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A B S T R A C T

Geological hazards caused by high-temperature rocks cooling down after encountering water are closely related to
underground mining and tunneling projects. To fully understand the impact of temperature changes on the
mechanical properties of rocks, yellow rust granite samples were subjected to heating-natural cooling and
heating-water cooling cycles to experimentally study the effects of these processes on the mechanical properties of
the samples. The mechanism of the heating-cooling process on the macromechanical properties of the rock was
discussed. Based on the Drucker-Prager criterion and Weibull distribution function, a damage variable correction
factor was introduced to reflect the post-peak strain softening characteristics, and a thermo-mechanical coupled
damage constitutive model of the granite was established. The results showed that in the natural cooling mode,
the mechanical properties deteriorate significantly when the temperature exceeded 600 �C, and the failure mode
changed from brittle failure to ductile failure. In the water cooling mode, the peak strength and deformation
modulus increased at temperatures below 400 �C with an increase in the cycle number, while at 600 �C, the peak
strength and elastic modulus notably decreased. The peak strain increased with the increase of the cycle number
and temperature at all temperatures, and the failure mode of the granite tended to change from tensile failure
mode to shear failure mode. The experimental results were used to validate the damage constitutive model. The
shape parameter r and scale parameter S in the Weibull distribution function of the model were used as indicators
to reflect the brittleness degree and peak strength. This study helps to understand the behavior of rocks in high-
temperature environments, in order to prevent and mitigate potential geological hazards.
1. Introduction

The rock damage caused by thermal effects holds great significance in
geological hazard engineering disciplines, such as high-temperature
mining, volcanic geotechnical engineering, and nuclear waste disposal
[1–3]. In these fields, rocks endure considerable thermal stresses in
high-temperature environments, and the consequential thermal damage
can trigger instability and failure of rock masses, ultimately leading to
engineering disasters. Hence, comprehending thermal damage, specif-
ically the impact of heating-cooling processes on the mechanical prop-
erties of rocks and the associated failure mechanisms, becomes
paramount [4–8].

Extensive research has been conducted on the alterations in the me-
chanical and deformation properties of rock samples following heating-
cooling processes [9–13]. For instance, Zhang et al. [3] investigated
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the deformation properties of granite samples under heating-water
cooling conditions, specifically focusing on the evolution of porosity
and wave velocity. Yang et al. [4] examined the deformation failure
behavior of rocks with pre-existing flaws of varying dip angles after
heating and natural cooling. Some scholars employed liquid nitrogen to
cool rock samples heated at high temperatures [13–15]. Wu et al. [13]
compared the variations in the mechanical properties of rocks under
natural cooling and liquid nitrogen cooling, and observed a significant
reduction in the strength of granite with liquid nitrogen cooling. The
fundamental difference among different coolingmodes lies in the varying
cooling rates. For example, compared to the natural cooling mode ach-
ieved by gradual cooling through the surrounding air or environment, the
water cooling mode, due to water's high heat capacity and thermal
conductivity, rapidly removes heat from the rock, thereby causing sud-
den temperature changes. Correspondingly, the greater the temperature
hu).
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change within a short period, the larger the generated thermal stress.
Consequently, the thermal damage inflicted upon the interior of the rock
becomes more severe. While the studies mentioned above primarily fo-
cuses on analyzing the impact of different cooling methods on physical
and mechanical properties, they only consider single heating and cooling
processes. In certain practical rock engineering scenarios, such as deep
underground mining or tunnel construction, rock masses undergo tem-
perature cycling due to factors like groundwater, mechanical excavation,
and blasting. As a result, these temperature fluctuations can affect the
mechanical properties and stability of the engineered structures. Conse-
quently, several researchers have investigated the effects of
heating-cooling cycles on deformation parameters and failure modes
[16–20]. For instance, Zhu et al. [21] examined the changes in the
strength characteristics of granite after subjecting it to 20 cycles of
heating-water cooling, while Weng et al. [22] discussed the cracking
characteristics of granites under different numbers of heating-cooling
cycles. Nine recent laboratory experiments related to this topic are lis-
ted in Table 1. However, despite the comprehensive analysis of the al-
terations in physical, mechanical, and deformation properties following
the heating-cooling process, few studies have derived constitutive
stress-strain relationships.

Studying the constitutive relationship of high-temperature rocks is
crucial for preventing and mitigating geological hazards caused by them.
The rock samples analyzed in the study contained numerous statistically
distributed microcracks with lengths ranging from 0.01 mm to 1.0 mm.
Under loading conditions, these microcracks initiate, propagate, and
accumulate in localized areas, eventually leading to visible macrocracks
[24]. Currently, rock damage constitutive models can be broadly cate-
gorized into macroscopic damage constitutive models, microscopic
damage constitutive models, and statistical damage constitutive models.
Among these, statistical damage constitutive models are capable of
effectively describing the process of damage evolution within rocks and,
can also reflect the mechanical mechanisms of rock damage. As a result,
these models have been widely applied in recent years [25–29]. Deng
et al. [25] proposed a damage constitutive model utilizing the statistical
theory of the maximum entropy distribution, which effectively captures
the strain softening characteristics of rocks. However, there is no direct
correlation between the statistical characteristics of rocks and the pa-
rameters in this constitutive model. Other researchers, such as Zhao et al.
[26], Cao et al. [27], and Zhang et al. [28], have proposed statistical
damage constitutive models that consider strain hardening and softening,
the heterogeneity of microdefects, and the stress drop rate after reaching
the peak strength. However, these models do not consider the thermal
effects. In a different study, Jiang et al. [30] conducted tests on the peak
strength of rocks subjected to a heating-water cooling process and
established a statistical damage constitutive (SDC) model based on the
Mohr-Coulomb strength criterion. Nonetheless, the damage variables in
this model do not adequately capture the thermo-mechanical coupling
effect.

