring design of underground works. 
Studies on the mechanical characteristics of rocks after high-
temperature exposure and the mechanism of deformation 
and failure have emerged as a hot topic study of deep rock 
mechanics (Dwivedi et al. 2008; Heap et al. 2009; Mahanta 
et al. 2016; Shkuratnik et al. 2019; Shen et al. 2020).

To date, a number of studies have documented the physi-
cal and mechanical properties of rocks and their deforma-
tion and failure mechanism high-temperatures (Molen 1981; 
Al-Shayea et al. 2000; Funatsu et al. 2004; Just and Kontny 
2012; Tian et al. 2012; Sun et al. 2015; Sha et al. 2020; 
Li et al. 2020a). Cyclic loading and unloading assays can 
separate the elastic and plastic strain of loading rock sam-
ples, and can be used to quantitatively evaluate the degree 
of damage at various stages. This represents an effective 
stress path for studies the laws of rock damage evolution 
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(Rao and Ramana 1992; Fuenkajorn and Phueakphum 
2010; Zhao et al. 2013; Li et al. 2018; Pei et al. 2019; Xiao 
et al. 2020a). Ray et al. (1999) performed cyclic loading 
tests of sandstone and showed that the strength of the rock 
sample decreases with the increasing number of cycles. 
Zhang et al. (2013) performed triaxial cyclic loading and 
unloading tests on mudstone, and analyzed the influence of 
plastic deformation on the inelastic deformation character-
istics, revealing changes in the laws of the elastic modu-
lus and Poisson's ratio with the cumulative plastic strain. 
Chen et al. (2016) performed triaxial cyclic loading and 
unloading tests of rock salt, which analyzed the influence 
of confining pressure on the shape and elastic modulus of 
the stress–strain curve. In addition, based on the theory of 
elastoplastic damage mechanics, the damage evolution law 
of rock samples during the cyclic loading and unloading 
process was described. Liu et al. (2016) proposed a new 
damage constitutive model through the introduction of 
energy dissipation damage variables based on the results 
of uniaxial cyclic loading tests. Wang et al. (2017) revealed 
the evolution of sandstone porosity and permeability under 
loading and unloading using rock permeability and poros-
ity measurement systems. Yang and Hu (2018) performed 
long-term creep and permeability tests of rock samples after 
high temperature (25–1000 °C) under triaxial cyclic load-
ing, and analyzed the relationship between the elastic strain, 
plastic strain, permeability, temperature and deviator stress. 
Simultaneously, the evolution law of the creep strain with 
deviator stress and temperature were revealed. Wang et al. 
(2019) used the modified split Hopkinson pressure bar sys-
tem to investigate the cyclic impact of 800 °C temperatures, 
revealing the strength and deformation evolution laws and 
deformation failure modes of the rock samples. Based on the 
maximum strain, an equation describing the damage evo-
lution of rock after high temperature under cyclic impact 
loading was established. Xiao et al. (2020b) used the true 
triaxial test system to perform triaxial loading and unload-
ing tests, and studied the influence of loading and unloading 
pathways on the strength and deformation characteristics, 
energy conversion and failure modes. They further analyzed 
the evolution of parameters including the elastic modulus 
and energy storage capacity with the cycle index. Meng et al. 
(2016, 2021) performed uniaxial and triaxial cyclic loading 
and unloading tests, which revealed the evolution of the elas-
tic modulus under different loading rates, and analyzed the 
evolution of the generalized cohesion, generalized internal 
friction angle, and dilatancy angle with confining pressure 
and the equivalent plastic strain. In addition, pre- and post-
peak dilatancy models that considered the influence of the 
confining pressure and the equivalent plastic strain on the 
volume expansion of the rock samples were constructed.

Temperature is an important factor influencing the prop-
erties of rocks. Significant changes occur to the physical and 

mechanical properties of rocks following exposure to high-
temperature treatments. Uniaxial and triaxial compression 
tests on the physical properties of high-temperature rocks 
have been performed and have deepened understanding 
of the physical properties, strength and deformation fail-
ure forms of high-temperature rocks. However, most stud-
ies to-date have focused on the strength and deformation 
characteristics of high-temperature rocks under uniaxial and 
triaxial compression conditions. Studies on the strength and 
deformation characteristics, volume deformation and post-
peak stress drops of high-temperature rocks under triaxial 
cyclic loading and unloading conditions are limited. Rock is 
defined as any naturally occurring solid mass or aggregate 
of minerals or debris formed by a certain law under geo-
logical processes. Different rocks possess variable mineral 
components, structures and formations. The existence of 
mineral components in rocks and changes to their nature, 
structure or formation impact their physical and mechanical 
properties. The mechanical properties of rocks are closely 
associated with stress conditions, temperature, water and 
other factors. During the course of rock formation, differ-
ent temperature effects will occur due to differences in the 
formation conditions, mineral components and cementing 
substances, in addition to differences in the geological pro-
cesses experienced by rocks at later stages. Additionally, 
rocks of the same type show differences in their temperature 
characteristics under different geological conditions, exhibit-
ing differences in mechanical behavior under different stress 
pathways. In this study, limestone exposed to high-temper-
ature treatment was studied and triaxial cyclic loading and 
unloading tests of rock specimens exposed to 5 different 
temperatures were performed through the MTS 815 rock 
mechanics test system. The aim of this study was to define 
the strength, deformation and dilatancy characteristics of the 
rock specimens under triaxial loading and unloading condi-
tions, and to deepen understanding of the strength deteriora-
tion processes and damage mechanisms of rocks exposed to 
high-temperature treatment.

2 � Testing Equipment and Program

2.1 � Specimen Preparation and Testing System

Limestone was selected for testing due to its uniform tex-
ture, which mainly consists of calcite, dolomite, and illite 
(Fig. 1a). Types of equipment including the coring machine, 
sawing machine and grinding machine, were used to process 
the rock specimens into cylinders with a diameter of 50 mm 
and a height of 100 mm (Fig. 1b). A GWD-02A high-tem-
perature furnace was used for the high-temperature treat-
ment of rock specimens (Fig. 2a), by setting the temperature 
(T) at five types, viz. 20 °C (room temperature, not heated), 
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200 °C, 400 °C, 600 °C and 800 °C. The heating treatment 
design curve of the rock specimens is shown in Fig. 2b. 
Steps: ① prior to heating, the temperature (T) value was set 
at a rising speed of 10 °C/min (Sun et al. 2015; Su et al. 
2017; Meng et al. 2020a; Xiao et al. 2020b). ② When the 
temperature reached the set value, it was maintained for 4 h 
to ensure uniform heating inside the specimen, to minimize 
the negative influence of testing due to non-uniform heating 
(Heap et al. 2009; Ranjith et al. 2012; Su et al. 2017; Meng 
et al. 2020a). ③ The furnace was turned off after reaching a 
constant temperature and allowed to naturally cool to room 
temperature. The rock specimen was then removed.

Triaxial cyclic loading and unloading tests were per-
formed using the MTS 815 rock mechanics test system 
(Fig. 3) formed by three parts—loading, testing, and con-
trol. The testing machine had a rigidity of 2.6 × 109 N/m, an 
axial load of 1459 kN, a servo valve sensitivity of 290 Hz, 
and a minimum sampling time of 50 μs (Meng et al. 2018, 

2021). An axial extensometer and chain-type lateral (cir-
cumferential) extensometer were provided to collect axial 
and circumferential deformation data of the rock specimens. 
Prior to testing, both the upper and lower end surfaces of the 
specimens were evenly covered with Vaseline (lubricant), 
to reduce the negative influence of end friction between the 
bearing plate (indenter) of the testing machine and the rock 
specimen.

