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Experimental study on shear creep and microscopic damage of

sandstone discontinuities under high temperatures

Fengrui Zhang?®, Wei Yin, HuiWang?, Xuewen Zheng?®, Haopeng Jiang®"
* Faculty of Transportation Engineering, Huai'an University, Huaian 223003, China

Abstract

Investigating the shear creep characteristics of sandstone discontinuities and the mechanisms
of their microscopic thermal damage under high temperatures is of paramount importance for
the long-term stability analysis of deep rock mass engineering. First, sandstone discontinuity
specimens possessing identical surface morphology were fabricated using 3D scanning and
engraving techniques. Then, shear creep tests were performed under different
high-temperature conditions to investigate the effects of temperature on the creep
deformation, creep rate, and long-term strength of the discontinuities. The combined
utilization of SEM and NMR tests was employed to further investigate the influence of high
temperatures on the evolution of microcracks and pore structures in sandstone, thus
elucidating the microscopic thermal damage mechanisms. The results indicate that: (1) With
increasing temperature, the specimens exhibited a continuous increase in creep deformation
and creep rate, accompanied by a gradual reduction in creep duration and long-term strength.
Elevated temperature promotes the development of nonlinear creep characteristics in the
discontinuities. (2) High temperature facilitates the development of pores and microcracks
within the specimen, generating numerous surface cracks. Furthermore, the internal
micro-pores and small pores gradually grow and interconnect, forming medium-sized and
large pores. This evolution enhances the overall pore connectivity of the rock, which in turn
leads to the deterioration of its creep mechanical properties. (3) At elevated temperatures,
sandstone undergoes a series of physicochemical reactions, including dehydration, quartz
phase transition, mineral oxidation, and chemical bond breakage. These reactions induce the
formation of intergranular cracks, transgranular cracks, and detachment defects among

mineral particles. The high temperature promotes the proliferation and propagation of these
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cracks, resulting in aggravated thermal damage. The findings of this study can provide a
reference for rock mass construction, remediation, and surrounding rock stability analysis in

high-temperature environments.

Keywords: High temperature; Sandstone discontinuities; Shear creep; SEM; NMR

1. Introduction

The ongoing advancement of rock mass engineering into deeper strata, driven by
mineral resource extraction, geothermal development, and geological disposal of nuclear
waste, has led to a growing number of projects involving high temperatures. This trend
presents increasingly complex engineering difficulties, with the high-temperature issue now
emerging as a critical bottleneck constraining the sustainable development of deep rock
engineering (Zhou et al. 2024; Shen et al. 2025; Hu et al. 2024; Fan et al. 2024). Due to
increased burial depth, rock masses persist in complex environments characterized by high
geotemperature and high in-situ stress. Their instability and failure typically do not occur
immediately upon excavation but manifest as creep-induced instability after a significant
duration, thereby critically impacting project safety and long-term stability (Yang et al. 2023;
Li et al. 2024; Zhao et al. 2025). Consequently, investigating the evolution of the creep
mechanical properties of rocks under high temperatures is imperative.

Considerable research efforts have been devoted by numerous scholars to investigating
the creep mechanical properties of rocks under high temperatures (Liang et al. 2022; Xu et al.
2024; Tounsi et al. 2023). Through triaxial creep tests coupled with acoustic emission
monitoring at elevated temperatures, Dong et al. (2023) revealed that high temperatures
shorten the transient creep stage, accelerate the steady-state creep rate, and induce an earlier
transition into the dilatant stage in rock salt. Jiang et al. (2025) developed a nonlinear creep
model for layered rock that incorporates the coupled damage induced by high-temperature
loading, and validated its accuracy through creep tests. Yang et al. (2021) conducted creep
and permeability tests on sandstone under loading-unloading cycles at high temperatures.
They identified a critical thermal damage threshold at 500°C, noting that the resultant thermal
microcracks significantly enhance rock permeability and alter the creep mechanism. Zhao et

al. (2025) and Yang et al. (2024) investigated the effects of high temperature on the evolution



