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Thermal cycling and stress fatigue are recognized as principal factors that induce the Kaiser effect of
rock in deep earth rock engineering. Nevertheless, existing scholarly investigations about the me-
chanical properties of rocks subjected to the synergistic effects of these perturbations have remained
insufficient. In this study, conventional triaxial compression tests, multistage equal-amplitude fatigue
(MEF) and multistage variable-amplitude fatigue (MVF) tests were conducted on marble subjected to
different numbers of thermal cycles, integrated with nuclear magnetic resonance (NMR) and depth-
sensing indentation (DSI) micro-monitoring methods, and the rock constitutive equation was estab-
lished from the perspective of statistical microscopic damage. The results indicated that the increasing
number of thermal cycles significantly weakened the physical and mechanical properties of marble, as
evidenced by degradations in strength, deformation, and energy parameters. The reversible deformation
evolutions of the rock under two stress paths were diametrically opposed. DSI results revealed that the
microcellular mechanical parameters of hornblende and dolomite exhibited greater variability, although
both conform to Weibull distribution functions. Additionally, NMR analysis showed that the porosity of
the marble was 1.6% initially and increased to 3.3%, 4.1%, 5.8%, and 10.9% after 2, 4, 6, and 8 thermal
cycles, respectively. The coupled thermal-mechanical damage constitutive model can effectively
describe the deformation behavior of marble under complex perturbations, with distribution parame-
ters mg and Ty decreasing linearly with the number of thermal cycles.
© 2026 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published by Elsevier B.V.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Esen, 2010; Huang et al., 2018), were proposed to extract the en-
ergy in HDR. Some noteworthy differences have been found in

Hot dry rock (HDR), a category of geothermal resource, consists
of high-temperature rock formations generally exceeding 200 °C,
which located at depths of several kilometers and contain negli-
gible subsurface fluid. Recent advancements in engineered
geothermal technologies have propelled HDR into the spotlight as
a pivotal renewable energy alternative (Williamson et al., 2001;
White et al., 2018; Khatib, 2012; Yan et al., 2024).

Several advanced methods, including enhanced geothermal
systems (EGS) and downhole heat exchanger systems (Balbay and
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these methods, such as energy conversion efficiency, the use of
enclosed systems, the requirement for external driving mecha-
nisms, and the number and configuration of heat transfer wells
constructed (Templeton et al., 2014; Ebeling et al., 2017; Li et al,,
2024). However, there are several consistent characteristics
across them: (1) The temperature experienced by the wellbore and
surrounding rock fluctuates cyclically (Riahi et al., 2019; Villarreal
et al,, 2021); (2) Cyclic loads from drilling machinery inevitably
cause disturbances to the wellbore and surrounding rock (Sheng
et al., 2020; Zhong et al., 2023); (3) The stability of the wellbore
is crucial for determining the efficiency of heat extraction
(AbuAisha et al., 2016). Therefore, investigating the thermal-
mechanical behaviors of HDR under repeated external distur-
bances and cyclic temperature fluctuations is crucial for main-
taining wellbore stability.

1674-7755/© 2026 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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Over the past decades, the investigation of physical and me-
chanical properties of rocks exposed to high temperatures has
been a well-researched field. Degradation of typical rock proper-
ties at elevated temperatures primarily manifests as reductions in
strength, elastic modulus, fracture toughness, wave velocity, and
stiffness, while simultaneously increasing porosity and perme-
ability (Zhang et al., 2001, 2015; Liang et al., 2006; Yin et al., 2012;
Chen et al,, 2021; Luo et al., 2024). Classical findings have been
adapted to assess high-temperature rock engineering. Laboratory
experiments and microscopic analysis demonstrate that rocks
begin to lose bound water at temperatures exceeding 200 °C, with
structural water release occurring between 300 °C and 500 °C
(Yang et al., 2014; Gao et al., 2024). When temperatures surpass
400 °C, significant chemical transformations occur, including
recrystallization, clay mineral decomposition, and the a-# quartz
transition at 573 °C (Li et al., 2020). Additionally, carbonate min-
eral decomposition is observed above 700 °C (Ma et al., 2023). In
summary, the above findings underscore the necessity for rigorous
evaluation of high-temperature rock formations to mitigate engi-
neering risks.

In deep geothermal engineering with the depth less than 10 km
and the temperatures below 300 °C, significant controversies
persist regarding the thermal regulation mechanisms governing
the mechanical behavior of the surrounding rock. Although sub-
stantial mineral phase transitions and chemical alterations are
absent from this temperature range interval (Chen et al., 2012; Li
et al,, 2023), as illustrated in Fig. 1, marble and granite may
exhibit diametrically opposed thermal responses within this
“moderate” interval. The coexistence of thermal strengthening and
weakening effects indicates that the moderateness of the tem-
perature range is unable to unilaterally dictate mechanical
behavior; instead, it arises from the nonlinear coupling between
thermal-mechanical paths (e.g., heating rates, cyclic loading) and
the native rock structure (porosity, mineral distribution). The
contradictory phenomena originate from three competing mech-
anisms: (1) Dualistic thermal expansion effects: Mineral grain
expansion can compact native pores (strengthening) or induce
intergranular tensile stress due to heterogeneous expansion
(weakening), with dominance governed by grain contact
morphology and thermal loading rates (Kang et al., 2021; Wong
et al., 2022). (2) Competition between thermal stress accumula-
tion and relaxation: Slow heating facilitates stress relaxation,
promoting grain rearrangement and densification, whereas rapid
thermal cycles (e.g., abrupt temperature changes in geothermal
wells) generate transient stresses exceeding damage thresholds,
triggering microcrack nucleation (Huang et al., 2018; Tian et al.,

(@)
140
Chen et al., 2017
Zhu et al., 2021
Zhu et al., 2021
Isaka ct al., 2019
Zhao et al., 2019
Huang et al., 2020
Tian et al., 2020
Tian et al., 2020
Tian et al., 2020
Tian et al., 2020
Li et al,, 2020
Guo et al., 2022
Park et al., 2022
Niu et al., 2023
Yang et al., 2020
Yang et al., 2020
Yang et al., 2020
Yang et al., 2020
O Yang et al., 2020

120
100 y
80
60

40

Normalized compressive strength (%)

20

» @ ¢ > PpOOD>IIereD>Oo @0 OO

0 200 400 600 800
Temperature (°C)

B Keshavarz et al,, 2010 160

Journal of Rock Mechanics and Geotechnical Engineering 18 (2026) 3654-3674

2022). (3) Threshold effects of native defects: Initial porosity and
microcrack density define critical thresholds for thermal damage
(Wong et al., 2020). Below these thresholds, strengthening domi-
nates; above them, weakening cascades are activated. While
existing studies have elucidated the roles of mineral composition
(Waragai, 2022) and static thermal loading (Yang et al., 2022),
systematic understanding remains lacking for the coupling
mechanisms between non-steady thermal-mechanical paths (e.g.,
thermal cycling, abrupt thermal gradients) and complex stress
conditions prevalent in practical engineering scenarios.