2.2 � Design of the Testing Program

The strength and deformation characteristics of rock are not 
only the basis of theoretical calculation and design work, but 
also one of the important contents of rock mechanics and 
engineering research. The uniaxial and triaxial compression 
tests of rocks are important means to obtain rock mechanical 
parameters. Generally, the compression test of rock can be 
divided into monotonic loading test and cyclic loading test. 
The monotonic loading test of rock is to apply axial pressure 
(σ1) or confining pressure (σ3) at a certain loading rate until 
the end of the test. This article adopts a stepwise cyclic load-
ing and unloading test, which is that all the stress is removed 
when the stress reaches the design value (σ′). Then, it is 
reloaded to a higher stress value than the previous unloading 

(a) Limestone composition

(b) Rock sample size

Fig. 1   Limestone composition and sample size

(a) High-temperature treatment equipment

(b) Thermal treatment design path for rock specimen
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point, and then unloaded. The loading and unloading are car-
ried out repeatedly until the rock sample is damaged and the 
test is terminated. The main reasons for choosing the triaxial 
cyclic loading and unloading test in this paper are as follows:

1.	 Rock is a collection of different minerals, which contains 
cracks, pores and other defects. It is a non-homogeneous 
and inelastic natural geological material. In the process 
of compression under load, the axial and circumferential 
deformation (ε1, ε3) of the rock sample is composed of 
the elastic deformation of the bearing structure skeleton 
(mineral), the slip of the fracture surface and the closure 
of pores. Elastic deformation (εe) can be restored after 
unloading. The closure of the original micro-pores or 
micro-cracks in the rock sample and the slippage of the 
fracture surface are deformations that cannot be restored 
after unloading, which is collectively referred to as plas-
tic deformation (εp). Conventional uniaxial and triaxial 
compression tests cannot separate the strain (ε1, ε3) 
of the loaded rock sample, and the cyclic loading and 
unloading test can distinguish the elastic strain (εe) and 
plastic strain (εp) of the loaded rock sample. Therefore, 
the εe and εp are separated through the triaxial cyclic 
loading and unloading test, which provides basic data 
for the follow-up study on the damage accumulation and 
expansion characteristics of high-temperature rock sam-
ples.

2.	 Engineering practice shows that underground projects 
such as roadways (caverns, tunnels) are affected by the 
construction technology, which makes the stress state 
of the roadway surrounding rock constantly change. 
The stress state has roughly gone through the follow-
ing stages: the original stress state before excavation 
(equivalent to the initial loading state) → the surround-
ing rock stress redistribution state caused by the exca-
vation (equivalent to the unloaded state) → stress state 

under subsequent excavation or mining stress (load-
ing state) → surrounding rock deformation Stress state 
(unloading state), cyclically. The force on the pillars is 
also constantly changing, affected by the mining tech-
nology of coal mines: pillars in the original rock stress 
state before coal mining (loading) → coal recovery in 
this section (unloading) → stress state under the influ-
ence of mining stress during coal mining in other sec-
tions (loading) → pillar deformation releasing stress 
state (unloading), cyclically. Therefore, in the construc-
tion process of underground engineering, the rock is 
often subjected to repeated loading and unloading. The 
strength, deformation and damage mechanical proper-
ties of the rock are closely related to the stress state and 
the loading form. The micro-cracks in the lower part 
continue to expand and develop under stress loading, 
so that the rock damage continues to accumulate, which 
can eventually lead to the destruction of the rock. The 
micro-cracks in the rock continue to expand and develop 
under stress loading (loading process), so that the rock 
damage continues to accumulate, which can eventually 
lead to rock destruction. During the unloading process, 
the previously closed fissures inside the rock may open 
again, thereby affecting the mechanical properties of the 
rock. In addition, the surrounding rock of underground 
engineering (roadways, caverns, tunnels) is in a three-
dimensional stress state. Therefore, the selection of the 
triaxial cyclic loading and unloading path is closer to 
the actual stress state of the engineering surrounding 
rock. Simultaneously, the temperature is an important 
factor affecting the properties of rocks. The physical and 
mechanical properties of rocks have undergone signifi-
cant changes after high temperatures.

In view of this, we use the MTS 815 rock mechanics test 
system to carry out triaxial cyclic loading and unloading 

Fig. 3   MTS 815 rock mechanics 
test system
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tests on five high-temperature rock samples. We try to reveal 
the strength, deformation, and expansion characteristics of 
high-temperature rock samples under triaxial loading and 
unloading conditions, to deepen the understanding of the 
strength degradation process and damage mechanism of 
high-temperature rocks. The research results can provide a 
theoretical basis for the surrounding rock stability analysis, 
repair, and reinforcement design of underground engineer-
ing after a fire.

Rock compression tests were divided into monotonic 
loading and cyclic loading testing. In this study, stepwise 
cyclic loading and unloading testing were applied. When 
the stress reached the designed value, it was unloaded and 
removed. The stress was later re-loaded to a value higher 
than the previous unloading point and then unloaded again. 
This procedure was repeated until failure of the rock speci-
men was observed.

Further modifications were important to ensure the suc-
cess rate of the triaxial cyclic loading and unloading tests, 
which can fail as a result of post-peak instability of rock with 
high brittleness after unloading. Therefore, whilst determin-
ing the stress path through exploratory testing, a method 
combining axial displacement loading with axial stress 

unloading was adopted to control the process of triaxial 
cyclic loading and unloading (Fig. 4). The design program 
for this testing is detailed in Table 1. During the testing pro-
cess, the axial displacement (ul) control mode was adopted 
for constant gradient loading. The displacement loading 
gradient for one cycle (loading and unloading stage) was 
designed as 0.1 mm, and the ul loading rate was 0.003 mm/s. 
Once the axial displacement was loaded to the design value 
us, σ1 was unloaded through axial stress (σ1) control, with 
an unloading rate of σ1 is 2.0 kN/s. This stage was repeated 
until the remnant stage (σr) of the rock specimen and the 
completion of the test.

The specific operational procedures of the triaxial cyclic 
loading and unloading testing of the rock specimens after 
high-temperature treatment were as follows:

1.	 Test preparation: The basic dimensional parameters of 
the rock specimens including length and diameter were 
measured. Thin thermal shrinkable films were wrapped 
around the rock specimens to prevent the hydraulic oil 
from immersing into the failure-state rock specimen. 
The longitudinal wave velocity of the rock specimens 
was measured, and high-temperature rock specimens 
with similar wave velocities were selected for compres-
sive experiments, to reduce the dispersion of the experi-
mental data.

2.	 At the beginning of testing, the rock specimens were 
placed at a central position at the base of the triaxial 
pressure chamber, and a 1.0 kN axial load (σ1) was 
applied for fixation of the rock specimen. This prevented 
movement of the rock specimen during the application 
of confining pressure, thus avoiding the impact of eccen-
tric axial pressure on the test data. A σ3 load was applied 
to the predetermined value (1, 5, 10, 15, 20 MPa) at a 
loading rate of 0.05 MPa/s. During testing, σ3 remained 
constant.