of creep damage properties and microstructure in rocks. Pan et al. (2025) analyzed the
variations in creep strain, creep rate, long-term strength, porosity, and acoustic emission
characteristics of rocks under high temperatures, and established a nonlinear creep model that
incorporates thermal effects. Li et al. (2024) conducted triaxial compression creep tests on
rocks under high temperatures and dynamic disturbances. They observed that the granite
creep curve exhibited decelerating, steady-state, accelerating, and disturbance characteristics,
and subsequently developed a fractional-order nonlinear creep model. Meng et al. (2025)
proposed a modified Nishihara model that incorporates thermal damage and bedding plane
orientation. The model's validity was confirmed through triaxial creep tests, demonstrating its
capability to overcome the limitations of conventional models in describing the accelerated
creep stage. Zhang et al. (2024) and Wang et al. (2014) established a visco-elasto-plastic
creep damage model capable of reflecting the entire rock creep process, taking into account
the coupled effects of temperature and stress on rock creep performance. Collectively, these
experimental studies reveal that temperature induces thermal damage in rocks, and that
exposure to high temperatures leads to significant alterations in their creep mechanical
propertie

The aforementioned are predominantly based on homogeneous rocks under high
temperatures, with limited consideration given to the influence of rock discontinuity. In
practical engineering contexts, rock masses are intersected by abundant discontinuities.
Cracking or shear deformation within the rock mass often initiates along these discontinuities,
which represent planes of relative mechanical weakness, thereby playing a decisive role in
the overall stability of the rock mass (Pan et al. 2022; Feng et al. 2024; Xu et al. 2024; Yu et
al. 2024). Under high temperatures, the creep mechanical behavior of rock discontinuities
becomes considerably more complex. Their deformation characteristics and failure modes
differ significantly from those observed in intact rock. Consequently, investigating the creep
mechanical properties of rock discontinuities under high temperatures is of paramount
importance for practical engineering applications.

Based on this, the present study employed 3D scanning and engraving techniques to
replicate sandstone discontinuity specimens with identical surface morphology. Shear creep

tests were subsequently conducted on these specimens after exposure to various high



temperatures (20, 200, 400, 600, 800°C). Integrated with scanning electron microscopy (SEM)
and nuclear magnetic resonance (NMR) tests, this research elucidates the evolution of creep
mechanical characteristics and the underlying microscopic damage mechanisms in sandstone
discontinuities following thermal treatment. The findings provide experimental evidence and
theoretical guidance for stability control in deep underground engineering projects involving

high-temperature rock masses.

2. Specimen preparation and experimental program

2.1 Specimen preparation

The experimental study utilized red sandstone, sourced from a mining area in Jining City,
Shandong Province, China. The sandstone exhibits a reddish-brown color, dense lithology,
absence of apparent joints, and a fine sandy structure. X-ray diffraction (XRD) analysis
indicates that the primary mineral composition of the red sandstone is 67% quartz, 22%

feldspar, 9% kaolinite, and 2% hematite, as shown in Fig. 1.
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Fig. 1. Mineral composition of red sandstone

The rock blocks obtained on-site were processed into two specimen geometries:
100mm*100mmx>100mm cubic specimens and ®50mmx100mm standard cylindrical
specimens. Basic physico-mechanical properties were determined using the standard
cylindrical specimens, and the corresponding mechanical parameters are summarized in

Table 1.



Table 1. Basic physico-mechanical parameters of red sandstone

P-wave Uniaxial
Density Elastic Poisson's
Porosity/% velocity compressive
(g/cm®)  Modulus/GPa ratio
(km/s) strength/MPa
2.34 6.9 0.27 8.52 2.57 49.82

Due to the complex morphology and significant variability of natural discontinuities, a
substantial number of replicated discontinuity specimens with identical lithology, surface
morphology, and mechanical properties are required to mitigate the influence of inherent
discreteness and maintain relative homogeneity. To this end, this study employed a rock
discontinuity reconstruction method based on 3D scanning and engraving technology to
prepare red sandstone discontinuity specimens for the subsequent shear creep tests.

The specific procedure for preparing red sandstone discontinuity specimens is outlined
as follows: First, a direct shear test was performed on a 100mmx100mmx>100mm red
sandstone cube. The test was carried out under a constant normal stress of 10MPa in
displacement-control mode, with a shear rate of 0.005mm/s, to generate a corresponding
natural rock discontinuity surface. Subsequently, the generated natural rock discontinuity
surface was scanned using a 3D scanner to acquire a digital surface model that precisely
replicates its morphology. This surface model data was then imported into a 3D engraving
machine and converted into an engraving path map interpretable by the machine system.
Finally, a pre-prepared red sandstone specimen measuring 100mmx100mmx*50mm was
secured onto the engraving workstation. Upon equipment activation, the 3D engraving
machine automatically and intelligently executed the discontinuity engraving process. After
the lower half of the discontinuity specimen was completed, the engraving path was reversed.
By replacing it with a new pre-prepared red sandstone specimen and repeating the