In recent years, the mechanical behavior of rocks subjected to
high-temperature treatment under cyclic loading conditions has
been investigated, three aspects have been summarized: (1)
Involving the study objects, sandstone, granite, marble, limestone,
rock salt and granodiorite have been intensively chosen
(Shkuratnik et al., 2020; Septlveda et al., 2020; Meng et al., 2021;
Xiao et al., 2021a,b; Hu et al., 2023; Song et al., 2024). (2) Involving
the study methods, mainly ranged from laboratory methods
including uniaxial cyclic loading tests, triaxial cyclic loading tests
and graded cyclic loading tests, numerical simulation by utilizing
finite element and discrete element methods and theoretical
model containing damage constitutive and elastoplastic consti-
tutive models (Meng et al., 2022; Luo and He, 2022). (3) Involving
the study content, the characteristics of permeability evolution,
crack types and failure modes, stress-strain curves, strength and
deformation characteristics, acoustic emission behavior and en-
ergy evolution characteristics (Meng et al., 2021, 2022; Tian et al.,
2021; Luo and He, 2022; Sun et al., 2024) have been hot topics in
the study on coupling of high temperature-cyclic loading test. The
above studies have provided insights into the engineering prop-
erties of high-temperature rocks in deep underground environ-
ments. However, the rock around geothermal well often
experiences mechanical disturbances with frequencies that exceed
those used in the cyclic loading and unloading experiments con-
ducted. Additionally, the temperature of the surrounding rock can
fluctuate significantly within a mild range due to periodic heat
exposure. The effects of these multiple thermal cycles, as well as
the multi-stage stress disturbance remain unclear. Therefore, it is
essential to investigate the physical and mechanical properties of
rocks subjected to multilevel fatigue loads after thermal cycles.
Additionally, there is a lack of comprehensive damage constitutive
models to describe the mechanical behavior of rock under multi-
stage fatigue loading after high-temperature treatment, with
most existing research focusing only on single-stage fatigue sce-
narios (Zhou et al., 2017; Liu et al., 2023; Shi et al., 2024). Conse-
quently, developing a damage constitutive model that accounts for
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Fig. 1. Distribution of normalized compressive strength of common rocks with increasing temperature (Song et al., 2024): (a) Granite and (b) Marble.
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high-temperature multi-stage fatigue loads is of significant
importance.

In this study, a critical temperature ranging from mild to high
temperatures (350 °C) was selected, and fine-grained marbles
were subjected to different thermal cycling treatments. Uniaxial
compression tests (UCT) and multi-stage fatigue tests were con-
ducted to assess changes in deformation, strength, and failure
characteristics induced by high-temperature damage. The energy
evolution of the samples under cyclic loading, subjected to
different number of thermal cycling, was then analyzed. NMR and
DSI tests were employed to quantitatively examine the effect of
different thermal cycles on the softening and damage of the rocks
from a microscopic perspective. Finally, based on both macro- and
micro-scale experimental results and meso-scale statistical dam-
age theory, a constitutive model for rock damage under multi-
stage fatigue conditions following cyclic thermal treatment was
established.

2. Mechanical experimental methodology
2.1. Rock materials and mechanical experimental system

The test material for this study was taken from a complete
piece of marble in Guangxi Province, China, which appeared pure
white overall. The samples were extracted from the same rock
mass and then drilled into standard specimens measuring
50 mm x 100 mm. The X-ray diffraction (XRD) results indicated
that the mineral composition of the marble was mainly dolomite
(90.24%), with a small amount of hornblende (5.74%) and calcite
(4.02%). The average density was about 2.687 g/cm?>.

The experimental system utilized a multifunctional electro-
hydraulic servo-controlled rigid testing machine, specifically
designed by MTS Corporation in the United States for rock and
concrete experiments. This machine has a maximum compressive
load capacity of 4600 kN, a maximum tensile force capacity of
2300 kN, and a maximum confining pressure of 140 MPa. It offers a
testing accuracy of < £0.5% and a frame stiffness of 10.5 x 10° N/
m. The system is capable of generating various waveforms,
including sine waves, triangular waves, square waves, and ramp
signals.

2.2. Mechanical experimental procedure

The specimens were first heated to 350 °C with a rate of 3 °C/
min to prevent non-uniformity deformation. When the tempera-
ture reached the specified value, a constant temperature was
maintained for 4 h in order to ensure a consistent global temper-
ature of the rock (as shown in Fig. 2). After thermal cycling, the
specimens were removed from the muffle furnace (transfer time
<1 min), quickly submerged in 25 + 1 °C water (water volume
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Fig. 2. Schematic diagram of cyclic heating treatment.
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>20 L), the height of the water surface exceeded the top of the
specimen by 50 mm, and kept for 2 h to ensure that the internal
and external temperatures were consistent. After cooling, the
specimens were placed in a cool place to dry naturally, and then
transferred to a 50 °C drying oven to dry for 24 h. The cooling water
should be changed every time to maintain the constant tempera-
ture. Several cycles of thermal treatments, 0, 2, 4, 6, and 8, were
performed as described above.

The mechanical test programs were divided into uniaxial
compression test and fatigue test, and the uniaxial compression
test was loaded with a stress control of at a rate of 5 MPa/min. The
fatigue loading schematic is shown in Fig. 3, a total of two fatigue
schemes were designed, one is the MVF loading scheme, specif-
ically, the lower limit was maintained at 5 MPa, and the initial
stage was loaded to the upper limit of the first fatigue stage
(10 MPa) at a rate of 5 MPa/min by the stress control after the
specimen had been preloaded at 1 MPa, after that, fatigue loading
was carried out by the sine wave with a frequency of 0.25 Hz, a
total of 40 cycles were loaded in 160 s, and each stage was repeated
by increasing the upper limit with 5 MPa until the specimen was
damaged. On the other hand, the MEF loading scheme was
designed in parallel, as shown in Fig. 3b, in which only the lower
limit of each stage was modified in order to maintain its amplitude
at 5 MPa compared to the previous scheme.

3. Experimental results
3.1. Analysis of stress-strain curves

Fig. 4 illustrates the stress-strain curves obtained from the
uniaxial compression tests of marble subjected to varying
numbers of thermal cycles. As detailed in Table 1, the average mass
damage rates of the marble are 0.189 %o, 0.303 %o, 0.548 %o, and
1.547 %o corresponding to 2, 4, 6, and 8 thermal cycles, respec-
tively. Concurrently, the peak uniaxial strength decreases signifi-
cantly from 49.11 MPa with 0 thermal cycles to 19.01 MPa with 8
thermal cycles. The most substantial reductions in peak strength
occur between 0 and 2 thermal cycles and between 2 and 4 ther-
mal cycles. Additionally, the peak axial strain and peak lateral
strain initially increase and then decrease with the number of

(b)

Axial stress (MPa)

(@)

Fig. 3. Schematic diagrams of two fatigue loading schemes:
MEF scheme.

(a) MVF scheme and (b)
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Fig. 4. Uniaxial compressive stress-strain curves of marble subjected to varying
numbers of thermal cycles.

thermal cycles. The modulus of elasticity consistently declines to
13.06 GPa, 9.95 GPa, 5.41 GPa, 5.09 GPa, and 4.14 GPa, respectively.
These findings indicate that thermal cycles at 350 °C significantly
affect the physical and mechanical properties of marble, and
change it from a quasi-brittle to a more ductile state.