3.	 Stress path for loading and unloading testing: d0 
(initial displacement of the loaded rock speci-
men was generally 0) → d0 + 0.1  mm (design value 
us of the axial displacement, loading) → 0 (axial 
stress, unloading) → d0 + 0.2  mm (loading) → 0 
(unloading) → d0 + 0.3  mm (loading) → 0 (unload-
ing) → ⋯ → remnant stage (end of the testing). When the 
axial load was decreased to 1.0 kN, the unloading ceased 

Fig. 4   Stress path for high-temperature treated rock specimens under 
triaxial cyclic loading—unloading testing

Table 1   Cyclic loading and 
unloading triaxial compression 
test of rock specimens

σ3 (MPa) 20 °C 200 °C 400 °C 600 °C 800 °C

1 #1, #2, #3 #16, #17, #18 #31, #32, #33 #46, #47, #48 #61, #62, #63
5 #4, #5, #6 #19, #20, #21 #34, #35, #36 #49, #50, #51 #64, #65, #66
10 #7, #8, #9 #22, #23, #24 #37, #38, #39 #52, #53, #54 #67, #68, #69
15 #10, #11, #12 #25, #26, #27 #40, #41, #42 #55, #56, #57 #70, #71, #72
20 #13, #14, #15 #28, #29, #30 #43, #44, #45 #58, #59, #60 #73, #74, #75
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and further stages of cyclic testing can be performed 
to prevent the influence of the indenter of the testing 
machine on the rock specimen (Meng et al. 2021).

It should be noted that in triaxial cyclic loading and 
unloading tests, one complete loading and unloading pro-
cess is called one cycle. The number of a complete load-
ing–unloading process is called cycle index (N).

3 � Analysis of the Testing data

3.1 � Characteristics of Stress–Strain Curves 
and Failure Forms

Figures 5, 6, 7, 8 and 9 shows the stress–strain curves of 
high-temperature-treated rock specimens and the curves 
outer envelope following triaxial cyclic loading and unload-
ing tests under different confining pressures. During tri-
axial cyclic loading and unloading testing, the hysteresis 
effect appeared in the stress–strain curve of the treated 

Fig. 5   Stress–strain curve under 
triaxial cyclic loading—unload-
ing testing when T = 20 °C

(a) σ3=1 MPa                        (b) σ3=5 MPa

(c) σ3=10 MPa                      (d) σ3=15 MPa

(e) σ3=20 MPa            (f) Outer envelope of stress-strain curve

-0.020 -0.015 -0.010 -0.005 0.000 0.005 0.010 0.015
0

20

40

60

80

100
1# rock specimen

σ 1
(M

Pa
)

ε (mm/mm)

Hoop strain (ε3) Axial strain (ε1)

-0.015 -0.010 -0.005 0.000 0.005 0.010 0.015
0

20

40

60

80

100

120

140

σ 1
(M

Pa
)

ε (mm/mm)

5# rock specimen

Hoop strain (ε3) Axial strain (ε1)

-0.015 -0.010 -0.005 0.000 0.005 0.010 0.015
0

20

40

60

80

100

120

140

160

Ax
ia

ls
tr

ai
n

(ε
1)

σ 1
(M

Pa
)

ε (mm/mm)

9# rock specimen

H
oo

p
st

ra
in

(ε
3)

-0.015 -0.010 -0.005 0.000 0.005 0.010 0.015
0

20

40

60

80

100

120

140

160

180

Ax
ia

ls
tr

ai
n

(ε
1)

σ 1
(M

Pa
)

ε (mm/mm)

11# rock specimen

H
oo

p
st

ra
in

(ε
3)

-0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03
0

20

40

60

80

100

120

140

160

180

σ 1
(M

Pa
)

ε (mm/mm)

Ax
ia

ls
tr

ai
n

(ε
1)

H
oo

p
st

ra
in

(ε
3)

15# rock specimen

-0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03
0

20

40

60

80

100

120

140

160

180

σ 1
(M

Pa
)

ε (mm/mm)

σ3=1 MPa #1
σ3=5 MPa #5
σ3=10 MPa #9
σ3=15 MPa #11
σ3=20 MPa #15

Hoop strain (ε3)

Ax
ia

ls
tr

ai
n

(ε
1)



6419Mechanical Properties of Limestone After High‑Temperature Treatment Under Triaxial Cyclic…

1 3

rock specimen, forming a stress–strain closed loop curve. 
The reason for this was that the rock is a natural geologi-
cal material containing defects such as micro-cracks, pores 
and joints. The micro-cracks or pores can close, expand or 
are interconnected, causing non-ideal elasticity during rock 
deformation. On one hand, the deformation has the elastic 
aftereffect, i.e., it requires time for the elastic deformation 
to recover (hysteretic elastic deformation) while the stress 
is unloaded. On the other hand, sliding deformation (caused 
by slipping or flipping displacement of the internal fissure 
surface or fracture surface) of the rock specimen cannot rap-
idly recover after unloading. The specimen also enters into 

the yielding stage, in which considerable plastic deformation 
occurs inside the specimen that is not recoverable. The stress 
was loaded to a certain level (σ′), and then unloaded. At this 
moment, the unloading curve did not coincide with the final 
adjacent loading curve, and was lower, forming a closed 
circular area (Meng et al. 2016, 2021; Jiang et al. 2018). As 
the σ3 and T increase, the number of hysteresis loops also 
gradually increased.

During loading, the internal brittle region of the rock 
specimen was initially damaged. With ongoing adjust-
ments, the stress shifted onto the relatively harder bear-
ing framework of the specimen, strengthening its bearing 

Fig. 6   Stress–strain curve under 
triaxial cyclic loading—unload-
ing testing when T = 200 °C

(a) σ3=1 MPa                        (b) σ3=5 MPa

(c) σ3=10 MPa                      (d) σ3=15 MPa

(e) σ3=20 MPa            (f) Outer envelope of stress-strain curve
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structure. The slope of the reloading curve was therefore 
larger than that of the last adjacent loading curve. If the 
reloaded stress did not exceed the level at the last adja-
cent time of unloading, then the reloading strengthened the 
bearing structure of the specimen. If the reloaded stress 
was exceeded, the internal brittle region of the specimen 
that had not been damaged at the last stress level will 
undergo damage at the new stress level, making the slope 
of the stress–strain curve more gentle, and rising along 
the path of the last adjacent loading curve. This is termed 
the memory effect of the rock (Meng et al. 2018; Li et al. 
2020b).

The failure form of the rock specimen under the load is 
a key feature for expressing its failure mechanism, which 
reflects the influence of the testing conditions on the fail-
ure mechanisms of the rock (Wong et al. 1997; Wong and 
Baud 2012; Masri et al. 2014; Yang et al. 2017). There are 
two major failure forms of the rock specimens under triaxial 
cyclic loading and unloading. (1) Under low confining pres-
sure, the failure form of the treated rock specimen is an axial 
splitting failure. In this form, the rock specimen has several 
vertical splits on its axial surface after failure, which are 
axially or nearly parallel with the axial direction of the rock 
specimen. (2) Under the effects of high confining pressure, 

Fig. 7   Stress–strain curve under 
triaxial cyclic loading—unload-
ing testing when T = 400 °C

(a) σ3=1 MPa                        (b) σ3=5 MPa

(c) σ3=10 MPa                      (d) σ3=15 MPa

(e) σ3=20 MPa            (f) Outer envelope of stress-strain curve
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the failure form of the treated rock specimen is a single shear 
failure. Inside the damaged rock specimen, shearing failure 
occurs on the surface that runs axially through the majority 
of the fracture surface and divides the rock specimen into 
two rock blocks, namely upper and lower.