aforementioned procedures, the upper half was fabricated, as shown in Fig. 2.
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Fig. 2. Production process of red sandstone discontinuities
This method enables the efficient replication of specimens that share the same lithology,
surface morphology, and mechanical properties as the natural rock discontinuity, as shown in
Fig. 3. Observation confirms that the engraved red sandstone discontinuities exhibit highly
consistent surface morphology, making them suitable for investigating the shear creep

behavior of discontinuities.

Fig. 3. Red sandstone discontinuity specimens



2.2 Experimental Program

The processed red sandstone discontinuity specimens were subjected to thermal
treatment using a high-temperature chamber electric furnace, which can reach a maximum
temperature of 1200°C. To minimize the influence of heating rate on the mechanical
properties of the specimens, the heating rate was set to 5°C/min. Four target temperature
levels were established: 200, 400, 600, and 800 °C. Upon reaching the target temperature, a
2h dwell time was maintained to ensure a uniform temperature field throughout the specimen.
After the heating process, the specimens were removed from the electric furnace and allowed

to cool naturally at ambient room temperature. The heating protocol is shown in Fig. 4.
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Shear creep tests were conducted using a rock shear rheological testing system. This
system features a fully digital computer-automated control system, with a load capacity range
of 50-2000kN, a measurement accuracy<+0.5%FS, and a maximum displacement of 50mm.
The testing employed a multi-stage loading procedure. Based on in-situ stress measurements
from deep boreholes in the mining area, the normal stress was set to 10MPa. The shear stress
levels for the creep test were determined based on the instantaneous shear strength of the
specimens. The multi-stage loading scheme consisted of 4-6 stages, with each stage
incremented by a shear stress of 0.5MPa. The loading rate was set at 0.1MPa/min. Upon
reaching each predetermined load level, it was maintained constant for 48h. The subsequent
loading stage was initiated only after the specimen's displacement rate stabilized below

0.0lmm/h over the final period of this 48-hour hold. This multi-stage loading process



continued progressively until specimen failure occurred. Throughout the entire test, stress,
displacement, and time data were continuously recorded. The experimental program is
summarized in Table 2. Finally, SEM and NMR techniques were employed to qualitatively
and quantitatively analyze the microscopic thermal damage characteristics of the sandstone.

The experimental setup is shown in Fig. 5.

(a) Resistance furnace

(c) SEM system (d) NMR system

Fig. 5. Experimental Setup

Table 2. Test scheme

Sample number 7/°C Normal stress/MPa Shear stress/MPa
T-1 20
T-2 200 Initial 0.5MPa, each level
T-3 400 10 loading 0.5MPa, until
T-4 600 failure
T-5 800

3. Analysis of shear creep test results

3.1 Creep deformation characteristics



Fig. 6 shows the shear creep curves of sandstone discontinuity specimens under high
temperatures. It can be observed that each loading stage induced an instantaneous shear
displacement. The magnitude of this instantaneous displacement progressively increased with
temperature: at 20°C, the initial instantaneous shear displacement was 0.269mm, while at
200°C, 400°C, 600°C, and 800°C, the corresponding displacements were 0.435mm,
0.647mm, 0.898mm, and 1.159mm, respectively. With increasing shear stress levels, the
shear creep displacement of the specimens gradually increased, exhibiting decelerating creep
characteristics followed by steady-state creep. Furthermore, as temperature rose, the
specimens displayed larger creep displacements and more pronounced creep phenomena.
Upon application of the final load stage, distinct accelerating creep characteristics emerged,
where both the creep rate and displacement progressively increased with time until specimen
failure occurred.