The stress-strain curves of marble subjected to varying
numbers of thermal cycles, obtained from MVF and MEF tests, are
presented in Figs. 5-9. These curves reveal that the fatigue
behavior of marble without thermal treatment follows the clas-
sical four stages: pore compaction stage, elasticity stage, accu-
mulation of plastic deformation stage, and macro failure stage.
Both MVF and MEF hysteresis curves exhibit a “sparse-dense-
sparse” pattern as the stress level increases. However, with more
thermal cycles, the irreversible displacement in the hysteresis loop
gradually increases. This effect becomes particularly pronounced
after six thermal cycles.

Focusing on the single stress level stage (with a magnified view
provided in the figures), it is evident that the curve demonstrates a
“sparse-dense” pattern, indicating that damage due to cyclic
stresses is primarily concentrated in the initial cycle of loading. As
stress levels continue to increase, the hysteresis loop gradually
transforms into two distinct patterns: “dense-sparse” and “sparse-
dense-sparse.” This indicates that damage induced by high-level
stress perturbations has exceeded the threshold, leading to rapid
accumulation of damage and progressive failure of the specimen.

Besides, Fig. 5 displays the volumetric stress-strain curves of
marble subjected to varying numbers of thermal cycles under two
stress paths. In the MVF condition, the volumetric stress-strain
curves overlapped during the pore compaction and volume
expansion stages. Under MEF condition, this phenomenon can be

Table 1
Physical and mechanical parameters of uniaxial compression of marble subjected
to varying numbers of thermal cycles.

Samples  Qon (g) Qan(g) Rq(%e) op(MPa) ap (%) eip(%) E(GPa)
Ocycle  529.08 529.08 0 49.11 056 011  13.06
2cycles 527.84 527.74 0.189  37.95 054 019 995
4cycles 52734 527.18 0303  27.78 082 052 541
6cycles 52913 52884 0.548 23 074 049 509
8cycles 52992 5291 1547  19.01 069 045 414

Note: Qpp, presents the quality of marble before heat treatment; Q. presents the
quality of marble after heat treatment; R, is the quality loss ratio; o}, presents the
peak strength of UCT; ¢,,, presents the peak axial strain of UCT; ¢, presents the peak
lateral strain of UCT; E is the elastic modulus.

Journal of Rock Mechanics and Geotechnical Engineering 18 (2026) 3654-3674

observed more clearly. Specifically, when stress levels are low,
volumetric strain gradually increases. As stress levels rise and the
marble enters the elastic stage, the hysteresis loops become pro-
gressively denser. Upon entering the plastic damage stage, volu-
metric strain increases in the opposite direction. Additionally, as
the number of thermal cycles increases, the volumetric strain of
marble decreases significantly. Specifically, the peak volumetric
strains of marble under MVF stress conditions at 0, 2, 4, 6, and 8
thermal cycles are 0.25%, 0.63%, 0.73%, 0.8%, and 1.81%, respec-
tively. Under MEF stress conditions, these values are 0.15%, 0.25%,
0.34%, 0.51%, and 0.72%. It can be observed that the volumetric
strain of marble under MVF stress conditions is significantly
greater than that under MEF stress conditions.

3.2. Characteristics of deformation

3.2.1. Deformation analysis

To explore the effects of the number of thermal cycles and
different stress paths on the deformation behavior of marble, the
strains corresponding to the maximum and minimum stress levels
in each cyclic curve are extracted and plotted in Figs. 10 and 11. And
the reversible deformation for each cycle is recorded, which is
calculated as the difference between the deformations at the
highest and lowest stress levels within each cycle.

It is well known that rocks can hardly realize stable fatigue
during fatigue due to the existence of internal defects, and their
irreversible deformation will continue to increase with the in-
crease of the number of cycles or the increase of the stress level. As
shown in Fig. 10, when the stress level is low, the strain develop-
ment at each stage can be mainly divided into two stages, i.e., the
initial deformation stage and the uniform deformation stage. With
the increase of stress level, the strain evolution shows typical
initial deformation, uniform deformation and accelerated defor-
mation stages with obvious rheological behavior.

As the number of thermal cycles increases, the total number of
fatigue stages in the marble decreases systematically, transitioning
from a multi-stage progressive damage process to a single-stage
destabilization mode dominated by accelerated rheological flow.
The experimental results under the MVF stress path (Figs. 10 and
11) show that, as the number of thermal cycles increases from
0 to 8, the corresponding fatigue life decreases sequentially from
324 cycles (0 heat treatments) to 83 cycles (8 heat treatments),
and similarly the corresponding fatigue life decreases sequentially
from 362 cycles (0 heat treatments) to 101 cycles (8 heat treat-
ments) under the MEF path. This phenomenon suggests that
prolonged thermal cycling induces a transition in the marble's
strain response, shifting from multi-stage elastic-plastic coupling
state to accelerated rheological stage dominated by residual strain
accumulation.

In addition, an interesting phenomenon is observed: the
reversible deformation obtained by MVF increases stepwise with
the number of cycles, whereas that of MEF decreases stepwise. The
former trend can be attributed to the progressive rise in stress
levels, which directly correlates with higher strain at elevated
stresses. Conversely, the MEF results exhibit an inverse pattern.
Due to its smaller loading amplitude compared to MVF, the rock
structure accumulates damage continuously with increasing stress
levels, yet the elastic energy stored internally cannot be fully
released. It results in enhanced macroscopic stiffness, causing the
reversible strain to decline progressively. Notably, the strain
reduction induced by elastic strengthening outweighs the strain
increase from damage and stress-level rise. To further elucidate
this mechanism, Fig. 17 statistically compares the total elastic
energy percentages of marble under both loading modes after
thermal cycling. The data reveal that MEF consistently retains
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Fig. 5. Stress-strain curves of marble without thermal treatment: (a-b) are axial and lateral stress-strain curves of MVF and MEEF, respectively, and (c-d) are volumetric stress-

strain curves of MVF and MEF, respectively.

higher elastic energy proportions (98.4%, 95.5%, 93.5%, 91.9%, and
88.9% for 0, 2, 4, 6 and 8 thermal cycles) than MVF (95.3%, 91.9%,
90.9%, 85.9%, and 85.3%). This disparity suggests that MEF's smaller
amplitude generates an energy buffering effect: its energy system
maintains superior elastic storage capacity, ensuring that damage-
induced strain increments are always suppressed by elastic
strengthening.

3.2.2. Secant modulus analysis

In order to compare the effects of different numbers of thermal
cycles and different stress paths on the dynamic modulus of
marble, the secant modulus of the curves for the loading phase of
each cycle is extracted, while the number of cycles is normalized to
facilitate the comparison, as shown in Fig. 12.