Hence, in this study, we investigated the impact of heating temper-
ature, cooling mode, and the number of heating-water cooling cycles on
Table 1
Testing parameters employed in previous studies.

References Origin Maximum temperature (�C) Heating

Jiang et al. [12] Shenzhen, China 700 2
Yang et al. [4] Quanzhou, China 900 5
Qin et al. [20] Beijing, China 1000 3
Zhang et al. [3] Hubei, China 900 5
Zhao et al. [23] Linyi, Province 800 10
Wu et al. [13] Shandong, China 600 5
Sha et al. [14] Suizhou, China 600 5
Zhu et al. [21] Zhangzhou, China 650 10
Rong et al. [15] Macheng, China 300 5

a N, W, and L represent natural cooling, water cooling, and liquid N2 cooling, resp
b
“Yes” means that the heating–cooling cycle process was conducted, and “No” me
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the macromechanical properties of rock samples through uniaxial
compression tests. Subsequently, we developed an SDC model for granite
using the Drucker-Prager (DP) criterion, considering the thermal and
cyclic factors. The validity of the model was verified by comparing it with
the experimental results obtained in our study. Finally, the relationship
between the parameters in the SDC model and the macroscopic me-
chanical properties of the rock was investigated, to provide a theoretical
foundation for the prevention and mitigation of geological hazards such
as collapse and roof caving.

2. Experimental design

2.1. Granite sample

The rock samples use in this experiment were obtained from Jining
City, Shandong Province, China, and are commercially known as “yellow
rust granite.” Yellow rust granite is characterized by its yellow color and
hardness. X-ray diffraction (XRD) analysis revealed that the samples were
predominantly composed of quartz, albite, and strontium feldspar, with
approximate mineral component percentages of 47.8%, 40.6%, and
11.6%, respectively.

To prepare the specimens, a rock cutting machine, a core drilling
machine, and an end face cutting mill were utilized. The specimens were
shaped into cylinders with dimensions of 50 mm� 100 mm, maintaining
an aspect ratio of 2:1. The processed specimens exhibited uniform par-
ticle distribution, a stable structure, and a flatness at both ends of less
than 0.01 mm. Additionally, there was no development of microcracks.
For each temperature condition, at least of three samples were subjected
to uniaxial compression tests. Moreover, samples with intermediate re-
sults were selected to emphasize the main focus of the research.

2.2. Experimental procedure

The experimental procedure is illustrated in Fig. 1. Initially, the rock
samples were dried using an intelligent constant-temperature drying
oven (DHG101-4A), as depicted in Fig. 2a. The drying oven had a
maximum temperature of 200 �C with an accuracy of�0.5 �C. During the
drying process, the temperature was set to 105 �C and maintained for 24
hours to ensure thorough drying of the samples.

2.2.1. Heating-natural cooling
To differentiate the effects of various cooling methods and cycle

numbers, the experiment employed the following heating temperatures
based on previous studies (listed in Table 1): 200, 400, 600, 800, and
1000 �C. The processed granite sample was placed inside a KSL-1100X-S
muffle furnace, as shown in Fig. 2b. The samples were heated to the
designated temperature at a rate of 3 �C/min and maintained at that
temperature for 3 hours to ensure uniform and stable heating. Subse-
quently, the rock samples were allowed to cool naturally to room tem-
perature (20 �C).
rate (�C/min) Constant temp period (h) Cooling down waysa Cycleb

3 N No
2 N No
2 N No
4 N, W No
1 N, W No
10 N, W, L No
4 N, W, L No
2 W Yes
4 N, L Yes

ectively.
ans that the process was conducted only once.



Fig. 1. Flowchart of the experiment.

Fig. 2. Experimental instrument: (a) DHG101-4A intelligent constant-
temperature drying oven; (b) KSL-1100X-S muffle furnace; and (c) RMT-150B
rock mechanics testing machine.

Fig. 3. Stress–strain curves of samples after heating-natural cooling process at
different temperatures.
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2.2.2. Heating-water cooling cycle
After heating the rock sample to the designated temperature and

maintaining it for 2 h, as mentioned earlier, the samples were immersed
in a water bath at a constant temperature for an additional 2 h to ensure
complete cooling to match the water temperature. Subsequently, the
samples were dried once again, representing a single heating-water
cooling cycle. The number of cycles at each heating temperature was
divided into three categories: 1, 5, and 10 cycles. It is worth noting that
during the heating-water cooling cycles with a temperature of 600 �C and
five repetitions, a significant number of visible macrocracks developed
on the surface of the sample. The sample exhibited extremely low
strength and was prone to fracturing. Therefore, the maximum temper-
ature for the heating-water cooling experiment was set at 600 �C, and the
number of cycles at this temperature was adjusted to 1, 3, and 5.

2.2.3. Uniaxial compression experiment
The RMT-150B rock mechanics testing machine, as illustrated in

Fig. 2c, was used to conduct uniaxial compression tests on the granite
specimens under the two cooling modes. The displacement loading
method was utilized, with a loading rate of 0.005 mm/s until the rock
sample underwent failure. The testing machine automatically generated
the stress-strain curve as output.