The shear creep process of the specimens primarily comprised four distinct stages:
instantaneous deformation, decelerating creep, steady-state creep, and accelerating creep.
Under the final loading stage, the failure stress of the specimens progressively decreased with
increasing temperature. The failure stress was 3MPa at 20°C, whereas it measured 2.5MPa,

2.5MPa, 2MPa, and 2MPa at 200°C, 400°C, 600°C, and 800°C, respectively.
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Fig. 6. Shear creep curves of the specimens under high temperatures

To further investigate the coupled effects of temperature and shear stress on the shear

creep behavior of the specimens, the relationship between shear creep displacement and



temperature under different shear stress levels was plotted, as shown in Fig. 7. Under
identical shear stress, the shear creep displacement of the specimen progressively increases
with temperature. The magnitude of this increase becomes more pronounced at higher
temperatures. The extent of the displacement increase is greater at high shear stress levels
compared to low shear stress levels. For instance, under shear stress 0.5MPa, the creep
displacement is 0.275mm at 20°C and rises to 1.185mm at 800°C, representing an increase of
0.91mm. In contrast, under shear stress 2MPa, the displacement increases from 1.123mm at
20°C to 2.512mm at 800°C, corresponding to a larger increase of 1.389mm.

Furthermore, at a constant temperature, the shear creep displacement of the specimen
exhibits a nonlinear increasing trend with rising shear stress. For example, at 600°C, the shear
creep displacement increases from 0.913mm under the first load level to 2.034mm under the

final load level.
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Fig. 7. Variation of specimen shear displacement with temperature under different shear
stress levels
3.2 Isochronous stress-strain curves
Using the principle of superposition, the shear creep curves were processed to obtain the
isochronous stress-strain curves of the specimens under high temperatures, as shown in Fig. 8.
The isochronous stress-strain curves of the discontinuities at different times exhibit similar
shapes. As time increases, the slope of these curves gradually decreases. At any given time,

with increasing shear stress, the secant modulus of the isochronous stress-strain curve



continuously decreases, which progressively reveals the nonlinear characteristics of the
discontinuity creep. These features are illustrated in Fig. 8(a) and 8(b).

Furthermore, the rate of change in the slope of the isochronous stress-strain curves
increases significantly with rising temperature, as shown in Fig. 8(c) and 8(d), indicating
more pronounced nonlinear creep characteristics of the discontinuities. This phenomenon can
be attributed to the fact that elevated temperature intensifies slip and damage along the
discontinuities, leading to continuous strength degradation and increased deformation,

thereby promoting the development of nonlinear creep behavior.
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Fig. 8. Isochronous stress-strain curves of the specimens under high temperatures
3.3 Creep Rate Curves
Fig. 9 shows the relationship between the steady-state creep rate and shear stress for
specimens under high temperatures. The steady-state creep rate is influenced not only by the

magnitude of the shear stress but also by the temperature. Under the same temperature



condition, the steady-state creep rate exhibits a nonlinear increasing trend with rising shear
stress, which conforms to an exponential function relationship. For instance, at 200°C, the
steady-state creep rate increases from 1.86x10*mm/h under the first load level to
10.16x10*mm/h under the final load level. Under identical shear stress, the steady-state
creep rate of the specimen progressively increases with temperature. For example, at shear
stress 1.5MPa, the steady-state creep rate is 1.51x10*mm/h at 20°C. As the temperature rises
to 200°C, 400°C, 600°C, and 800°C, the corresponding creep rates are 1.93x10*mm/h,
2.35x10*mm/h, 4.28x10*mm/h, and 5.32%10*mm/h, respectively.
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Fig. 9. Steady-state creep rate curves of the specimens under high temperatures

The relationship between creep rate and time under the final shear stress level is shown
in Fig. 10. As can be observed from the figure, the creep rate first gradually decreases, then
stabilizes, and finally increases abruptly, forming an approximately "U"-shaped curve. The
tests demonstrate that under high temperatures, the specimens sequentially underwent
decelerating creep, steady-state creep, and accelerating creep stages, with rapid failure
occurring during the accelerating creep stage. Both the decelerating and accelerating creep
stages were of relatively short duration, whereas the steady-state creep stage persisted for a
significantly longer period. With increasing temperature, the creep rate of the specimens
progressively increased, while the total creep duration gradually decreased. The total creep
durations at 20°C, 200°C, 400°C, 600°C, and 800°C were 47.3h, 45.2h, 41.6h, 39.2h, and

28.8h, respectively.
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Fig. 10. Creep rate curve of the specimen under the final shear stress level
3.4 Long-term shear strength

The long-term strength of a rock mass is a critical indicator for assessing the long-term
stability and safety of rock engineering projects, taking into account time-dependent effects.
The long-term strength of rock is defined as the maximum sustained load that the rock can
withstand without undergoing unstable deformation. When the stress level exceeds this
threshold value, the rock will experience creep failure. This study determined the long-term
shear strength of sandstone discontinuities under high temperatures using the steady-state
creep rate method (Wang et al. 2021; Zhang et al. 2019). Taking the case of 20°C as an
example, Fig. 11 shows the relationship between the steady-state creep rate and shear stress.
A distinct inflection point is observed in the curve. Tangents were drawn to the curve
segments before and after this inflection point, respectively. The shear stress corresponding to
the intersection point A of these two tangents yields the long-term shear strength of the
specimen.