It can be seen that for both the MVF and MEF stress paths, the
secant modulus increases in a stepwise manner as the cyclic
process increases, with the secant modulus of a single stage first
increasing sharply and then decreasing gradually. And it is
observed that the secant modulus of MFE is larger than that of MVF
as a whole, which is consistent with the phenomenon described in
Section 3.2.1. In addition, the secant modulus decreases substan-
tially with increasing thermal cycles, and this reduction gradually
attenuates as the cycling process continues.

Given the small magnitude of change in the secant modulus of
marble during a single cyclic stage, it is important to focus on the
evolution observed in the secant modulus during the first cycle of
each stage. To illustrate this, the data are extracted and plotted in
Fig. 13. It can be observed that the secant modulus obtained from
the MVF test exhibits logarithmic growth patterns when the
number of thermal cycles is less than or equal to 2, while it shows
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linear growth patterns at 4, 6, or 8 thermal cycles. In contrast, the
secant modulus obtained from the MEF test presents logarithmic
growth patterns when the number of thermal cycles is less than or
equal to 4, and changes to linear growth patterns when the
number of thermal cycles exceeds 4. Additionally, the slopes of the
growth trend decrease as the numbers of thermal cycles increase.

3.3. Characterization of energy evolution

The fields of rock mechanics often reflect the deformation
damage process characteristics and microscopic crack extension of
rocks through energy, which is not only closely related to rock
strength, but also can be used to propose damage constitutive
model based on dissipated energy changes occurring in rock mass
units. Therefore, in this paper, the energy evolution of marble in
sabotage is calculated with different numbers of thermal cycles
and various stress paths, and the principle of calculation is referred
to Fig. 14. According to the first law of thermodynamics, the
dissipated energy, elastic strain energy and total input energy can
be obtained by calculating the area of the stress-strain curve en-
velope, respectively:

UT =Ue + Ud (1)
where Ur is the total input energy, U, represents the elastic strain
energy and U, indicates the dissipation energy of marble during
multilevel constant-amplitude fatigue loading tests.

As shown in Fig. 14, for any hysteresis loop consisting of loading
and unloading curves, the corresponding energy can be obtained
by means of curve integration:
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where ¢; and oy represent the loading stress and unloading stress
in the hysteresis loop, respectively. ¢, 1 and ¢, indicate the strain
at minimum stress level of the n-1-th and n-th hysteresis loop,
respectively, and e;,_1 is the strain at maximum stress level of the
n-th hysteresis loop.

Figs. 15 and 16 illustrate the densities of total, elastic and
dissipated energy of the marble after different numbers of thermal
cycles in the MVF and MEF tests. As the number of stress cycles
increases, the total input energy and dissipated energy of indi-
vidual stages exhibit an “L” shape, i.e., the energy of the first cycle
always preserves the maximum, and then gradually decreases
until it remains stable, which indicates that the damage is mainly
concentrated in the first cycle. This phenomenon is more con-
spicuous with the increasing number of thermal cycles. In addi-
tion, the energy tends to increase in a stepwise manner as the
number of stages increases. Comparing the two stress paths, the
final dissipated energy of MVF is higher than that of MEF, while
MEF always has a higher proportion of dissipated energy in the
first cycle of each stage. Furthermore, under MEF stress path, the
elastic energy shares of marble subjected to increasing thermal
cycles are measured at 98.4%, 95.5%, 93.5%, 91.9%, and 88.9%,
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respectively. These values consistently exceed those observed
under MVF stress path, which register at 95.3%, 91.5%, 90.9%, 85.9%,
and 85.3%.

4. Microscopic inspection
4.1. Mechanical analysis of DSI

The previous analyses have revealed that cyclic thermal treat-
ment at the critical temperature significantly affected the macro-
mechanical behavior of fine-grained marble; however, the un-
derlying damage mechanisms have remained unclear. To further
investigate this, ten marble discs, each with a diameter of 10 mm
and a thickness of 5 mm, were prepared, and DSI mechanical tests
were conducted on hornblende and dolomite subjected to various
thermal cycles, which constituted the majority of the marble. The
constant depth indentation method was employed for these tests.
A diamond indenter was applied at a rate of 20 nm/s, with a
maximum indentation depth of 2000 nm. Upon reaching this
maximum depth, the load was held for 10 s before gradually
released at the rate of 20 nm/s.

To ensure the representativeness and statistical reliability of
the test results, the selection of nine indentation test locations
adhered to the following criteria: (1) Mineral distribution homo-
geneity control: the mineral composition of the sample surface
was pre-characterized using polarized light microscope. Test
points were exclusively selected within uniform regions where a
single mineral phase (e.g., dolomite or hornblende) accounted for
>95% of the composition, avoiding interference from mineral
boundaries or cracks. (2) Spatial distribution strategy: a “3 x 3 grid
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Fig. 7. Stress-strain curves of marble subjected to 4 thermal cycles: (a-b) are axial and lateral stress-strain curves of MVF and MEF, respectively, and (c-d) are volumetric stress-

strain curves of MVF and MEF, respectively.

pattern” was applied to uniformly cover the sample surface
(spacing >200 pm), eliminating errors caused by local defects or
edge effects. (3) Statistical requirements: at least nine indepen-
dent tests were conducted to mitigate the discreteness of micro-
mechanical properties, with the mean value and standard
deviation calculated (Liu et al., 2021).

Fig. 18 illustrates the DSI mechanical curves and microscopic
observations of hornblende and dolomite subjected to various
thermal cycles. Each mineral was tested nine times at different
locations, revealing significant variability in the mechanical
properties across different sites. It is worth noting that a few
indentation results have an indentation depth of more than
2000 nm, which may be due to the insufficient surface roughness
of the marble samples and the collapse of the mineral structure
during the creep process. Nevertheless, the impact on the overall
indentation results is negligible, as the errors due to these factors
are less than 5% (<100 nm).

The strength characteristics of the microunits are found to be
randomly distributed and discrete. As depicted in Fig. 19, the
average strength, hardness, and elastic modulus for both horn-
blende and dolomite decrease with an increasing number of
thermal cycles. Specifically, the average normal strengths of
dolomite for 0 to 8 cycles are 222.49 mN, 184.93 mN, 104.65 mN,
65.56 mN, and 41.48 mN, respectively. For hornblende, these
strengths are 177.53 mN, 138.31 mN, 124.50 mN, 101.60 mN, and
82.75 mN, respectively. The strength weakening observed in
dolomite is more pronounced compared to dolomite, indicating
that dolomite has a greater resistance to thermal cycling. The
average hardness values for dolomite across the same cycles are
1.41 GPa, 1.21 GPa, 0.84 GPa, 0.48 GPa, and 0.37 GPa, while for

dolomite they are 1.58 GPa, 1.00 GPa, 0.89 GPa, 0.88 GPa, and
0.52 GPa, respectively. Additionally, the average elastic modulus
for dolomite decreases from 47.55 GPa to 12.15 GPa over the cycles,
whereas for dolomite it ranges from 57.03 GPa to 20.60 GPa. In
addition, Fig. 20 shows the probability distribution of peak in-
tensities of hornblende and dolomite in different intensity ranges.
It can be observed that their micro unit intensities are mainly
concentrated in the range of 100-200 mN and followed the dis-
tribution pattern of probability functions.