3. Experimental results

3.1. Heating–natural cooling

3.1.1. Stress–strain curves
The stress-strain curves obtained after the heating-natural cooling

process, as shown in Fig. 3, can be divided into four stages. In the first
stage, is known as the microcrack compaction stage (OA), the original
microcracks within the sample gradually close under the applied
compressive stress. This stage is characterized by an upward concave
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shape of the curve, with the slope gradually increasing as the stress in-
creases. The second stage is the elastic deformation stage (AB), where the
stress-strain relationship follows Hooke's law and exhibits linearity. In
the third stage, known as the unstable fracture stage (BC), strain soft-
ening occurs after reaching point B on the curve. The curve takes a
concave shape facing downward, and point C represents the peak
strength of the sample. This stage is characterized by the appearance of
cracks on the sample surface, often accompanied by audible sounds.
Finally, in the fourth stage, known as the destructive stage (CD), the slope
of the curve becomes negative, indicating a rapid decrease in stress with
increasing strain. The sample undergoes significant deformation and
ultimately fails.

As the temperature increases, the microcrack compaction stage (OA)
becomes more pronounced, and the peak strength of the rock sample
decreases. The elastic modulus remains relatively consistent at temper-
atures of 20 �C, 200 �C, and 400 �C. However, at temperatures of 600 �C
and above, there is a significant decrease in the elastic modulus. This
suggests that there is a temperature threshold between 400 �C and 600
�C, beyond which the mechanical properties of the rock deteriorate
significantly. Moreover, at temperatures of 800 �C and 1000 �C, the
stress-strain curve does not exhibit a sharp decrease after reaching the
maximum strength. Instead, there is a noticeable yield step, indicating a
transition from brittle to ductile failure mode. The observed phenomena
illustrate the following: When the temperature is below 400 �C, water
loss occurs within the rock, leading to an increase in porosity, which is
the main reason for the slight decrease in specimen strength. On the other
hand, when the temperature exceeds 400 �C, mineral boundaries within
the rock fracture, resulting in a significant decrease in both strength and
deformation capacity. X-ray diffraction results indicate that the granite
used in this experiment has a quartz content of 47.8%. The temperature
at which quartz undergoes an α-β phase transition is 573 �C. Therefore,
when the heating temperature reaches 600 �C or higher, the uneven
thermal expansion induced by quartz phase transition and temperature
gradients causes thermal stress, which triggers the expansion of grain
boundary cracks within the rock and may even lead to transgranular
cracks. As a result, the rock's strength rapidly dwindles, and the peak
strain significantly increases.

3.1.2. Strength and deformative characteristics
Fig. 4a presents the peak strength and peak strain of granite following

the heating-natural cooling process. As the temperature increases from
20 �C to 1000 �C, the peak compressive strength decreases by 6.1%,



Fig. 4. Mechanical parameters of samples after heating-natural cooling process: (a) Peak strength and peak strain and (b) Elastic modulus and deformation modulus.
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11.2%, 4.2%, 40.7%, and 40.9% respectively. This reduction becomes
more significant at temperatures of 800 �C and 1000 �C. The decrease in
peak strength can be attributed to the evaporation of pore water within
the rock, which leads to changes in the crystallization state and internal
structure of the sample. Moreover, the elevated heating temperature
leading to the thermal stress between mineral particles, resulting in the
expansion of microcracks within the rock. Consequently, the rock
strength exhibits a monotonic decrease, with the degradation becoming
more pronounced at 800 �C.

On the contrary, thepeakstrain initially decreasesby7.0%and11.8%at
temperatures of 200 �C and 400 �C, respectively. However, it subsequently
increases by 64.1%, 11.2%, and 25.3% from 600 �C onwards. The peak
strain serves as an effective measure of rock plasticity. The non-monotonic
increase in peak strain indicates that temperatures of 200 �C and 400 �C
have a minimal impact on the plasticity of the sample. Once the heating
temperature exceeds 600 �C, significant damage occurs to the original
structure, resulting in the development of additional internal microcracks.
Consequently, the plastic characteristics of the rock sample are enhanced.
Fig. 5. Stress–strain curves at various temperatures and c
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Fig. 4b displays the elastic modulus and deformation modulus at
various temperatures. With, the deformation modulus is used to char-
acterize the stress-strain behavior of a material in the elastic phase. In this
experiment, the stress level corresponding to 50% of the compressive
strength was chosen for calculating the deformation modulus, which
represents the ratio of the stress at the point where the stress is 50% of the
peak strength to the corresponding strain. As the heating temperature
increases from room temperature to 1000 �C, the elastic modulus initially
increases by 12.5% and subsequently decreases by 11.8%, 11.5%, 40.1%,
and 56.9%, respectively. Meanwhile, the deformation modulus initially
increases by 1.6% and 0.2%, followed by a decrease of 50.8%, 50.7%,
and 52%.When considering Figs. 3 and 4 together, the observed trends in
the elastic modulus and deformation modulus once again highlight that
heating and natural cooling at 200 �C and 400 �C have minimal impact
on the strength and deformation characteristics of the rocks. However, at
temperatures above 600 �C, there is a significant decrease in strength and
a considerable increase in ductility. Moreover, as the temperature con-
tinues to rise, the extent of these changes expands further.
ycle numbers: (a) 200 �C; (b) 400 �C and (c) 600 �C.
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3.2. Heating and water cooling cycles

Fig. 5 illustrates the axial stress-strain curves after different numbers
of heating-water cooling cycles. Similar to the natural cooling process,
these curves can be categorized into four stages. Compared to natural
cooling, the peak strength significantly decreased after a single water
cooling cycle. This reduction can be attributed to the higher thermal
stress generated during thermal shock caused by rapid cooling in a
constant-temperature water bath at 20 �C. The intensified thermal stress
led to greater damage and fracturing within the sample.