Shear failure is common under the triaxial compression 
state. The dip angle of the fracture surface typically rep-
resents the fracture angle, which is used to judge the loca-
tion and direction of the major fracture surface of the rock 
specimen (Yang et al. 2012; Wei et al. 2019; Meng et al. 
2021). Taking T = 20 °C as the example, when σ3 = 1 MPa, 
θ ≈ 88°; when σ3 = 10 MPa, θ ≈ 68°, a reduction of 22.73% 

occurred; when σ3 = 20  MPa, θ ≈ 64°, a reduction of 
27.27% was observed. Taking σ3 = 20 MPa as the exam-
ple, when T = 20 °C, θ ≈ 64°; when T = 400 °C, θ ≈ 62°, 
a reduction of 3.13% occurred; when T = 800 °C, θ ≈ 60°, 
a reduction of 6.25% occurred. These data indicate that θ 
decreases with increasing σ3 and T. As σ3 rises, the cir-
cumferential restraining force can effectively inhibit the 
slippage or flipping of the internal fissure surface or frac-
ture surface of the rock specimen, reducing the severity of 
rock failure and lowering θ. As T rises, the ductility of the 
rock specimens is enhanced, which reduces the severity of 
rock failure and lowers θ. Based on the degree of reduction 

Fig. 8   Stress–strain curve under 
triaxial cyclic loading—unload-
ing testing when T = 600 °C

(a) σ3=1 MPa                        (b) σ3=5 MPa

(c) σ3=10 MPa                      (d) σ3=15 MPa

(e) σ3=20 MPa            (f) Outer envelope of stress-strain curve
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of θ, the degree of influence of the confining pressure on 
the fracture angle is greater than that of the influence of 
temperature. To summarize, rock failure is controlled by 
both internal and external factors. Internal factors arise 
from the non-homogeneity of the rock material and refer 
to the mineral particles, structure, and formation that con-
stitute the rock. External factors arise from internal non-
homogeneous stress as a result of the loading and testing 
conditions (temperature and water). These lead to the for-
mation of macro-fractures on the surface and change or 
affect the failure form of the rock specimen.

3.2 � Characteristics of Outer Envelope of the Stress–
Strain Curve

The shape of the outer envelope of the stress–strain curve 
during triaxial cyclic loading and unloading testing is sim-
ilar to that of the conventional triaxial compression testing 
curves. These can be divided into five stages, including 
compaction, elasticity, plasticity, post-peak failure, and 
remnants (Bieniawski 1967; Martin and Chandler 1994; 
Gong et al. 2020; Meng et al. 2020b), as shown in Fig. 10. 
Compared to the conventional triaxial compression testing 

Fig. 9   Stress–strain curve under 
triaxial cyclic loading—unload-
ing testing when T = 800 °C

(a) σ3=1 MPa                        (b) σ3=5 MPa

(c) σ3=10 MPa                      (d) σ3=15 MPa

(e) σ3=20 MPa         (f) Outer envelope of stress-strain curve
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curve, the outer envelope of the stress–strain curve under 
the combined action of confining pressure and temperature 
showed the following differences:

1.	 Compaction stage: micro-cracks or pores inside the 
rock specimen were gradually compressed under axial 
and confining pressure, increasing the rigidity of the 
specimen. This phenomenon was more noticeable in 
low-strength rocks (soft rock) or rocks with numerous 
micro-cracks or pores. This was less noticeable for dense 
rock during this stage. At increasing temperature, the 
compaction stage is extended, indicating that a higher 
number of micro-cracks occur inside the specimen as the 
temperature increases.

2.	 Elasticity stage: as the load increases, the micro-cracks 
or pores inside the rock specimen are closed, and no 
new fissures appear. In this case, the stress–strain curve 
is linear and the deformation of the specimen is elasti-
cally recoverable. As the temperature rises, the slope 
of the stress–strain curve is gentle. When accounting 
for irreversible deformation (a state of deformation aris-
ing from the closure of the compressed micro-cracks 
or pores inside specimen under a load that not recover-
able) of the specimen at the compaction stage, the rock 
specimen cannot be recovered after unloading, leading 
to distinct loading and unloading curves.

3.	 Plasticity stage: as the axial load increases, the closed 
micro-cracks inside the rock specimen reopen and 
expand. New cracks also appear, resulting in the expan-
sion and interconnection of the internal regions of the 
specimen. In this case, the growth of the stress–strain 
curve was non-linear, and the rock specimen shows an 
apparent non-recoverable plastic deformation. At higher 
temperatures, the plasticity stage of the rock specimen 
is extended.

4.	 Post-peak failure stage (strain-softening stage): when the 
axial load increases to the compressive ultimate strength 
of the rock specimen, a macro-rupture surface occurs 
through the interconnection of internal fissures, lead-
ing to failure of the rock specimen. In this case, a sharp 
increase in the deformation of the specimen is observed, 
coupled to an ongoing decrease in its bearing capacity, 
resulting in strain softening. As the temperature rises, 
the downward trend of the stress–strain curve at the post-
peak stage is slowed down.

5.	 Remnant stage (friction bearing stage): the rock speci-
men does not completely lose its bearing capacity 
following the macro-rupture, though it is damaged 
under confining pressure conditions. Instead, the bear-
ing capacity decreases to a low-stress level (residual 
strength, or residual capacity after failure of rock speci-
men). For this failure, the friction between the rupture 
surfaces sustains the bearing capacity at the post-peak 
stage. The residual stress of the specimen increases with 
the rise of confining pressure but decreases with the rise 
of temperature.

Under low confining pressures, the stress–strain curve 
shows a rapid downward trend (noticeable stress drop) when 
reaches peak stress. The rock specimen loses its bearing capac-
ity in a short period, and brittle failure occurs in the absence of 
notable signs. As the confining pressure rises, the stress–strain 
curve approaches peak stress and plastic deformation of the 
rock specimen increases gradually, during which time the 
specimen transforms from brittle failure into ductile failure. 
As the temperature rises, the post-peak stress–strain curve 
shows a downward trend (gradual stress drop). The brittle 

(a) Stages division diagram of outer envelope of 
                      stress-strain curve

(b) Critical volume conversion stress (σL
 or damage-dilatancy stress (σcd )
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Fig. 10   Stages of the stress–strain curve and characteristic stress 
(T = 20 °C, σ3 = 20 MPa)
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characteristics of the rock specimen become weaker, whilst 
the plastic characteristics gain strength, reflecting the transfor-
mation of brittle failure into ductile failure (Mogi 1972; Wong 
and Baud 2012; Zhao et al. 2018a; Wei et al. 2019; Meng et al. 
2020b). Furthermore, testing of the high-temperature-treated 
rock is affected by the number of initial defects, including 
micro-cracks and pores, leading to differences in the test data.

4 � Discussion

4.1 � Evolution Rules of Strength Parameters 
of the Rock Specimen

The strength of a rock refers to the ultimate stress correspond-
ing to a particular state of the rock during the deformation 
process, including the peak strength (peak stress) and residual 
strength (residual stress). The strength theory is used to study 
the failure mechanisms and strength criterion of material 
under various stress states. As such, the strength or failure 
criterion represents the relationship between the stress state 
and strength parameter of the material under the failure condi-
tions. Mohr–Coulomb (M–C) strength criterion is an empirical 
strength theory built on the statistics and analysis of rock test-
ing data. The M–C strength criterion is not a simple stress state 
in which the failure of a rock sample occurs, but a combination 
of different normal stresses (σ) and shear stress (τ) that the rock 
loses during its bearing capacity. Specifically, failure occurs 
when σ and τ acting on a certain surface of the rock reach 
specific values (Lee et al. 2012; Labuz and Zang 2012; Jiang 
et al. 2018; Renani and Martin 2020). The general expression 
formula of the M–C strength criterion is given below:

where τ—shear stress, MPa; σ—normal stress, MPa; c—
cohesion of the rock, MPa; φ—internal friction angle of 
the rock, °.