In summary, the results of the DSI mechanical tests lead to the
following conclusions: (1) The strength, hardness and elastic
modulus of the microscopic units in the marble conform to a
probabilistic random distribution, although the differences are
significant, the average values have a representative implication,
and are able to reflect the strength of their physical and mechan-
ical properties. (2) Thermal cycling directly affects the physical and
mechanical properties of the rock matrix with an obvious weak-
ening effect. (3) The physical and mechanical properties of horn-
blende and dolomite exhibit generally identical behaviors under
thermal cycling.

4.2. NMR results analysis

Previous studies have shown that high temperatures can
induce thermal cracking, resulting in a reduction of mechanical
properties and changes to the internal pore structure. To further
investigate these effects, NMR analysis were performed on marble
samples subjected to different numbers of thermal cycles.
Following the thermal cycling treatment, the specimens were
saturated with water using a vacuum saturation device. The pore
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Fig. 8. Stress-strain curves of marble subjected to 6 thermal cycles: (a-b) are axial and lateral stress-strain curves of MVF and MEF, respectively, and (c-d) are volumetric stress-

strain curves of MVF and MEF, respectively.

distribution was then assessed using an NMR microanalysis sys-
tem. Signal intensity decay curves were obtained through the Carr-
Purcell-Meiboom-Gill (CPMG) sequence, and pore volume occu-
pancy at different scales was determined via numerical inversion.
The vertical axis of the T, spectral curve reflects the pore con-
tent corresponding to specific pore sizes. Based on previous
research (Fan et al., 2024), marble pores were categorized into four
types based on their size: micropores, small pores, medium pores,
and large pores, arranged in increasing order of size. Fig. 20 pre-
sents the T, spectral curves of the marble, with four color-coded
regions from left to right representing micropores, small pores,
medium pores, and large pores, respectively. Specifically, the dis-
tribution of relaxation times corresponding to microscopic pores is
in the range of T, < 1 ms, for small pores 1 ms < T, < 5 ms, for
medium pores 5 ms < T, < 25 ms, and for large pores T, > 25 ms. It
is evident from Fig. 21a that the T, spectrum of marble exhibits a
multi-peak distribution. Furthermore, as the number of thermal
cycles increases, the T, spectrum of marble undergoes substantial
changes. The porosity of marble subjected to O, 2, 4, 6, and 8
thermal cycles is 1.6%, 3.3%, 4.1%, 5.8%, and 10.9%, respectively.

5. Coupled thermal-fatigue loading damage constitutive
equation

5.1. Damage causation analysis

The damage mechanisms of marble under thermal-mechanical
coupling are inherently complex. This study delineates two pri-
mary categories of damage: that resulting from thermal cycling
and that induced by mechanical loading. As illustrated in Fig. 22, a
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range of influencing factors give rise to distinct physical and me-
chanical behaviors in marble. By integrating macro- and micro-
scale experimental findings with established principles, a
comprehensive synthesis of the phenomena associated with these
factors is provided:

(1) Increasing porosity caused by thermal cycles: Based on the
results of NMR tests, it can be seen that the porosity of
marble increases gradually with the increasing number of
thermal cycles, which will result in decreasing effective
bearing area of marble.

(2) Elastic modulus evolution: The results of the DSI mechanical
tests show that the average deformation modulus of the
minerals inside the marble decreases after different
numbers of thermal cycles. In addition, the elastic modulus
increases gradually with the number of stages during fa-
tigue loading.

(3) Increasing in plastic deviatoric strain due to monotonic
loading: Many mechanical parameters can represent the
damage during monotonic loading, such as axial strain,
dissipation energy, etc. In this study, to simultaneously
consider the deformation characteristics of marble in both
axial and radial directions, the plastic deviatoric strain is
selected as the damage variable for monotonic loading.

5.2. Derivation of coupled damage evolution function

5.2.1. Microcellular pore medium variation
The NMR results in Section 4.2 show that cyclic thermal
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Fig. 12. Evolution of secant modulus of thermal shocked marble subjected to varying numbers of thermal cycles under different fatigue stress paths: (a) MVF and (b) MEF.

treatment at high temperatures induces significant porosity in-
crease of marble, attributed to inhomogeneous thermal stresses
that expand and squeeze crystal units to sprout both intragranular
and transgranular cracks. However, during the initial and yielding
phases of the mechanical tests, the pore structure within the rock
undergoes a compaction stage and an expansion process, which
subsequently lead to alteration of the accurate effective bearing
area of the rock. Therefore, based on the mechanical condition of
continuous medium, the representative volume element concept
is proposed, and the damage intrinsic model is established (Ren
et al., 2022). According to the derivation of Yao et al. (2023), the
porosity e can be expressed as
e_b0— & (5)
1—¢
where e is the initial void ratio, and ¢, is the volume strain.
Eq. (5) is a method of calculating the pore ratio based on elastic
cross sections, however, as the stress level rises and the number of

fatigue times increases, the plastic deformation of the marble will
continue to increase, resulting in Eq. (5) no longer being appli-
cable. Therefore, a correction to the pore ratio for plastic deflection
strain is usually quoted:

e=

(6)

where y¢ represents the plastic deviatoric strain and 4, represents
the maximum plastic deviatoric strain.

5.2.2. Description of elastic modulus evolution

The results of the macro-mechanical tests show that the elastic
modulus of marble exhibits different evolution patterns under
different fatigue stress loading processes and numbers of thermal
cycles. As shown in Figs. 12 and 13, the elastic modulus of heat-
treated marble during fatigue can be expressed by the following
equations:
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Er=AK?> + BK +C (7)

[/

where Er is the elastic modulus of marble after heat treatment
during the fatigue loading; K'is the loading process parameter; A, B,
C are the fit parameters; i represents the number of cycles; N is the
total number of cycles at a stress level; and L is the total number of
stages.

5.2.3. Description of mechanical damage

Based on the statistics of the DSI micro-mechanics results, the
strength of the marble microunits is found to be random, con-
forming to the Weibull distribution, and its probability density
function can be expressed as

) ol )]

where T represents the micro-unit strength, which is a randomly
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distributed variable; mg and T, are the Weibull distributed
parameters.

According to previous studies, the plastic deformation induced
by monotonic loading during fatigue is considerable, thus, the
randomly distributed variable is often defined as the plastic bias
strain, and Eq. (9) is modified as (Yao et al., 2023):

020 =0

Based on the continuous medium assumption, the number of
damaged microunits within the marble is defined as N; and the
total number of microunits is defined as N, then their ratio is the
damage variable:

N
=5 (11)

(10)

Dm

where Dy, is the damage variable of monotonic loading. Integrating
the probability density function over a random interval yields the
microporous damage number N:

Na(#) = /Oyd NP(yd)dyd—N{l —exp[— (%) mo] } (12)

The monotonic loading damage variable can be obtained by Eq.
(11) and Eq. (12):

d\ Mo
ool ()]
0

The degree of damage during fatigue is often defined by the
elastic modulus, dissipated energy, and maximum or minimum
displacement, however, it is found through this study that these
parameters are difficult to differentiate the properties of fatigue
with different stress paths (e.g., MVF and MEF used in this paper).
The reversible deformation per cycle is adopted in this study as the
damage variable during fatigue loading, which is actually a hy-
pothetical damage variable used to correct for the variability
caused by the different loading methods, and in fact, the change in
reversible deformation reflects the change in rock stiffness during
fatigue. It can be expressed as

n
D= ﬁ)
f ; <gm

where Dy is the damage variable of fatigue loading; &, is the axial
reversible strain of ith cycle; ¢, represents the total axial revers-
ible strain.