Figs. 6a and 7a respectively depict the variations in peak strength
with increasing temperature and number of cycles. At temperatures of
200 �C and 400 �C, the peak strength exhibits an increasing trend with an
increase in the number of cycles. This phenomenon can be attributed to
two factors. Firstly, the heating-water cooling process has the potential to
close natural cracks present in the sample, contributing to the observed
increase in strength. Secondly, as granite is a heterogeneous material,
different thermal expansion coefficients among its mineral particles
result in uneven thermal stress distribution at high temperatures. During
the heating process, some particles expand and fill existing cracks.
Although the sample experiences damage and cracking due to tempera-
ture differences during the heating-water cooling process, the cooling
temperature difference is small. As a result, the weakening effect on the
sample's strength is less significant compared to the strength improve-
ment achieved through the elimination of uneven thermal stress.
Consequently, the sample's strength improves upon cooling. However,
when the heating temperature reaches 600 �C, the cooling temperature
difference becomes more substantial, intensifying the damage and frac-
tures within the sample. In this case, the weakening effect outweighs the
strength improvement effect after cooling, leading to a significant
decrease in peak strength as the number of cycles increases. The changing
trends of peak strength in Figs. 6a and 7a similarly indicate the existence
of a temperature threshold between 400 �C and 600 �C. When the
Fig. 6. Mechanical parameters after heating–water cooling process at different tem
mation modulus.
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temperature is below 600 �C, the influence of temperature and the
number of cycles on the specimen's peak strength is far less significant
compared to when the temperature exceeds 600 �C.

Figs. 6b and 7b illustrate the variations in peak strain under different
temperature and number of cycle conditions.Irrespective of the temper-
ature, the peak strain demonstrates an increasing trend as the number of
cycles increases. This suggests that as the number of cycles increases, the
sample becomes less brittle, and the peak strain becomes higher.
Furthermore, the increase in peak strain is more pronounced at higher
temperatures and with a greater number of cycles.

Figs. 6c and 7c, as well as Figs. 6d and 7d, respectively depict the
variations of elastic modulus and deformation modulus under different
temperature and number of cycle conditions. When the temperature is
200 �C and 400 �C, there is no significant correlation observed between
the elastic modulus and the number of cycles. However, at a heating
temperature of 600 �C, the elastic modulus decreases as the number of
cycles increases. Specifically, the elastic modulus is 13.7 GPa, 4.9 GPa,
and 2.6 GPa for 1, 3, and 5 cycles, respectively. It is worth noting that
after 3 cycles, the elastic modulus remains relatively low (less than 5
GPa), and the degree of weakening does not increase with further in-
creases in the number of cycles. Furthermore, as seen inFig. 6d and
Fig. 7d, the deformation modulus increases with an increase in the
number of cycles at 200 �C and 400 �C, but decreases as the number of
cycles increases at 600 �C. Notably, the values of the deformation
modulus are similar when the number of cycles is 5 and 10. This suggests
that if the temperature difference between heating and cooling is not
sufficiently high, the influence on the deformation characteristics be-
comes relatively minor when the number of cycles exceeds 5.
3.3. Failure mode

To describe the failure mode observed in this experiment, the work
conducted by Tian et al. [31] was considered, who used three basic types
peratures: (a) Peak strength; (b) Peak strain; (c) Elastic modulus and (d) Defor-



Fig. 7. Mechanical parameters after heating–water cooling process at different cycle numbers: (a) Peak strength; (b) Peak strain; (c) Elastic modulus and (d)
Deformation modulus.
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(Fig. 8) of rock failure mechanisms. Generally, a crack with a nearly
vertical penetration results in a tensile failure mode (T-mode), a pene-
trating crack with a certain inclination brings about a shear failure mode
(S-mode),and the mode with both tensile and shear cracks is mixed
tensile–shear failure mode (TS-mode).

Fig. 9 is illustrated the failure modes observed during heating and
natural cooling at different temperatures. As the temperature increases,
the failure mode undergoes a transformation: from T mode at 20 �C to TS
mode at 200 �C and 400 �C, and finally to S mode at 600 �C. Fig. 10
presents the failure modes under various temperatures and cycle
numbers. At 200 �C, an increase in cycle numbers causes the failure mode
to shift from T mode to TS mode, while still exhibiting brittle failure
characteristics. The moment of failure releases a substantial amount of
elastic energy, resulting in the fracturing of large rock blocks. At 400 �C,
the failure modes vary depending on the cycle numbers, exhibiting both
Fig. 8. Three failure modes of granite samples (modified from the study by Tian
et al. [31]): (a) T-mode; (b) S-mode and (c) TS-mode.
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TS and S modes. The transition from brittle to plastic failure occurs,
leading to a significant reduction in the size of damaged blocks. At 600
�C, the failure mode is consistently identified as S mode. Comparatively,
the plastic failure characteristics become more pronounced with fewer
cycles (3 and 5 cycles). The sample undergoes a shift from flaky spalling
to granular spalling, with the complete failure resulting in the generation
of a substantial amount of granular rock powder.