The principal stress (σ1, σ3) expression adopted in the M–C 
strength criterion is:

The strength parameters (cohesion c, internal fracture angle 
φ) of the rock and theoretical value of the rupture angle to be 
obtained are:

where k, b—strength parameters; θ—fracture angle of the 
rock, °.
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The curve showing the relationship between strength 
parameters of the high-temperature-treated rock speci-
men and the confining pressure and temperature are 
shown in Fig. 11. When T = 20 °C, cf = 25.51 MPa (peak 
cohesion), φf = 37.56° (peak internal friction angle); 
cr = 7.35 MPa (residual cohesion), φr = 32.13° (residual 
internal friction angle). When T = 400 °C, cf = 21.35 MPa, 
φf = 36.72°; cr = 6.17 MPa, φr = 28.02°. When T = 800 °C, 
cf = 15.97 MPa, φf = 35.27°; cr = 4.09 MPa, φr = 24.11°. 
These data indicate that the bearing capacity (σf, σr) and 
strength parameters (c, φ) of the rock specimen increase 
with the rise of σ3, leading to an enhancement effect of con-
fining pressure. The bearing capacity and strength param-
eters decrease with the rise of T, indicative of a temperature 
deterioration effect.

As σ3 rises, the simultaneous constraining force pro-
vided by the confining pressure (σ3) and axial stress (σ1) 
suppress slippage of the fissure or fracture surface of the 
rock specimen, further improving the bearing (σf, σr) and 
anti-deformation capacity (elastic modulus E). On one hand, 
fissures inside the rock specimen show a higher degree of 
interconnection as a result of mineral dehydration, lattice 
reorganization, mineral shrinkage, and decomposition 
under high temperatures. Due to the continuous expansion 
and interconnection of original fissures and the emergence 
of new cracks, the compaction and integrity of the speci-
men decrease, influencing both the physical and mechani-
cal properties (Heuze 1983; Ranjith et al. 2012; Sun et al. 
2016; Yang et al. 2017; Meng et al. 2020a). On the other 
hand, thermal stress concentration emerges locally between 
the mineral particles on account of their different thermal 
expansion coefficient and anisotropy of thermal expansion 
inside the minerals under the influence of temperature. This 
concentration leads to changes to the internal structure of 
the particles, causing new fissures on the boundary or inside 
the particles, enhancing the formation of a fissure, thereby 
affecting the deformation and bearing performance of the 
rock specimen. From a macroscopic perspective, the dete-

rioration of the mechanical properties of the rock specimen 
is expressed through the reduction of its bearing (σf, σr) and 
anti-deformation capacity (E).

4.2 � Evolution Rules of Deformation Parameters 
of the Rock Specimen

1.	 Stress parameters
	   Deformation refers to a change in the volume and 

shape of rocks in response to stress. Rocks display 
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Fig. 11   The relationship 
between the strength parameters 
of the high-temperature-treated 
rock specimen and the confining 
pressure/temperature

 

(a) σf -T and σ3

(b) σr -T and σ3

(c) cf, φf - T                          (d) cr, φr - T

0 100 200 300 400 500 600 700 800
14

16

18

20

22

24

26
cf

φf

T (℃ )

c f
(M

Pa
)

35

36

37

38

φ
f(°

)

0 100 200 300 400 500 600 700 800
4

5

6

7

8
cr

φr

T (℃ )

c r
(M

Pa
)

24

26

28

30

32

34
φ

r(°
)



6426	 Q. Meng et al.

1 3

elastic and plastic deformation characteristics. During 
triaxial cyclic loading and unloading processes, the 
total strain (ε1, ε3) of a loaded rock specimen includes 
the elastic (ε1e, ε3e) and plastic strain (ε1p, ε3p). Elas-
tic deformation is recoverable after unloading, whilst 
plastic deformation cannot be recovered. The plastic 
deformation of loaded rock specimens can be classed 
as deformation arising from the closure of compressed 
micro-cracks or pores inside the specimen, or deforma-
tion arising from slippage or flipping of the internal fis-
sure or fracture surface. The evolution rules of axial and 
circumferential strains of high-temperature-treated rock 

specimens under triaxial cyclic loading and unloading 
tests are shown in Fig. 12.

	   Figure 12 shows that the axial and circumferential 
strains (ε1, ε3) of the loaded rock specimen increased 
with the cycle index. As σ3 and T rise, the εp of the rock 
specimen increased accordingly. These results indicate 
that the deformation of rock following exposure to high-
temperature treatment has the characteristics of elastic 
aftereffects (elastic hysteresis effect). In other words, 
most elastic deformation that has occurred during stress 
unloading can be immediately recovered (instantaneous 
elastic deformation), whilst elastic deformation requires 
time for recovery (hysteretic elastic deformation). The 

Fig. 12   Evolution rules of axial 
and circumferential strains of 
high-temperature-treated rock 
specimens under triaxial cyclic 
loading—unloading testing

(a) ε1 - cycle index, T=20            (b) ε1 - cycle index, T=800

(c) ε3 - cycle index, T=20            (d) ε3 - cycle index, T=800

(e) ε1 - cycle index, σ3=20 MPa         (f) ε3 - cycle index, σ3=20 MPa
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instantaneous elastic deformation of rock specimens is 
caused by the compression of internal solid particles 
and can be reflected by changes in volume. The elastic 
aftereffect is related to the friction between the internal 
closed micro-cracks. As the deformation direction of the 
rock specimen at the time of loading differs to the time 
of unloading, the force of friction between micro-cracks 
must be overcome for deformation. Time is required to 
overcome the friction, meaning the unloading curve is 
steep during the early stages and more gentle at later 
stages. Plastic deformation of the rock specimen is 
caused by the relative slippage between mineral lattices 
or clay mineral aggregates, with such slippages being 
irreversible. Plastic deformation is therefore not recover-
able. Due to the existence of hysteretic elastic and plastic 
deformation, the unloading curve at any point on the 
stress–strain curve of the rock specimen does not coin-
cide with the loading curve in the same cycle. It also 
does not correlate with the re-loading curve in the final 
adjacent cycle. Therefore, a closed loop (hysteresis loop) 
is formed between the unloading curve and re-loading 
curve, as shown in Figs. 5, 6, 7, 8 and 9.

	   A rock is an aggregate of one or more minerals that 
is not homogeneous or elastic. It contains some initial 
defects, such as micro-cracks or pores, making its inter-
nal strength unequal upon loading. Generally speaking, 
the internal regions of a low-strength rock are first to 
yield under a stress load. As σ3 rises, the axial stress (σ1) 
increases the occurrence of plastic deformation, forcing 
the internal regions of higher strength to also gradually 
yield. More than one yield plane subsequently appears 
inside the rock specimen, expressed as a continuous 
increase in plastic deformation, with the stress–strain 
curve transforming from brittle into ductile failure (Wei 
et al. 2019; Yang et al. 2012; Meng et al. 2017, 2020a; 
Zhang et al. 2020). Following high-temperature treat-
ment, the rock specimen experiences the effects of hot 
melting, tearing and thermal decomposition, for which 
the occurrence of internal micro-cracks increases, the 
rigidity of cement decreases, and the deformation of 
the rock specimen becomes more intensified. Differ-
ences in the particle composition and arrangement of 
the minerals inside the rock specimen, therefore, lead to 
non-uniform deformation of the internal particles after 
high-temperature treatment. The mutual squeezing of 
particles influences the deformation rules of the rock 
specimen, leading to a gradual increase in plastic defor-
mation. The downward trend of the post-peak stress–
strain curve is gentle and the rock specimen shows 
marked ductile deformation, indicating that the εp of 
the rock specimen increases with rising temperature.