Coupled damage variables for monotonic and fatigue loading
are obtained based on the Lemaitre strain equivalence hypothesis:

(13)

(14)

Total energy , [Elastic energy

b C

A

Dissipation energy
C

Fig. 14. Energy calculation schematic (Song et al., 2023).
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D =Dy + Di — DDy (15)
ra\™ (&

D=1-exp|— (2 1- ﬂ) 16

o[- E) %G 1o

5.2.4. Damage constitutive equation and parameter solution
Based on the above assumption of loss of partial deformation
and according to Hooke's law and deformation co-ordination

principle, the positive stress of marble can be obtained from the
following equation:
oi=Erei(1-D)(1-e) +u(oj +0) (17)
where o; is the equivalent stress; i = 1, 2, 3; ¢; and o, are the
principal stresses in the other directions, respectively, j = 1, 2, 3;
k =1, 2, 3; u is Poisson's ratio.

Combining Eq. (6), then the maximum and minimum principal
stresses can be expressed as

3665



Y. Song, S. Yang, K. Li et al. Journal of Rock Mechanics and Geotechnical Engineering 18 (2026) 3654-3674

1

51:ET(81—f:i2>(1—n)(1—e)+2ﬂa3 (18)

e
o
b

e—e
r1=Er(e3 - 22 ) (1-D)(1~€) + (e +3) (19)
Subtracting equation (14) from equation (15) gives the damage
constitutive equation:

Er(e1 —e3)(1-D)(1 —¢)

1+u (20)

01 —03=

Share of total elastic energy
=
°

IS4
>
G

For the conventional triaxial compression test, only the stress
damage caused by monotonic loading is considered, and the
damage constitutive equation for the triaxial compression test can
be obtained by taking Eq. (16) and Eq. (6) into Eq. (20):

0.8
0 2 4 6 8
Mo . Thermal shock cycles
Er(er —e3)exp| — (1 T 1+0 (=
I " Fig. 17. Total elastic energy shares of marble subjected to varying numbers of thermal
1 3 1+ u cycles under two stress paths.

(21)

Similarly, for the MEF and MVF stress paths, the damage eige-
nequation expression is

win-o] - (6)" |18 ()1 (12) =)

(22)

01 — 03 =

In this study, confining pressure s3 = 0. During multi-stage fatigue
loading, the slope of the envelope of the stress-strain curve at each
fatigue stage is kept zero, therefore, the following relationship is
obtained by the extreme value method:

o] (] £ @] (-2)62)

(23)

Olc =

o (egne o 14+ ) [
a \ 1= # (1-evc)?
yd 7m e ‘m e
(1) c n

+
— 2 -0 (24) (e1c—¢3c)
o1 — 3) 1- <1+,§’> ()

m

. . . mg =
where oy is the axial stress at peak point; ey, e3¢, &, 74 are the 0 _In (1+p)oic

axial strain, lateral strain, volume strain and plastic deviatoric el (1) (cozae B
strain at peak point during MEF and MVF. r T ) e ) | e

The Weibull distribution parameters mg and Ty are obtained by (25)
differential solution:
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Fig. 18. DSI mechanical curves and microscopic observation graphs of hornblende and dolomite subjected to varying numbers of thermal cycles.

A
To = < i (26)
mo
_In (I+u)o1c
ErH|1- 1+:Tg ({L;W) (e1c—e3c)
where Q = 3} H = Ep {1 -, (g—m)] and the detailed
o(e1-¢3)

derivation processes are given in Appendix A.

3667

5.3. Validation of H-M damage constitutive model

By combining the experimental results with Eqs. (25) and (26),
the model parameters for marble under MVF and MEF loading,
subjected to different numbers of thermal cycles, are calculated.
The results are presented in Table 2, and the comparisons of the
obtained multi-stage fatigue envelopes with the experimental
data are shown in Figs. 23 and 24.

As shown in Table 1, since the Poisson's ratio in the fatigue
loading stage changes with the number of stages, in order to
simplify the calculations, the Poisson's ratio derived from the
30%-70% peak stress segment of the conventional triaxial
compression test's stress-strain curve is adopted as a
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representative value for both MVF and MEF stages. In addition,
since the peak plastic deflection strain in the fatigue process is
different in each stage, the extreme values are solved for multiple
stages, and Table 1 only lists the distribution parameters of the
first stage. In rock mechanics, mg indicates the inhomogeneity of
the material. the larger the value of mg, the more discrete the
distribution of microcracks within the rock and the more signifi-
cant the inhomogeneity. In addition, Tp, which represents the
characteristic lifetime of a rock specimen, directly quantifies the
material's resistance to damage, where higher value is associated
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with greater resistance to damage and longer life expectancy. The
pattern of change in these distribution parameters is conditionally
dependent and needs to be analyzed in conjunction with specific
experimental conditions, material properties, and external ther-
mal loading strategies (Sun et al., 2020). For example, previous
studies have shown that mg values typically increase due to
microcrack expansion in mechanical cyclic impacts (without
thermal action), and that mg values may decrease due to weakened
mineral particle bonding (with a temporary increase in homoge-
neity) in thermal cycling (Lu TC. et al., 2024; Yao et al., 2023). In
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Fig. 22. Flow chart of constitutive equation for thermal-mechanical coupling damage.

Table 2

Modelling parameters of marble subjected to varying numbers of thermal cycles
under two loading methods (mg and Ty are the parameters corresponding to the
first stage).

Paths Number of thermal cycles u e v mo To

0.008

0.0156
0.0202
0.0262
0.0324
0.0076
0.0162
0.0197
0.0238
0.0287

MVF 0.25
0.26
0.28
0.31
0.35
0.25
0.26
0.28
0.31
0.35

0.016
0.033
0.041
0.058
0.109
0.016
0.033
0.041
0.058
0.109

0.8760
0.7796
0.7267
0.6410
0.6318
0.825

0.7776
0.7418
0.6733
0.6376

0.0054
0.0041
0.0029
0.0023
0.0019
0.0043
0.0039
0.0036
0.0035
0.0021

MEF

O A NOKDMMNO

this study, as shown in Table 1, the parameters mg and Ty gradually
decrease with the increasing number of thermal cycles (mg always
remains below 1), which implies that the failure mode of the
marble specimens after thermal cycles is controlled by the initial

defects, and that the rock gradually changes from brittle to ductile
with the increasing number of thermal cycles, and both the
damage resistance and the fatigue life resistance decrease.

Figs. 23 and 24 present the comparison between the outer
envelope lines derived from the thermal-mechanical coupling
damage constitutive model and the corresponding experimental
curves. The model demonstrates a strong capability to accurately
describe the stress-strain envelope of marble subjected to multi-
stage fatigue following various thermal cycles. However, the pa-
rameters mg and Ty, which varied at different stress levels, intro-
duce complexity into the calculation process, thereby restricting
the model's applicability.