With increasing temperature, the mineral particles in the rock un-
dergo volume expansion, giving rise to nonuniform thermal stress. This
expansion causes the particles to exert pressure on each other, similar to
the application of compressive stress on the mineral interfaces and in-
ternal microfracture surfaces. Concurrently, higher heating temperatures
lead to a greater initiation of microcracks within the sample and a
decrease in the original cohesion and friction, resulting in reduced shear
strength. Moreover, an increase in the number of heating cycles amplifies
the formation of microcracks in the rock, further weakening its structural
integrity. Consequently, as temperature and cycle numbers increase,
shear failure gradually becomes the predominant mode of failure, with
temperature playing a crucial controlling role.

3.4. Discussion on thermal damage mechanism

The effect of high temperature on granite samples can be summarized
in two aspects. Firstly, elevated temperatures cause the separation and
decomposition of interlayer water, crystal water, and structural water
present in the rock. This results in the formation of mineral combinations
with minimal or no water content, leading to changes in the rock's
composition and subsequent changes in its mechanical properties. Fig. 11
illustrates granite samples after undergoing heating and natural cooling
cycles at various temperatures. As the heating temperature increases, the
color of the rock surface transitions from yellow to red and gradually
deepens. This change in color is attributed to the original yellow iron



Fig. 9. Failure modes after heating–natural cooling process.

Fig. 10. Failure modes after heating–water cooling process.

Fig. 11. Samples after heating–natural cooling cycles at different temperatures.
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oxide present in the granite sample, which transforms from hydrated iron
oxide (Fe2O3 ⋅ xH2O) to red iron oxide (Fe2O3) through dehydration and
discoloration. The chemical reaction can be represented as follows:

Fe2O3 � xH2O →
Heating

Fe2O3 þ xH2O

On the other hand, as granite is a heterogeneous material, there are
variations in the thermal expansion coefficients of its mineral particles
(see Fig. 12). Consequently, when the temperature changes, the rock
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undergoes uncoordinated thermal deformation, generating thermal
stress. This thermal stress can lead to thermal damage and thermal
fractures, ultimately deteriorating the mechanical properties of the rock.
Fig. 13 displays samples after undergoing a heating and water cooling
process. Compared to samples heated to 200 �C and 400 �C, those heated
to 600 �C exhibit a higher number of visible macroscopic cracks on the
sample surface. Furthermore, as the number of heating cycles increases,
the number and length of these cracks also increase. After five cycles,
some cracks merge together, significantly compromising the mechanical
properties of the rock. By considering Figs. 4 and 7 together, it can be
concluded that temperature is the primary factor influencing the me-
chanical and deformation properties. Only when the heating temperature
exceeds 400 �C the peak strength and elastic modulus of the rock notably
decrease with an increase in the number of cycles, while plasticity be-
comes more pronounced. However, when the heating temperature is
equal to or below 400 �C, the peak strength increases with the number of
cycles, and the influence of cycle numbers on the deformation charac-
teristics of the rock is not evident. This also indicates that compared to
the number of cycles, temperature is the predominant factor driving
changes in the deformation characteristics of specimen strength. Only
when the heating temperature surpasses the temperature threshold, does
the influence of an increasing number of cycles on the rock's strength
deformation characteristics become more significant.



Fig. 12. Samples after heating–water cooling cycles at different temperatures:(a) 200 �C; (b) 400 �C and (c) 600 �C.

Fig. 13. Change in the thermal damage variables under different cooling modes
and cycle numbers.
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4. Constitutive model

4.1. Statistical damage constitutive relationship

The model assumptions are as follows: (1) Rock damage is isotropic;
(2) Heat transfer in the rock is only solely through heat conduction,
without considering heat convection and heat radiation; (3) Rock mi-
croelements obey Hooke's law before experiencing damage; (4) The rock
consists of random and heterogeneous particles, and the strength of the
microelements follows a certain statistical distribution.

Based on the above experimental results, an increase in the temper-
ature and number of cycles will result in a large number of microcracks
inside the rock, resulting in a significant reduction in the elastic modulus
238
compared with that at room temperature.Therefore, when the sample is
only subjected to heating and cooling, the thermal damage variable D(T,n)
can be expressed as:

DðT ;nÞ ¼ 1� EðT ;nÞ
E0

(1)

where E(T,n) is the elastic modulus for n number of cycles and a heating
temperature of T; E0 represents the elastic modulus at 20 �C. Notably,
only the cumulative damage caused by heating-cooling process is
considered in this paper; the softening effect of water on the rock is not
considered.

The mechanical damage variable DM is defined as:

DM ¼ 1� ETM

EðT ;nÞ
(2)

Here, ETM is the elastic modulus under the combined effect of tem-
perature and mechanical loading.

The total damage variable D is expressed as:

D¼ 1� ETM

E0
(3)

Substituting Eqs. (1) and (2) into (3):

D¼DðT ;nÞ þ DM � DðT ;nÞDM (4)

where D(T,n)DM reflects the coupling effect of temperature and mechan-
ical loading. The D is composed of variables related to the thermal
damage, damage due to the mechanical loading, and the coupling
interaction between them. Therefore, the damage variable exhibits
typical nonlinear characteristics.