2.	 Evolution rules of elastic modulus

	   Elastic modulus (E) is a major parameter expressing 
the deformation of a loaded rock specimen that reflects 
the stress–strain relation under the compressed state. 
Its value varies with stress–strain curve and deforma-
tion stages. As rocks have an elastic aftereffect, a hys-
teretic loop exists that can be expressed by the loading 
(El) and unloading modulus (Eu). El can characterize 
the slope of the elastic section of the loading curve, Eu 
can characterize the slope of an elastic section of the 
unloading curve. Using the elastic modulus calculation 
under cyclic loading and unloading testing proposed by 
Meng et al. (2018), the evolution of loading and unload-
ing moduli of high-temperature-treated rock specimens 
under triaxial cyclic loading and unloading testing can 
be revealed. Figure 13 shows that when the cycle index 
or ε1 increases, El and Eu initially increase and then 
decline. This is identical to the changing trend of bear-
ing capacity of the rock specimen (at the pre-peak stage, 
when cycle index or ε1 increases, the bearing capacity of 
rock specimen increases; at the post-peak stage, when 
cycle index or ε1 increases, the bearing capacity gradu-
ally decreases as a result of residual stress). With the rise 
of σ3, both El and Eu increase and Eu is higher than El; 
with the rise of T, both El and Eu decrease.

At the pre-peak stage, the slope (El) of the unloading 
curve in each cycle and the slope (Eu) of the re-loading curve 
in the last adjacent cycle are larger than that (Eu) of the load-
ing curve in that cycle. This suggests that the capacity of the 
rock specimen increases with the increasing cycle index, 
exhibiting strain-hardening characteristics. The reasons for 
this are as follows: (1) during the pre-peak compaction and 
elasticity stage, the micro-cracks or pores inside the rock 
specimen are closed under a load (axial pressure and confin-
ing pressure), and new micro-cracks arising from local stress 
concentration have yet to emerge or be expanded completely, 
increasing the degree of compaction and bearing capacity 
of the rock specimen. (2) At the pre-peak plasticity stage, 
rock debris as a result of shearing and slippage of the fissure 
or fracture surface may fall off during unloading and enter 
into the adjacent pores or fissures. Their entry increases the 
force of friction between fissures or fractures, and allows the 
irregular fissure or fracture surface to effectively disperse the 
stress. As a result, the stress inside the rock tends to be uni-
formly distributed and the bearing capacity increases, show-
ing a growing trend of El and Eu with the rise of cycle index.

At the post-peak stage, the slopes (El, Eu) of loading 
and unloading curves decrease with the rise of the cycle 
index, indicating that the resistance of the rock specimen 
to deformation decreases with increasing damage, reveal-
ing strain-softening characteristics. This can be explained 
as during the post-peak failure and remnant stages, 
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micro-cracks, run-through fissures or macro-fracture sur-
faces inside the rock specimen occur. During subsequent 
reloading, these internal micro-cracks continue to expand, 
become interconnected, or the run-through of the fissures 
or the macro-fracture surfaces slip or flip, increasing the 
damage or failure stage of the rock specimen. As the defor-
mation is sharply intensified and the bearing capacity is 
decreased, El and Eu decrease with the rise of the cycle 
index.

To summarize, as σ3 rises, the peak stress, residual 
strength, and resistance to deformation of the rock specimen 
increase, resulting in higher El and Eu with the rise of σ3. As 
T rises, the bearing capacity and resistance to deformation 

of the rock specimen decreases, leading to a decrease of El 
and Eu with the rise of T.

4.3 � Evolution Rules of Dilatancy Characteristics

The deformation characteristics of the rock specimen are 
reflected by the evolution rules of volume strain (εv). In 
this study, Figs. 14 and 15 show the evolution rules of the 
volume strain of high-temperature treated rock specimens 
under triaxial cyclic loading and unloading testing. (1) The 
critical volume conversion stress (σL) at which the volume 
strain changes from compression deformation to dilatancy is 
taken as the demarcation point. When the load applied (σ1) 

Fig. 13   The relationship 
between the loading—unload-
ing moduli of the high-tempera-
ture-treated rock specimens and 
confining pressure/temperature

(a) El - ε1, T=20                     (b) El - ε1, T=800

(c) El - ε1, σ3=1 MPa                     (d) El - ε1, σ3=20 MPa

(e) El, Eu - cycle index, σ3=1 MPa       (f) El, Eu - cycle index, σ3=20 MPa
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is less than σL, the volume strain of the rock specimen is in 
the state of compression deformation. The volume of the 
rock increases and then declines with the rise of the cycle 
index. When the load applied (σ1) exceeds σL, the volume 
strain of rock specimen changes from compression deforma-
tion to dilatancy, and the rock specimen undergoes irrevers-
ible volume expansion. (2) Taking T = 20 °C as the exam-
ple, when σ3 = 1 MPa, σL = 98.49 MPa; when σ3 = 10 MPa, 
σL = 153.15 MPa; when σ3 = 20, σL = 178.62 MPa. When 
σ3 = 1 MPa rises to 20 MPa, the loading and unloading 
cycle index in which the dilatancy occurs increases from 
the 8th to the 14th. Taking σ3 = 20 MPa as the example, 
when T = 20  °C, σL = 178.62  MPa; when T = 400  °C, 

σL = 151.76  MPa, with a reduction of 15.04%; when 
T = 800 °C, σL = 132.86 MPa, with a reduction of 25.62%. 
When T = 20 °C rises to 800 °C, the loading and unloading 
cycle index in which the dilatancy occurs increases from the 
14th to the 24th.

During the loading process, the internal micro-cracks 
open, expand and become interconnected with each other 
to form a macro-fracture surface. With the growth of 
internal fissures, the volume strain of the rock specimen 
increases and manifests as volume expansion from the 
macroscopic view. With the rise of σ3, the bearing capac-
ity of rock specimen keeps increasing, and the post-peak 
volume strain curve becomes less steep (the changing rate 

Fig. 14   The volume strain-axial 
strain relation of high-temper-
ature-treated rock specimen 
under triaxial cyclic loading—
unloading testing

(a) T=20                          (b) T=200

(c) T=400                           (d) T=600

(e) T=800
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of volume strain decreases). The emergence of dilatancy 
is delayed by the increase in σL necessary for the con-
version of the rock specimen from compression defor-
mation to latency, and the increase in the compression 
deformation prior to dilatancy. This indicates that the 
confining pressure has an inhibitory effect on the dila-
tancy deformation of the rock specimen. With the rise of 
T, the strength of rock specimens deteriorates, leading to 
decreased σL. When the plastic deformation of the rock 
specimen is enhanced, the post-peak volume strain curve 
becomes gentle, and the compression deformation prior to 
dilatancy increases, which generally delays the emergence 
of dilatancy.