6. Discussion
6.1. Comparison with existing studies
Compared to existing studies, the innovation of this research is

manifested in four key aspects: engineering context, temperature
mechanism, stress path and auxiliary monitoring means. As
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3669



Y. Song, S. Yang, K. Li et al.

(@)

60

Journal of Rock Mechanics and Geotechnical Engineering 18 (2026) 3654-3674

—— Model
Test

STV
/ P

Stress (MPa)

—— Model Vi —— Model
% Test q/ 40 Test
o o .
-9 / E 30
% 30 / e
2
4 / £ 2
& =
@ g / n /
. /
10 Y /
//’/ ///
o L= . L
0 o1 02 03 04 05 06 07 08 0 02
Axial strain (%)
d
( )zs
—— Model 7N\
20 Test /
/
//7‘
E 15 / i
s
z 7
g2 w ,/
@ o
y
7 /
5 e 4
e
S
//,

02 04 0.6

Axial strain (%)

0.4

Axial strain (%)

©

Stress (MPa)

0.6 02 0.4 0.6

Axial strain (%)

08 1

0.6
Axial strain (%)

Fig. 24. Comparison of model envelopes and experimental results for marble subjected to varying numbers of thermal cycles under MEF stress path: (a) 0 cycle, (b) 2 cycles, (c) 4

cycles, (d) 6 cycles, and (e) 8 cycles.

shown in Table 3, regarding engineering context, previous studies
primarily focused on deep geothermal engineering (typically
>300 °C), nuclear waste storage (>400 °C), and thermo-
mechanical coupling in ultra-deep tunnels or mining (Liu et al.,
2020; Pathiranagei and Gratchev, 2022). In contrast, this work
specifically addresses the moderate temperature conditions
(<300 °C) prevalent in EGS development. It is noteworthy that the
actual thermal cycling amplitude sustain by rock masses during
cyclic injection-production in HDR reservoirs is substantially
lower than in conventional high-temperature rock engineering
scenarios. This fundamental difference governs distinct mineral
phase transition mechanisms and thermal damage evolution
pathways.

For temperature mechanism, although existing studies have
confirmed mechanical degradation of rocks under high tempera-
tures (>300 °C), the mechanical response within the critical
200-300 °C range remained controversial. Some studies reported
strength enhancement due to mineral expansion, whereas our
experiments revealed that marble subjected to 2, 4, 6, and 8
thermal cycles in this temperature range showed UCS reductions
of 22.72%, 43.43%, 53.17%, and 61.29%, respectively, with elastic
modulus degradation rates reaching 23.81%, 58.57%, 61.02%, and
68.3%. Besides, it is worth mentioning that Zhou et al. (2015)
investigated thermal cycling tests of rocks in the temperature in-
terval from 25 °C to 60 °C and found that some rocks were
damaged and showed weakening of the elastic modulus, while
some showed strengthening behavior. This suggests that differ-
ences in temperature action intervals may lead to different
thresholds of strengthening and weakening transformations of
rocks. Thermal cycling in the low-temperature interval (<100 °C)
may reduce microcracking through thermal compaction effects,
and mineral particle expansion differences begin to dominate in
the mid-temperature interval (100 °C-300 °C), when the
strengthening effect tends to be in a critical state. Whereas the
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temperature used in the present study, 300 °C, shows a clear
tendency to weakening. Furthermore, the thermal cycling ampli-
tude in the high-temperature interval exceeds the critical value,
and the damage in the high-temperature interval tends to be
irreversible compared to the reversibility of the damage in the
low-temperature interval. On the other hand, low amplitude
thermal cycling, as well as low-frequency loading, was used in
Zhou's study, which may have led to a more pronounced inter-
locking effect of the particles due to thermal expansion, thus
stimulating the hardening mechanism. In contrast, the high-
frequency loading, as well as the high-amplitude thermal cycling
used in this study, accelerated the concentration of thermal
stresses at the crystal interface and widened the range of influence
of irreversible thermal damage.

Concerning stress paths, most existing thermo-mechanical
coupling tests adopted static monotonic loading (Liu et al., 2020;
Pathiranagei and Gratchev, 2022; Fan et al, 2024), failing to
replicate the progressive cyclic loading characteristics during hy-
draulic fracturing. This study adopts MEF and MVF stress paths.
Experimental results demonstrate that specimens undergoing 8
thermal cycles exhibit 33.71% and 23.86% higher axial strain
accumulation under MVF and MEF loading, respectively, compared
to static conditions. This provided critical parameters for evalu-
ating long-term stability of EGS reservoirs under combined
fracturing-injection operations.

Ultimately, in terms of auxiliary monitoring methods, existing
studies mainly employed P-wave velocity test, XRD and SEM to
qualitatively analyze the thermal damage effects (Xiao et al.,
2021a,b; Fu et al., 2024; Yu et al.,, 2025). The P-wave velocity
test, for instance, only reflects the changes in the physical prop-
erties of macroscopic rocks, and is unable to differentiate between
pore evolution and microcrack expansion, the decrease in P-wave
velocity after thermal cycling of rock may originate from either
increased porosity or grain boundary debonding. Moreover, XRD
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Table 3
Existing studies of thermal-mechanical coupling experiments and damage constitutive models.

Background  Experimental Complementary Rock type Damage models Parameter's characteristics Major conclusion Reference
content means

Deep Monotonic EFM codes Unmentioned Ds = e1 and &3 are the major and The strength and elastic Liu et al.
geothermal loading after DEM simulation Ey F1<0 and F,<0 minor principal strains. e;p modulus of the rock (2020)
engineering single I and eco are the maximum conform to different

thermal Eg* ‘o Fi =0 and dF;>0 tensile and maximum damage laws. Numerical
treatment £ ’ compressive principal results demonstrate that
3 strains when tensile and  thermally-induced
Eo* eio F;=0 and dF;>0 shear damage occurs damage is dominated by
tensile damage.

Underground - Sandstone Fo and m are the derived The critical thermal Pathiranagei
tunnelling D -1 Er constants I} and J, defines damage curve increases and Gratchev
and mining - EeXP B the first effective stress ~ polynomially with (2022)

invariant and the second increasing temperature,
11, sing — —sin g\ /] m effective deviator stress ~ While the critical
3150 e V3 PyJ2 invariant, respectively. mechanical damage curve
Fo shows a gradual decrease.

Opencast Monotonic P-wave test Mudstone " 1 Fo and Sy are the derived The temperature dictates Fu et al.
mining, loading after Diffraction of X- D=/ mexl){ - constants The strength the failure modes of (2024)
tunnel cyclic thermal rays (XRD) 5 limit of the microelements rocks, whereas the
boring or  treatment 1(“‘ k— FO) }dx obeys a lognormal number of heating and
drilling 2 So distribution. water-cooling cycles

influences the crack
extension patterns.

compressed P-wave test Granite D — to e’% T — acTro e*% a, b and c are derived Temperature lowers the Yu et al.
air energy n B r res constants. s=(cmax—omin)/ fatigue threshold while  (2025)
storage 03, 6max and omip are the  confining pressure raises
(CAES) upper and lower limits of it.

cyclic stress, respectively.
T; is the relative
temperature variation.