A rock is a typical heterogeneous material, and the Weibull proba-
bility distribution is usuallyused to describe the statistical characteristics
of the heterogeneity of microelements in rock [32,33]. Therefore, the
commonly used Weibull distribution function is introduced to describe
the distribution of the microelement rock strength F, and the probability
density function W(F) as follows:
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WðFÞ¼ r
S

�
F
S

�r�1

exp
�
�
�
F
S

�r�
(5)
where S and r are the scale and shape parameters, respectively. S is called
the scale parameter and represents the average value of F; r is called
shape parameter, which determines the basic shape of probability density
function. Similar to the thermal effect on rock damage, S and r are
expressed as:

�
S ¼ S0

�
1� DðT ;nÞ

�
r ¼ r0

�
1� DðT ;nÞ

� (6)

Under the action of external loading, failure occurs when the stress
acting on the microelement in the rock material exceeds a certain
threshold. In this context, DM can be expressed as:

DM ¼Nd

Nt
(7)

where Nd is the number of microelements damaged; Nt is the total
number of microelements.

When the microelement strength F exceeds a certain threshold, the
number of damaged microelements can be expressed as:

NdðFÞ¼
Z F

0
NtWðFÞdF¼Nt �

�
1� exp

�
�
�
F
S

�r�	
(8)

Substituting Eq. (8) into Eq. (7):

DM ¼ 1� exp
�
�
�
F
S

�r�
(9)

By substituting Eqs. (2) and (9) into Eq. (4), the expression for the
thermo-mechanical coupled damage variable of the rock can be obtained
as follows:

D¼ 1�ET

E0
� exp

�
�
�
F
S

�r�
(10)

4.2. Microelement strength of rock

Previous studies [33,34] have proven that the DP criterion is suitable
for describing geotechnical materials, and the parameter form is simple.
Therefore, the strength of the microelement F is characterized using the
DP criterion in this study as:

F¼ λI1 þ
ffiffiffiffi
J2

p
(11)

with

λ¼
ffiffiffi
3

p
sin φ

3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3þ sin2 φ

p (12)

I1 ¼ σx 'þ σy 'þ σz ' ¼ σ1 'þ σ2 'þ σ3 ' (13)

J2 ¼ 1
6

�ðσ1 '� σ2 'Þ2 þðσ2 '� σ3 'Þ2 þðσ3 '� σ1 'Þ2
�

(14)
σi ¼

8>>>>>>>><
>>>>>>>>:

aε2i þ bεi; ð0 � ε � εeÞ

EðT ;nÞεi �

8>>>>><
>>>>>:

� αþ 1þ α � exp

2
666664�

2
666664

1
S
�
� ffiffiffi

3
p

sin φ

3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3þ sin2 φ

p � ðσ1 þ 2σ3ÞEðT ;nÞε1
�2μσ3 þ σ1

þðσ1 � σ3ÞEðT ;nÞε1ffiffiffi
3

p ðσ1 � 2μσ3Þ

!
3
777775

r3
777775
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where φ is the internal friction angle; λ is a constant related to the rock
properties; J2 is the second effective deviator stress invariant; I1 is the
first invariant of the effective stress tensor; σ1', σ2', and σ3' are the three
effective stresses.

Figs. 4 and 6 show that when the temperature exceeds 600 �C, the
high temperature enhances the plasticity of the rock. After the rock
microelement is damaged, it it is also capable of transferring a portion of
the compressive stress and shear stress. Therefore, there is an evident
yield step in the post-peak stage of the axial stress–strain curve; as such,
the correction coefficient α of the damage variable is introduced to reflect
the characteristics of strain softening and residual strength of the rock:

σi
0 ¼ σi

ð1� αDÞ; i ¼ 1; 2; 3 (15)

According to the generalized Hooke's law, the stress–strain relation-
ship is given as:

E0εi ¼
�
σi’� μ

�
σj 'þ σk '

��
(16)

Substituting Eq. (15) into Eq. (16):

E0ð1�αDÞεi ¼
�
σi � μ

�
σj þ σk

��
(17)

Substituting Eq. (10) into Eq. (17):

σi ¼EðT ;nÞεi �
�
1� αþα � exp

�
�
�
F
S

�r�	
þ μ

�
σj þ σk

�
(18)

In this study, it is considered that there is a threshold point under loa-
dingduring the process of granite failure, and the corresponding
threshold stress and strain are σe and εe. When the stress of the rock is
lower than σe, the internal cracks in the rock have not yet started to
expand, and there is no damage. When the stress value exceeds σe, the
damage can be expressed by Eq. (10). Based on the conclusion drawn by
Martin et al. [35], the threshold stress is considered to be 40% of the peak
strength. Based on the stress-strain curves in Figs. 4 and 6, it can be
observed that the stress-strain relationship during the initial loading
stage resembles a quadratic function graph. Therefore, a quadratic
function is used to fit the constitutive relationship of the rock before the
threshold point. The functional relationship can be set as:

σi ¼ aε2i þ bεi; ð0� ε� εeÞ (19)

In a conventional rock triaxial test, σ2 ¼ σ3, and by solving Eqs. (13) and
(14), I1 and J2 can be expressed as:

I1 ¼ðσ1 þ 2σ3ÞEðT ;nÞε1
σ1 � 2μσ3

(20)

ffiffiffiffi
J2

p ¼ðσ1 � σ3ÞEðT ;nÞε1ffiffiffi
3

p ðσ1 � 2μσ3Þ
(21)

The statistical damage constitutive model can be expressed as:
9>>>>>=
>>>>>;

þ 2μσ3; ðε > εeÞ
(22)
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4.3. Determination of constitutive model parameters

In the conventional linear fitting method, the Weibull distribution
parameters lack physical significance [34]. To ensure that each param-
eter in Eq. (22) has a clear physical meaning, the stress and strain at the
damage threshold point, as well as the peak strengthand peak strain, are
introduced, and the expression for each parameter was obtained using
the peak point method.