The relationship between volume strain of high-temper-
ature treated rock specimens and confining pressure and 
temperature under triaxial cyclic loading and unloading 
testing are shown in Fig. 16. The volume strain of the rock 
can be divided into elastic (εve) and plastic volume strain 
(εvp), εve is composed of recoverable elastic strain (ε1e, 
ε3e), εvp is composed of irreversible plastic strains (ε1p, 
ε3p). Taking T = 20 °C as the example, from the pre-peak 
stage to the post-peak stage, εve decreases by 1.99–4.23 
fold, while εvp increases by 11.7–45.0 fold. The dilatancy 
volume strain of the rock specimen is larger than the com-
pression volume strain (1.34–3.66 fold-change). With the 

Fig. 15   The volume strain 
evolution of high-temperature-
treated rock specimen under 
triaxial cyclic loading—unload-
ing testing

(a) εv - cycle index, T=20             (b) εv - cycle index, T=400

(c) εv - cycle index, T=800            (d) εv - cycle index, σ3=1 MPa

(e) εv - cycle index, σ3=10 MPa         (f) εv - cycle index, σ3=20 MPa
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rise of cycle index and T, irreversible plastic deformation 
increases. The elastic volume strain (εve) of the rock speci-
men therefore initially increases, and then declines, reach-
ing its maximum value prior to dilatancy. The value of εve 
at the residual stage is minimal. With the rise of the cycle 
index and T, the plastic volume strain of the rock specimen 
gradually increases, making the post-peak volume strain 
curve gentle, delaying the emergence of dilatancy. Since 
the confining pressure can effectively inhibit the slippage 
of the internal fissure surface or fracture surface, the plas-
tic volume strain (εvp) of rock specimen shows a downward 
trend with the rise of σ3.

4.4 � Evolution Rules of the Brittleness Index of Rock 
Specimens

Rock failure refers to the phenomenon of instability occur-
ring when a load reaches its ultimate bearing capacity. It 
can be divided into two distinct macro-deformation modes: 
brittle failure and ductile failure, according to the size of 
deformation at the time of rock failure (Mogi 1972; Nygård 
et al. 2006; Zhao et al. 2018b). Brittle failure means that 
once a rock bears a load, it undergoes failure and loses its 
bearing capacity in the face of minor deformation (during 
which the rock does not show the characteristics of plastic 
deformation). Ductile failure means that a rock can bear 

Fig. 16   The relationship 
between volume strains of the 
high-temperature-treated rock 
specimen and confining pres-
sure/temperature under triaxial 
cyclic loading—unloading 
testing

(a) εv - cycle index, T=20             (b) εv - cycle index, T=400

(c) εv - cycle index, T=800           (d) εv - cycle index, σ3=1 MPa

(e) εv - cycle index, σ3=10 MPa           (f) εv - cycle index, σ3=20 MPa
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large plastic deformation with minimal loss of its bearing 
capacity.

The brittleness index or degree of ductility are used to 
express the macro-failure form of a loaded rock specimen, 
and thus different forms of brittleness index for the stress, 
strain, and energy can be established (Hucka and Das 1974; 
Hajiabdolmajid and Kaiser 2003; Ai et al. 2016). The brittle-
ness index reflects the rate (degree of post-peak stress drop) 
of how a rock bearing capacity decreases to the residual 
strength after failure. The value of the brittleness index (Bs) 
is associated with the slope of the post-peak stress–strain 
curve and the residual strength. The larger the slope (abso-
lute value) of the post-peak stress–strain curve, the stronger 
the degree of post-peak failure brittleness. Regarding ideal 
plastic material, σp = �′

1
 , Bs = 0. Regarding rock-like post-

peak strain-softening material, smaller the Bs is suggestive 
of a stronger ductility; larger Bs is associated with stronger 
brittleness.

where σf—peak stress, MPa; �′
1
—maximum post-peak stress 

in each loading and unloading cycle, MPa.
Under triaxial cyclic loading and unloading testing, 

the rules of the brittleness index of rock specimens evolv-
ing with confining pressure and temperature are shown in 
Fig. 17. The number of post-peak stress drops (Ns) can be 
described as the post-peak cycle index (number of stress 
drops) that must be completed when the peak stress falls to 
the residual stress. The difference between σf and �′

1
 becomes 

larger, resulting in increased Ns and Bs. Under the same tem-
perature, the slope of Bs–Ns curves gradually decreases with 
the rise of confining pressure. Bs decreases with the increase 
of σ3. Under the same confining pressure, Bs slowly increases 
with the rise of T. The brittleness index (Bs) when the peak 
stress (σf) drops to the residual stress (σr) is termed the maxi-
mum stress drop coefficient (Brs).Taking T = 20 °C as the 
example, when σ3 = 1 MPa, Brs = 0.69; when σ3 = 10 MPa, 
Brs = 0.59, a reduction of 14.49% occurs; when σ3 = 20 MPa, 
Brs = 0.48, a reduction of 30.44% occurs. Taking σ3 = 20 MPa 
as the example, when T = 20 °C, Brs = 0.48; when T = 400 °C, 
Brs = 0.51, a reduction of 6.25% occurs; when T = 800 °C, 
Brs = 0.54, a reduction of 12.50% observed.

These data show that under low confining pressure, the 
post-peak stress shows a large and rapid decline, mani-
fested by a steep post-peak stress–strain curve, and fewer 
post-peak cycles. Bs increases rapidly with the increase of 
Ns, and the brittle failure of the rock sample becomes more 
obvious. With the increase of σ3, the downward trend of the 
stress–strain curve in the post-peak stage slows down signifi-
cantly, indicating that the plastic deformation is enhanced, 
and the number of cycles following the peak of the rock 

(4)Bs =
�f − ��

1

�f
,

sample gradually increases, making Bs slowly increase with 
increasing Ns. This is because confining force provided by 
the confining pressure (σ3) and axial stress (σ1) effectively 
restrain the slippage of the fracture surface inside the rock 
sample, increasing the residual stress (σr) of the rock sam-
ple, which reduces the differential value between peak stress 
(σf) and residual stress (σr). Namely, Bs and Brs decrease 
with increasing σ3. As the temperature increases, the physi-
cal and mechanical properties of the rock sample become 
altered. Plastic deformation improves and the number of 
post-peak cycles significantly increases. Bs increases slowly 
with increasing temperature. These data indicate that as the 
temperature increases, the strength and load-bearing perfor-
mance of the rock sample gradually decline. This causes the 
differential values between the peak stress (σf) and residual 
stress (σr) to increase. Namely, Brs rapidly increases with 
increasing T.

Generally, damage parameters can be used to quantita-
tively describe the damage accumulation in the whole pro-
cess of deformation to failure of the loaded rock sample. 
The expression of damage variable with plastic volumetric 
strain (Martin and Chandler 1994; Eberhardta et al. 1999; 
Liu et al. 2016):

where D—the damage variable; �p
vi

—the volumetric plas-
tic strain generated by the i-cycle rock sample, mm/mm; ∑n

i=1
�
p

vi
—the total volume plastic strain generated by rock 

samples, mm/mm。The damage variable evolution curves 
of high-temperature rock samples under confining pressure 
and temperature are shown in Fig. 18. Dpre is defined as the 
ratio (percentage) of cumulative damage (plastic volumetric 
strain) to total damage (plastic volumetric strain) of rock 
samples in the pre-peak stage, Dpos is defined as the ratio 
(percentage) of cumulative damage to total damage in post-
peak rock samples. Taking T = 20 °C as an example, when 
σ3 = 1 MPa, Dpre = 6.48%, Dpos = 93.52%; when σ3 = 10 
MPa, Dpre = 13.93%, Dpos = 86.07%; when σ3=20 MPa, Dpre 
= 66.42%, Dpos = 33.58%. Taking σ3 = 20 MPa as an exam-
ple, when T = 20 °C, Dpre = 66.42%, Dpos = 33.58%; when T 
= 400 °C, Dpre = 32.88%, Dpos = 67.12%; when T=800 °C, 
Dpre = 15.23%, Dpos = 84.77%. It can be seen from Fig. 18 
and the above data analysis that:

