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Under the conditions of underground coal gasification (UCG), the pore structure and mechanical properties of
overlying rocks are crucial for the stability of surrounding strata. Therefore, it is of great significance to
investigate the thermal damage of surrounding rocks. In this study, the variations in apparent characteristics,
mass, P-wave velocity, porosity and strength of sandstone after high temperature from room temperature to 800
°C. The results indicate that the physical and mechanical properties of sandstone exhibit different degrees of
variation after being subjected to high temperatures. Macropores complexity peaks at 400 °C then weakens due
to crack network simplification, while mesopores regularity linearly increases with cementation loss. Porosity
growth rate shows three-stage escalation through thresholds at 200 °C and 600 °C, rising from 3.81 % (25 °C) to
18.70 % (800 °C). The mechanism of sandstone damage caused by high temperatures has been explored based on
microscopic thin-section analysis, and the findings of the research can offer insights for the evaluation of rock

damage in underground coal gasification.

1. Introduction

Underground coal gasification (UCG) is a process that converts coal
into combustible gases through controlled in-situ combustion, involving
thermal and chemical reactions, significantly enhancing coal resource
utilization [1]. As illustrated in Fig. 1, UCG generates substantial heat
and combustion gases, altering the physical and mechanical properties
of overlying rock strata and compromising the stability of surrounding
rocks. This process may lead to ground subsidence and failure of gasifier
sealing [2,3]. Consequently, understanding the effects of high temper-
atures on the physical and mechanical characteristics of rock masses is
critical for safe and successful engineering design [4].

As temperature increases, thermal stress-induced damage to sur-
rounding rocks intensifies [5-7]. Elevated temperatures alter the key
parameters of rock mass, including mass, longitudinal wave velocity,
permeability, porosity, and strength [8-12]. Under thermal stress, initial
defects in rock masses-such as pores, microcracks, and fractures-evolve
through the initiation, propagation, and interconnection of intergran-
ular, transgranular, and boundary cracks, ultimately degrading rock

integrity [13-17]. For instance, the physical properties of red sandstone
exhibit three distinct stages of evolution with temperature: 25-300 °C,
300-800 °C, and 800-1000 °C [6]. Deng [7] observed that the uniaxial
compressive strength (UCS) of sandstone initially increases and then
decreases with rising temperature. These studies collectively confirm the
existence of threshold temperatures beyond which rock properties
deteriorate significantly.

Advancements in modern testing equipment and methodologies
have enabled integrated macro-micro investigations into the thermal
damage of rocks under high temperatures [18]. Current mainstream
techniques include optical microscopy (OM), nuclear magnetic reso-
nance (NMR), scanning electron microscopy (SEM), computed tomog-
raphy (CT), and X-ray diffraction (XRD) [19-22]. For example, Acevedo
Zamora [23] developed a novel image analysis software, "Pipeline,"
combined with OM, to analyze thin sections of five metamorphic rocks
and standard optical microscope images, demonstrating its efficacy in
mineral identification and classification. NMR is widely used to track the
evolution of fine pore structures under varying environmental condi-
tions. Zhang [18] employed NMR to study sandstone pore structure
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Fig. 1. Schematic diagram of high-temperature environment and overlying
rock stability for underground coal gasification (UCG).

evolution under combined thermal and acidic conditions, revealing a
gradual reduction in micropores and an increase in mesopores and
macropores. Fan [24] utilized CT to analyze the microstructure, het-
erogeneity, and anisotropy of granite after high-temperature treatment,
showing that porosity increases significantly between 400 °C and 800
°C. Yang [25] conducted in-depth CT-based studies on internal crack
evolution in thermally damaged granite.

While extensive research has focused on temperature-dependent
variations in rock physical and mechanical properties, existing studies
predominantly emphasize macroscopic pore structure evolution and its
correlation with mechanical parameters. However, the synergistic
mechanisms between pore fractal characteristics and mineral composi-
tion during thermal damage remain unclear. Systematic studies inte-
grating fractal dimension-based quantification of pore complexity, XRD
mineral analysis, and thin-section microscopy are notably lacking.
Therefore, a comprehensive investigation into the multi-scale coupling
mechanisms governing the microstructural evolution of thermally
damaged sandstone is essential to elucidate the intrinsic drivers of its
physical and mechanical degradation. In the context of UCG, this study
selects red sandstone as the research subject. Specimens are thermally
treated at varying temperatures, and apparent characteristics, longitu-
dinal wave velocity, and mass loss are measured. Nuclear magnetic
resonance (NMR) is employed to explore pore evolution patterns under
different thermal conditions, while mechanical performance is evalu-
ated to establish theoretical and experimental foundations for assessing
thermally-induced damage to surrounding rocks.

2. Materials and methods
2.1. Sample preparation

Red sandstone samples were collected from Rizhao City, Shandong
Province, China (Fig. 2). The specimens exhibited a red surface with
scattered white spots at room temperature. To minimize heterogeneity,
all samples were extracted from a single rock block following the rec-
ommendations of the International Society for Rock Mechanics (ISRM).
Standard cylindrical specimens (diameter: 50 mm; height: 100 mm or
25 mm) were prepared, totaling 20 samples. Both ends of the specimens
were polished to ensure flatness with a tolerance of + 0.2 mm. These
samples were designated for Brazilian splitting tests and uniaxial
compression tests. The primary mineral components of the samples are
quartz (Qtz), albite (Ab), microcline (Mi), and kaolinite (Kln), with
minor calcite (Cal). Specifically, SiOz content is the highest at 73.7 %,
while the contents of Na (AlSisOs), K (AlSisOs), K (AlsSiz0s(OH)s), and
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Fig. 2. Geographic location of sandstone samples.
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Fig. 3. Mineral composition analysis of sandstone at room temperature.