Using this method, the long-term shear strengths of the specimens at 20°C, 200°C,
400°C, 600°C, and 800°C were determined to be 2.62MPa, 2.24MPa, 2.08 MPa, 1.67MPa,
and 1.51MPa, respectively, as shown in Fig. 12. The long-term shear strength of the
specimen gradually decreases with increasing temperature. Compared to the strength at 20°C,
the strengths at 200°C, 400°C, 600°C, and 800°C decreased by 14.50%, 20.61%, 36.26%,

and 42.36%, respectively.
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Fig. 12. Long-term shear strength of the specimen under high temperatures

4. Microscopic structural damage characteristics

4.1 SEM Analysis

To analyze the thermal damage mechanisms of sandstone discontinuities under high
temperatures, SEM analysis was performed on slices taken from the central part of specimens
after exposure to different temperatures. Fig. 13 presents SEM images magnified 1000 times
for specimens under high temperatures. At 7=20°C (Fig. 13a), the rock surface appears
relatively smooth and compact. The number, length, and aperture of cracks are limited, with
the microstructure dominated by micro-pores and small pores. When the temperature

increases to 200°C (Fig. 13b), intergranular and transgranular cracks emerge on the rock



surface. Noticeable expansive deformation of mineral crystals occurs, accompanied by the
detachment of mineral particles. At 7=400°C and 600°C (Fig. 13c and 13d), the evaporation
and escape of structurally bound water disrupt the mineral lattice structure, leading to the
decomposition and oxidation of some minerals. The significant differential thermal expansion
among various minerals, coupled with temperature gradients, generates substantial thermal
stress. This results in a rapid increase in the size and number of both intergranular and
transgranular cracks. The further propagation of these micro-cracks ultimately forms an

interconnected fracture network.
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Fig. 13. SEM images of the specimens under high temperatures

It can be concluded that as the temperature rises, the deterioration characteristics of the



rock, such as microcracks and pores, become increasingly pronounced. This is evidenced by a
greater number of cracks, increased crack length and width (aperture), and the generation of
extensive cracking on the surface. These observations indicate that the degree of thermal
damage in the rock intensifies with increasing temperature.

4.2 NMR Testing

The MesoMR23-060-H-I NMR analyzer was employed to investigate the influence of
high temperature on the pore structure of sandstone. Natural rock typically exhibits a
multi-scale pore structure internally, where pores of different sizes possess distinct transverse
relaxation times (72). The 7> distribution reflects pore size information. A higher 7> amplitude
indicates a greater number of pores within the corresponding size range. Furthermore, the
area under a 7> spectral peak represents the total volume of pores, the width of a peak reflects
the size distribution of specific pores, and the number of peaks indicates the multiplicity of
distinct pore families. Consequently, the 7> distribution provides a direct representation of the
pore volume distribution, while the continuity of the 7> spectrum signals characterizes the
connectivity of the microscopic pore structure within the rock.

Fig. 14 shows the NMR T7: spectrum distributions of specimens after exposure to
different high temperatures. The 7> spectrum curves of the specimens primarily exhibit two
peaks, indicating that the internal pore structure of the specimens mainly consists of three
size ranges. From left to right, these correspond to the distribution of small pores, medium
pores, and large pores, respectively. At 7=20°C, the specimen is predominantly composed of
small and medium pores, with a minor proportion of large pores. As the temperature
increases to 200°C and 400°C, all three spectral peaks show growth, and the overall
amplitude exhibits an upward trend. This indicates that the number of pores in the sandstone
specimen increases with temperature. Furthermore, the proportion of small pores decreases
while the proportion of medium pores increases. This phenomenon can be attributed to the
fact that high temperatures cause the development of pre-existing pores and the formation of
new pores within the sandstone sample. These pores interconnect, forming larger
medium-sized pores. When the temperature reaches 600°C and 800°C, the number of pores in
the specimen increases significantly. The proportion of small pores continues to decline,

while the proportion of large pores increases markedly. This indicates a pronounced



development of the internal pore structure, leading to the generation of more new pores.
These newly formed pores subsequently expand and coalesce, forming even larger pores.