1.	 From process from the pre-peak stage to the peak stress 
point (σf) is the development, connection, penetration of 
micro-cracks inside the rock sample to the formation of 
macro-cracks or fracture surfaces, the bearing capacity 
of the rock sample increases first and then decreases, 
and the rock sample is not destroyed (the rock sample is 
still a relatively complete whole) and loses its bearing 

(5)D = �
p

vi
∕

n∑
i=1

�
p

vi
,
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capacity. The post-peak stage reflects the process of the 
rock sample from the integrity structure to the block 
structure with the rock sample deformation and devel-
opment to complete failure after the macroscopic cracks 
or fracture surfaces appear inside the rock sample. The 
bearing capacity of rock samples can be maintained by 
the friction force (residual strength, σr) between the frac-
ture surfaces after failure, The bearing capacity of peak 
stage, the bearing capacity of rock samples gradually 
decreases with the increase of cycle index or ε1, showing 
obvious strain-softening phenomenon. Therefore, with 
the increase of cycle index or ε1, the plastic deformation 
(irreversible deformation) of rock samples continues to 

increase from the pre-peak stage to the post-peak stage, 
which makes the damage accumulated inside the rock 
samples gradually increase.

2.	 The evolution process of volumetric strain damage vari-
able (D) of the loaded rock samples under different con-
fining pressures and temperatures is basically the same. 
With the increase of cycle index or axial strain, D shows 
a nonlinear increase trend, that is, it increases slowly 
at the pre-peak stage, and then increases rapidly at the 
post-peak stage.

3.	 In the pre-peak stage, with the increase of axial load, the 
recoverable plastic deformation inside the rock sample 
gradually increases, which makes the damage degree of 

Fig. 17   Rules of brittleness 
index of the high-temperature-
treated rock specimen evolving 
with the confining pressure and 
temperature under triaxial cyclic 
loading—unloading testing

(a) T=20                          (b) T=800

(c) σ3=1 MPa                        (d) σ3=10 MPa

(e) Brs - T                            (f) Brs - σ3
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the rock sample gradually increase. With the increase of 
σ3, the plastic deformation of rock samples in the pre-
peak stage increases continuously, and the Dpre increases 
with the increase of σ3. In the post-peak stage, the high 
confining pressure can effectively inhibit the slip and 
expansion deformation of the fracture surface or fracture 
surface in the rock sample, making Dpos decrease with 
the increase of σ3, and the D curve of the loaded rock 
sample slows down, that is, the damage accumulation in 
the whole process of rock sample deformation to failure 
shows a slowly increasing trend.

4.	 With the increase of T, the downward trend of the stress–
strain curve in the post-peak stage is slowed down, 
and the plastic characteristics of the rock sample are 
gradually enhanced. The damage accumulation in the 
whole process of deformation and failure of the rock 
sample shows a slowly increasing trend, which makes 
the D curve of the loaded rock sample slow down. With 
the increase of T, the post-peak cycles of rock samples 
increase significantly, which makes Dpos increase and 
Dpre decrease.

Fig. 18   Damage variable evolu-
tion curve of high-temperature-
treated rock sample under con-
fining pressure and temperature

(a) σ1 - cycle index - D, T=20          (b) σ1 - cycle index - D, T=800

(c) D - cycle index, T=20            (d) D - cycle index, T=800

(e) εv - cycle index, σ3=1 MPa            (f) εv - cycle index, σ3=10 MPa

0 2 4 6 8 10 12 14 16
0

20

40

60

80

100

15141312111098

7

6

5

4

3

2

σ1
D

Cycle index

σ 1
(M

Pa
)

Pre-peak phase Post-peak phase

cycle index1

σf

0.0

0.2

0.4

0.6

0.8

1.0

D

0 4 8 12 16 20 24 28 32 36
0

20

40

60

80

100

120

140

160

180

Cycle index

σ1
D

σf

3331292725
24

23

22
21

20
18

16
1412

10
9

8

7

6

5

4

3

2

σ 1
(M

Pa
)

Pre-peak phase Post-peak phase

cycle index

1

0.0

0.2

0.4

0.6

0.8

1.0

D

0 4 8 12 16 20 24 28 32 36
0.0

0.2

0.4

0.6

0.8

1.0

σ 3
=2

0
M
Pa

σ3=1 MPa

Cycle index

σ3=1 MPa #1
σ3=5 MPa #5
σ3=10 MPa #9
σ3=15 MPa #11
σ3=20 MPa #15

D

Pre-peak
phase

Post-peak
phase

Post-peak
phasePre-peak

phase

0 4 8 12 16 20 24 28 32 36 40 44 48
0.0

0.2

0.4

0.6

0.8

1.0

σ 3
=2

0
M
Pa

σ3=1 MPa #62
σ3=5 MPa #64
σ3=10 MPa #68
σ3=15 MPa #71
σ3=20 MPa #75

D

Cycle index

σ3=1 MPa
Pre-peak
phase

Post-peak
phase

Pre-peak
phase

Post-peak
phase

0 4 8 12 16 20 24 28 32
0.0

0.2

0.4

0.6

0.8

1.0

T=
80

0℃

T=20℃

Cycle index

D

T=20℃ #1
T=200℃ #18
T=400℃ #31
T=600℃ #47
T=800℃ #62

Pre-peak
phase

Post-peak
phase

Pre-peak
phase

Post-peak
phase

0 4 8 12 16 20 24 28 32 36 40 44 48
0.0

0.2

0.4

0.6

0.8

1.0

T=20℃

Cycle index

D
T=20℃ #9
T=200℃ #23
T=400℃ #38
T=600℃ #54
T=800℃ #68

Pre-peak
phase

Post-peak
phase

T=
80

0℃
Pre-peak
phase

Post-peak
phase



6435Mechanical Properties of Limestone After High‑Temperature Treatment Under Triaxial Cyclic…

1 3

5 � Conclusions

1.	 The MTS 815 rock mechanics test system was used to 
perform triaxial cyclic loading and unloading assays of 
high-temperature rock samples treated at five different 
temperatures. With the increase of σ3 and T, the post-
peak stress–strain curve slowly decreased (the stress 
drop was slower), and the number of hysteresis loops 
(cycle index) gradually increased. The plastic deforma-
tion of the rock sample also gradually increased, and the 
shape of the stress–strain curve gradually changed from 
brittle to ductile failure.

2.	 The strength parameters of the rock sample showed 
obvious confining pressure enhancement effects and 
temperature degradation. On one hand, the increase of 
σ3 and T increased the degree of damage, but the expan-
sion characteristics showed a delayed phenomenon. On 
the other hand, as the cycle index increased, El and Eu 
increased and then declined, revealing lagging expan-
sion characteristics. El and Eu simultaneously increased 
with σ3, and decreased with increasing T.

3.	 The stress-type brittleness index (Bs) was established 
to quantitatively characterize the influence of confining 
pressure and temperature on the post-peak stress drop 
state of the rock sample. Bs increased with the increase 
of Ns, Bs and Brs decreased with the increase of σ3. Bs 
also slowly increased with increasing temperature, and 
Brs increased rapidly. In addition, with the increase of 
σ3 and T, the ductility of the rock sample was enhanced, 
and the severity of the rock failure decreased. With the 
increase of cycle index or axial strain, the volumetric 
strain damage variable (D) shows a nonlinear increase 
trend, that is, it increases slowly at the pre-peak stage, 
and then increases rapidly at the post-peak stage.
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