4.3.1. Parameters r and S
The following boundary conditions exist at the peak point of the

curve:

ε1 ¼ εP; σ1 ¼ σP (23)

σ1 ¼ σP;
∂σ1
∂ε1

¼ 0 (24)

Substituting Eq. (18) into boundary conditions (23) and (24), r and S
can be expressed as:

r¼ ðσP � 2μσ3Þ�
σP þ ðα� 1ÞEðT ;nÞεP � 2μσ3

� � ln αEðT;nÞεP
σPþðα�1ÞEðT ;nÞεP�2μσ3

(25)

S¼

0
BB@ Ar

ln
αEðT;nÞεP

σPþðα�1ÞEðT;nÞεP�2μσ3

1
CCA

1
r

(26)

A¼
ffiffiffi
3

p
sin φ

3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3þ sin2 φ

p � ðσP þ 2σ3ÞETεP
σP � 2μσ3

þ ðσP � σ3ÞETεPffiffiffi
3

p ðσP � 2μσ3Þ
(27)

4.3.2. Parameters a and b
The stress and strain before and after thethreshold point are con-

tinuousand can be expressed as:

σe ¼ aε2e þ bεe ¼ εeEðT ;nÞ �
�
1� αþ α � exp

�
�
�
F
S

�r�	
þ 2μσ3 (28)
∂σ1
∂ε1

jε1 ¼ εe ¼ 2aεe þ b

¼ EðT ;nÞ �
�
� αþ 1þ α � exp

�
�
�
A
S

�r�	
þ εeαEðT ;nÞ � exp

�
�
�
A
S

�r�
�
(

� r �
"�

A
S

�r�1
#)

� A
εeS

(29)
The parameters a and b are obtained as follows:

a¼B� EðT ;nÞ �


1� αþ α � exp���

A
S

�r��
εP

� 2μσ3
ε2P

(30)

b¼ 2EðT ;nÞ �
�
1�αþα � exp

�
�
�
A
S

�r�	
þ 4μσ3

εP
� B (31)

B¼EðT ;nÞ �
�
� αþ 1þα � exp

�
�
�
A
S

�r�	
þ εeαEðT ;nÞ � exp

�
�
�
A
S

�r�
�
(

� r �
"�

A
S

�r�1
#)

� A
εeS

(32)
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5. Model validation and analysis

5.1. Evolution characteristics of damage variables

Fig. 13 illustrates the variations in the thermal damage variable D(T, n)
as calculated using Eq. (1) for different coolingmodes and cycle numbers.
It can be observed that the thermal damage variables at 200 �C are
predominantly negative, indicating minimal damage to the rock samples
under this thermal loading condition. This suggests that the closure of
natural cracks and the mitigation of uneven thermal stress during heating
and cooling have a significant influence on improving the elastic
modulus of the rock. At temperatures of 400 �C and above, the thermal
damage variable increases with the temperature rise. Among the
different cooling modes, natural cooling exhibits the lowest rate of in-
crease. Conversely, in the water cooling mode, the damage progression
accelerates with higher number of cycles, leading to a more pronounced
reduction in rock strength. This trend in thermal damage evolution aligns
with the mechanical property analysis results mentioned earlier.

Fig. 14 illustrates the evolution characteristics of the total damage
variable, calculated using Eq. (10), for different cooling modes and
number of cycles. The evolution can be roughly divided into three stages.
In the first stage, prior to reaching the damage threshold point, the rock
remains in the elastic stage. At this point, the stress level is too low to
generate new microcracks, resulting in no new damage. In the second
stage, after surpassing the damage threshold point, new microcracks
initiate and propagate within the rock, leading to a gradual and steady
increase in damage. As internal microcracks expand and penetrate,
macrocracks form, accelerating the overall rock damage. The third stage
refers to a rapid stress drop, where the damage threshold approaches 1,
indicating significant damage accumulation.

The rate of damage variable evolution reflects the strength and
deformation characteristics of the samples. At 200 �C, the limited ther-
mal damage results in enhanced rock strength due to cooling, thus
yielding a negative damage variable during the initial loading stage. At
400 �C, the water cooling mode generates greater thermal shock, leading
to increased rock damage. Therefore, the natural cooling mode exhibits
the minimum damage variable during the initial loading stage. At 600 �C,
as the number of cycles increase, the damage initially rises and then
decreases. This behavior is attributed to the higher number of cycles
inducing more thermal damage. Additionally, the increased plasticity
with higher number of cycles causes the stress to drop more gradually
after reaching peak strength, resulting in a more gradual rate of increase
in the damage variable during later stages.

5.2. Model validation

The theoretical stress–strain curve obtained from Eq. (22) is
compared with the corresponding experimental data (Fig. 15). In Fig. 15,
“EC” and “TC” represent the experimental and theoretical curves,
respectively. To make the fitting result more accurate, the damage
correction coefficient α is uniformly taken as 0.9. Table 2 presents the
experimental data and model parameter calculation results. Fig. 15
shows that the results of the theoretical model are consistent with the test
results. The results obtained by the theoretical method are above the
experimental curve, indicating that the theoretical model is conservative.



Fig. 14. Evolution characteristics of the total damage variable under different cooling modes and cycle numbers: (a) 200 �C; (b) 400 �C and (c) 600 �C.

Fig. 15. Theoretical and experimental curves under different temperatures and cycles: (a) 200 �C; (b) 400 �C and (c) 600 �C.
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The reasons are as follows: On the one hand, the relatively conservative
DP criterion is adopted in the process of theoretical model derivation. On
the other hand, when defining the thermal damage variable, it is assumed
241
that the rock does not produce other forms of damage, which ignores the
weakening of the rock strength to a certain extent. In engineering sim-
ulations, one can select parameter values in the model based on actual



Table 2
Values of constitutive model parameters under different cooling modes and different temperatures.