Nuclear waste Cyclic loading NMR Granite - - As the cyclic number Fan et al.
storage after single increases, the maximum (2024)

heat pore size and porosity

treatment decrease first and then
increase as the cyclic
number increases.

Underground Scanning Sandstone - - Temperature affects the Xiao et al.
coal Electron deformation properties of (2021)
gasification Microscope rocks, resulting in a

(SEM) significant correlation
between crack volume
strain and temperature.

CAES Cyclic loading Basalt Hardening: 56 = (6max — Omin)/UCS The effect of cyclic Zhou et al.
after cyclic Dy = agAT e b0/m _ ¢q(s5)e=%/m  aTv _ (Tmax — Tomin)/ Tmax temperature can be (2015)
heat Weakening: . . (1+sing) - superppsed on the effect Zhou et al.
treatment Dy (Elr’nax _ Ezﬂn)nlic F =0] - A —sing)” of cyclic stress. (2017)

Dn = —M[l ~a o] + do. bo, Co, b, ¢, M and do
arederived constants;
agAT e—b0/m
Total damage:
Dm = (1 = Du)exp|— (F'/Fo)"]
HDR NMR Marble Damage caused by mechanics: mo, To, €0, 4, 7%, are derived The difference in the This study
DSI constants; number of thermal cycles

1o
o (1)

vd

)1l

T

is better reflected in the
porosity.

Microunit strength of
marble after thermal
damage conforms to the
Weibull distribution.

Most parameters enjoy
natural physical meaning.

Damage resulted by thermal: e =

(1

™\ (e — e
vy A
Ym &

only provides the mineral phase transition with the volume-
averaged information (e.g., 5% decrease in calcite content), while
SEM is limited to the observation of surface micrometer-scale
morphology (e.g., crack width statistics on grain surfaces). All of
these methods lack quantitative correlation between thermal
damage and mechanical properties. In this study, we
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quantitatively resolved the variations in pore structure using NMR
to fundamentally quantify the thermal cycling damage. And
quantitatively measured the distribution characteristics of hard-
ness, elastic modulus, and strength of the mineral structure at the
nanoscale by DSI, which enables the analysis of the damage
mechanism from the single-scale observation to the cross-scale.
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6.2. Advantages and limitations of the proposed damage model

As shown in Table 3, the damage constitutive models for the
four thermal-mechanical coupled cases (monotonic loading after
single heat treatment, monotonic loading after cyclic heat treat-
ment, cyclic loading after single heat treatment, and cyclic loading
after cyclic heat treatment, respectively) are summarized, and the
applications of these models range from different rock types, with
or without confining pressure, different stress paths (including
amplitude, frequency, and loading modes) to variable thermal
paths (including different cooling modes, monotonic heat treat-
ment and cyclic heat treatment) (Zhou et al., 2015, 2017, Liu et al.,
2020; Pathiranagei and Gratchev, 2022; Fu et al,, 2024; Yu et al,,
2025).

In general, these damage models usually distinguish between
thermal and mechanical damage, and then the couple both dam-
ages to characterize the total damage according to the corre-
sponding geometrical relationships within the microunits.
Simultaneously, a commonly accepted assumption is that the
distribution of microscopic cracks in rocks is random and that the
mechanical damage in rocks can be characterized by a variety of
statistical methods, most commonly the Weibull and normal dis-
tributions. However, these studies seldom provide an explanation
for why adopting these probability distribution functions. In fact,
different rock types have different strength distribution charac-
teristics within their micro-element under different temperature
environments. This study, however, derives the conclusion by
statistically determining the micro-strength through DSI,
demonstrating that the Weibull distribution aligns consistently
with the experimental results. In addition, in previous studies,
many parameters of rocks, such as axial strain, microcrack radius,
and energy-elastic modulus, have been treated as randomly
distributed variables to define the occurrence of damage. However,
these variables tend to neglect thermal damage as well as irre-
versible deformations caused by fatigue damage.

In defining thermal damage, researchers have focused on
changes in macroscopic elastic modulus. Complex empirical
models (e.g., S-type or logarithmic) have been used to describe the
weakening or strengthening of the elastic modulus due to thermal
damage. However, at the microscopic scale, the evolution of
macroscopic elastic modulus is fundamentally driven by changes
in pore structure and microunit strength. Therefore, based on NMR
and DSI experimental results, we developed a damage model
incorporating real-time porosity changes. This model yields
experimentally accessible invariants that may hold greater prac-
tical physical significance than those in previous studies.

The proposed model exhibits three principal limitations that
warrant further investigation: (1) Its parametrization relies on
multiple experimentally determined parameters, imposing higher
data acquisition demands compared to conventional phenomeno-
logical models; (2) The formulation lacks capability in capturing
thermally induced strength enhancement behavior under specific
thermal regimes; (3) The constitutive frameworKk is strictly confined
to compressive stress states, failing to characterize tensile modulus
degradation and fracture patterns in post-thermal-cycling
scenarios.

7. Conclusions

A series of multistage equal-amplitude and variable-amplitude
fatigue loading tests were carried out on marble subjected to
different numbers of thermal cycles, aiming to deeply explore the
mechanical strength, deformation behavior, and the deterioration
mechanism of thermal cycles. Micro-mechanical tests including
NMR and DSI were conducted to quantify the damage induced by
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thermal and mechanical stress. The corresponding damage
constitutive model under the coupled thermal cycling and fatigue
loading conditions was established. The conclusions were sum-
marized as follows:

(1) Reversible deformation distinguished the deformation
characteristics of marble under both MVF and MEF loading
conditions. Specifically, the reversible deformation corre-
sponding to each cycle increased gradually with the number
of stages in MVF while it decreased in MEF.

(2) Under both MEF and MVF loading, the secant modulus
increased incrementally with the rising stress level but
decreased significantly as thermal cycles accumulated.
Additionally, when thermal cycles exceeded six, the defor-
mation modulus of marble transitioned from curvilinear to
linear growth.

(3) The DSI results revealed that the mechanical behavior of
microunits varied significantly among minerals and loca-
tions but generally followed a Weibull distribution. As
thermal cycles accumulated, inter- and transgranular
cracking increased, whereas the elastic modulus, hardness,
and strength of hornblende and dolomite decreased.

(4) The NMR results demonstrated that increasing thermal cy-
cles caused a rightward shift in the T2-curve, revealing a
microporosity-to-macroporosity transformation in the
marble's pore structure. The measured porosities at 0, 2, 4, 6
and 8 thermal cycles were 1.6%, 3.3%, 4.1%, 5.8% and 10.9%
respectively.

(5) Based on the results of macroscopic and microscopic me-
chanical tests, a damage constitutive model for the coupled
action of thermal and mechanical cycles was established
using the statistical theory of damage. The model can
describe the mechanical characteristics caused by the rock
porosity and volume changes under thermal and fatigue
loading conditions.
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