The results demonstrate that under high temperatures, the gradual growth and
interconnection of micro-pores and small pores within sandstone lead to the formation of
medium and large pores. This microstructural evolution is responsible for the degradation of
the rock's creep mechanical properties.
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Fig. 14. T> spectrum distribution curves of specimens under high temperatures

4.3 Analysis of high temperature damage mechanisms

The experimental results indicate that high temperatures significantly influence the crack
distribution and pore structure of the specimens, thereby affecting their creep mechanical
properties. Under high temperatures, physicochemical reactions-including dehydration,
thermal decomposition, quartz phase transition, mineral oxidation, chemical bond breakage,
and thermal stress-occur within the mineral constituents of sandstone. These reactions lead to
alterations in the internal pore structure of the rock and subsequently modify the degree of
cementation between mineral particles. Higher temperatures induce more intense rock
expansion, resulting in the generation of a greater number of micro-fissures within the rock.
These micro-fissures continuously propagate, widen, and interconnect, ultimately leading to a
progressive increase in the extent of thermal damage in the rock.

At ambient temperature, the internal structure of the sandstone specimen is compact,

predominantly composed of small and medium pores, resulting in favorable creep mechanical



properties. In the temperature range of 200°C to 400°C, the evaporation and escape of
internal moisture during the thermal treatment process disrupt the microstructure.
Concurrently, significant differences in the thermal expansion coefficients of rock minerals
generate thermal stresses between adjacent minerals, initiating microcracks. Within the
specimen, small pores transform into medium pores; however, the pore structure at this stage
remains dominated by small and medium pores, while overall porosity develops gradually. In
terms of macroscopic mechanical properties, the creep deformation of the specimen increases
progressively, and the long-term strength shows a declining trend. As the temperature further
increases to the range of 400°C to 800°C, elevated thermal stresses between grains lead to a
proliferation of microcracks. These microcracks interconnect and coalesce, forming a fracture
network. Simultaneously, the breakage of chemical bonds (e.g., Ca-O, Al-O, K-O, Na-O) in
feldspar minerals, coupled with the phase transition and volumetric expansion of quartz,
further intensifies the alteration of the rock's internal structure. This causes severe damage to
the microstructure of the sandstone specimen and a rapid degradation of its creep mechanical
properties. The initiation, propagation, and coalescence of thermally induced cracks are
identified as the primary mechanisms responsible for the temperature-dependent degradation

of the creep mechanical properties observed in this study.

5. Conclusions

(1) The shear creep mechanical properties of sandstone discontinuity specimens are
significantly influenced by temperature. The shear creep process primarily comprises four
stages: instantaneous deformation, decelerating creep, steady-state creep, and accelerating
creep. As temperature increases, the instantaneous deformation, creep deformation, and creep
rate exhibit an increasing trend, whereas the creep duration, failure stress, and long-term
strength show a decreasing trend. Elevated temperature intensifies slip and failure along the
discontinuities, leading to continuous strength degradation and increased deformation,
thereby promoting the development of nonlinear creep characteristics.

(2) SEM and NMR tests reveal that as temperature increases, the differential thermal
expansion and temperature gradients among various minerals in the specimen generate

greater thermal stress. This leads to an increase in the number and length of cracks, the



widening of their apertures, and their propagation into fracture networks. Furthermore, within
the specimen, micro-pores and small pores gradually grow and interconnect, forming medium
and large pores and progressively developing into fracture networks. This results in an
increased proportion of medium and large pores and a significant rise in porosity, thereby
adversely affecting the shear creep mechanical properties of the specimen.

(3) Under high temperature conditions, the specimen undergoes a series of
physicochemical reactions, including dehydration, thermal decomposition, quartz phase
transition, mineral oxidation, chemical bond breakage, and the development of thermal stress.
These reactions induce the formation of intergranular cracks, transgranular cracks, and
detachment defects among mineral particles. Higher temperatures lead to a significant
increase in the number, aperture, length, and connectivity of these cracks, resulting in severe
damage to the internal microstructure and a rapid degradation of the creep mechanical

properties of the specimen.
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