Cooling mode Temperature Cycle numbers σP/MPa εP/10�3 σe/MPa εe/10�3 E(T,n)/GPa μ r S/MPa

Natural cooling 20 – 168.77 9.182 67.508 3.6728 24.304 0.23 3.659 202.912
200 – 158.483 8.541 63.3932 3.4164 27.353 0.19 3.872 202.451
400 – 140.657 7.530 56.2628 3.012 24.126 0.22 4.119 210.360
600 – 134.749 12.361 53.8996 4.9444 21.351 0.21 3.038 190.732
800 – 79.868 13.752 31.9472 5.5008 12.789 0.23 1.315 166.091
1000 – 47.181 17.232 18.8724 6.8928 5.511 0.18 0.719 118.601

Water cooling 200 1 124.115 8.272 49.646 3.3088 25.119 0.24 3.679 160.840
5 163.311 8.114 65.3244 3.2456 26.796 0.23 3.908 180.461
10 185.251 8.931 74.1004 3.5724 27.128 0.23 3.204 211.712

400 1 113.349 9.891 45.3396 3.9564 21.7 0.19 3.238 158.671
5 132.122 10.210 52.8488 4.084 20.883 0.17 3.109 188.281
10 146.932 11.061 58.7728 4.4244 22.965 0.22 2.953 194.052

600 1 98.427 14.212 39.3708 5.6848 13.669 0.21 2.121 139.891
3 45.297 17.743 18.1188 7.0972 4.944 0.24 1.466 63.960
5 27.105 21.171 10.842 8.4684 2.606 0.23 0.582 39.175

Fig. 16. Variations in parameters r and S with temperature and number of cycles: (a) r and (b) S.
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environmental temperatures of the engineering site and the anticipated
number of water cooling cycles. If needed, interpolation or fitting
methods can be employed, potentially utilizing the data in Table 2 as a
foundation. It should be noted that the model parameters in this study are
derived from indoor experiments. In real-world engineering applications,
differences in rock dimensions, depth, in-situ stress, and other factors
might result in significant variations in parameter values. Therefore,
parameter selection for engineering simulations needs to consider a
comprehensive understanding of the actual environment, conditions, and
the accuracy of the model.

At heating temperatures of 200 �C and 400 �C, in the post-peak stage
in the post-peak stage drops sharply, while the theoretical curve shows
some ductility. This is because the theoretical model considers that the
sample still has a certain residual strength. On the other hand, the
displacement loading method was adopted in this experiment, which has
some shortcomings in the collection of post-peak data, and a subsequent
triaxial test should be conducted for verification. When the temperature
is 600 �C and the cycle numbers are 5 and 10, the failure mode changes
from brittle failure to plastic failure. The theoretical and test results are
consistent, demonstrating that the introduction of the damage correction
coefficient α helped accurately reflecting the change of characteristics
from brittle to ductile after heating–water cooling.
5.3. Parameter analysis

Fig. 16 illustrates the variations of parameters r and S. As the tem-
perature increases, the parameter r generally shows a downward trend in
the natural cooling mode. At 800 �C and 1000 �C, the r values are notably
lower at 1.315 and 0.719, respectively, compared to other temperatures.
In the water cooling mode, the r value decreases with an increase in cycle
242
numbers. The r value can be understood as an indicator of reflects the
brittleness of the samples, as supported by the curves shown in Figs. 4
and 6. A higher r value indicates greater sample brittleness.

Regarding the parameter S, it decreases as temperature increases in
the natural cooling mode. In the water cooling mode, S increases at 200
�C and 400 �C with an increase in cycle numbers, but decreases at 600 �C.
This indicates that S can be utilized as an indicator reflecting the mac-
rostrength of the rock. A higher S value corresponds to a greater peak
strength, aligning with the experimentally observed mechanical
characteristics.

6. Conclusions

The effects of heating followed by natural cooling and heating fol-
lowed by water cooling cycles on the mechanical characteristics of yel-
low rust granite samples were investigated through experiments. A
thermo-mechanical coupled damage statistical model was developed
and validated. Several key conclusions can be drawn from the study.

(1) In the natural cooling mode, heating temperatures below 400 �C
had no significant influence on the rock's behavior. However, a
temperature threshold was observed between 400 �C and 600 �C.
Beyond this threshold, the strength properties deteriorated
significantly, and the failure of the rock changed from brittle
failure to ductile failure.

(2) In the water cooling mode, at temperatures below 400 �C, the
peak stress increased with an increase in cycle numbers, while the
elastic modulus there was no clear correlation with cycle numbers.
At 600 �C, the peak stress notably decreased with an increase in
cycle numbers. Regardless of temperature, the peak strain
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increased, and the rock exhibited reduced brittleness with higher
heating temperatures and cycle numbers.

(3) In both the natural cooling and water cooling cycle modes, as the
temperature and cycle numbers increase, the failure mode grad-
ually shifts from T-mode to S-mode, with temperature playing a
controlling role in determining the failure mode.

(4) A damage constitutive model considering the thermo-mechanical
coupling effect was developed for granite. And it was validated by
comparing it with experimental results. In this model, the pa-
rameters r and S of theWeibull distribution functionwere found to
be positively correlated with the rock's brittleness and compres-
sive strength, respectively.
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