Ca(C0s) are 11.1 %, 6.9 %, 6.6 %, and 1.7 %, respectively (Fig. 3).The
initial longitudinal wave velocity of the sandstone averaged 2134 m/s.
Specimens were grouped and numbered based on their longitudinal
wave velocity results.

2.2. Thermal treatment

Heating rate, target temperature, cooling rate, cooling method, and
medium significantly influence the physical and mechanical properties
of rocks [26]. Rapid or slow heating rates affect the evolution of thermal
cracks differently [27]. A TNX1400 muffle furnace (maximum temper-
ature: 1350 °C, temperature control precision: +1°C) was employed for
heating. The furnace automatically regulated heating and cooling pro-
cesses. Five temperature levels were selected: 25 °C, 200 °C, 400 °C, 600
°C, and 800 °C. Each temperature group included two parallel speci-
mens. The heating rate was set to 5 °C/min. After reaching the target
temperature, specimens were held for 4 h to ensure uniform heating.
Following thermal treatment, the furnace was turned off, and specimens
were naturally cooled to room temperature inside the furnace before
subsequent testing.

2.3. Testing equipment and procedures

The testing equipment and procedures are shown in Fig. 4. After
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Fig. 4. Main experimental equipment and procedure.

thermal treatment, a D8 ADVANCE X-ray diffractometer was used for
phase analysis of the original samples. The instrument has a scanning
range of 0°~140°, a goniometer precision of 0.0001°, and an accuracy
< 0.02°. A high-precision analytical balance was used to measure the
sample mass, with three measurements per sample. An HS-YS301T ul-
trasonic detector (produced by Tianhong Electronics Institute, Xiangtan)
was employed to determine longitudinal wave velocity. This instrument
has one transmission channel, one receiving channel, a frequency
bandwidth of 10 kHz-1.5 MHz, a sampling rate of 0.05 ps, and a sam-
pling capacity of 4k. During testing, to ensure good contact between the
sample and the probe, Vaseline was evenly applied to the ultrasonic

transducer, and the sample and transducer were placed together on the
test bench. A MesoMR23-060V-I nuclear magnetic resonance (NMR)
analyzer was used to test the porosity of the samples. First, the treated
samples were placed in a water-filled container, which was then placed
in a vacuum saturator for 24 h of water saturation, with dry and wet
vacuum pumping each set to 4 h. After vacuum treatment, the saturated
samples were removed and sealed with polytetrafluoroethylene (PTFE)
film. The entire experiment adopted the Carr-Purcell-Meiboom-Gill
(CPMG) sequence. The main parameters of this sequence were as fol-
lows: The magnet temperature is maintained at 32 °C with a main
radiofrequency signal frequency of 21 MHz. The acquisition parameters

| 200 °C

(a)

(b)

Fig. 5. Apparent color and crack evolution of red sandstone after high temperature.
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include: 32 cumulative sampling counts, 2048 echoes, 204,828 sam-
pling points per echo, and an echo time of 0.1 ms. Uniaxial compression
and Brazilian splitting tests were conducted on a TAW-2000 device. This
equipment has a maximum load capacity of 2000 kN, a displacement
measurement error < + 1 %, and a deformation measurement error
< + 0.5 %. Load was applied using displacement control mode at a rate
of 0.01 mmy/s. Finally, a Nikon CI-POL polarizing microscope (Japan)
with 500 x magnification was used to observe the microstructure of the
thermally treated sandstone, obtaining mineral composition and crack
distribution patterns.

3. Results and analysis
3.1. Physical properties

3.1.1. Apparent characteristics

The color changes and surface cracks of red sandstone after different
high-temperature treatments are shown in Fig. 5. Below 200 °C, the
sandstone specimens remain red, as the primary process is free water
dehydration, with negligible changes in surface color and volume. When
the peak temperature rises to 800 °C, chemical reactions occur,
oxidizing Fe** ions to Fe? * ions, resulting in a gradual transition of the
surface color to brick-red, accompanied by blackened particles. Obser-
vations from the top and front views of the captured samples reveal
irregular and non-uniform crack distribution. Specifically, no significant
cracks are observed on the sandstone surface below 600 °C, whereas at
800 °C, numerous cracks appear. Under high-temperature conditions,
substantial thermal stress induces crack initiation and propagation from
the specimen center, forming interconnected crack networks. Two
dominant axial-parallel cracks are observed, along with spalling frag-
ments near these cracks and specimen ends. Notably, specimens treated
at 800 °C were excluded from subsequent mechanical tests due to severe
structural damage.

3.1.2. Mass loss and longitudinal wave velocity

High temperatures alter the mass and longitudinal wave velocity of
sandstone. Given the small mass variations across temperature groups,
mass loss rate (Ky) and wave velocity attenuation rate (Kp) were
adopted to characterize these changes [28,29]. The calculation formula
is as follows:

AV
Ry == x 100% 1

where AV represents the rate of change in physical parameters, and Vj
denotes the initial values of the parameters.

As shown in Fig. 6a, both mass loss rate and wave velocity
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attenuation rate increase with temperature. In the range of 25-200 °C,
the mass loss rate of sandstone remains minimal at 0.069 %. At 800 °C,
the mass loss rate ranges from 0.069 % to 3.53 %, representing a 51-fold
increase compared to room temperature. The primary reasons are as
follows: At lower temperatures (25-200 °C), free water within the
sandstone vaporizes and escapes [30], resulting in minimal mass
changes. At 400 °C, kaolinite begins to dehydrate, further increasing the
mass loss rate. At 573 °C, the quartz phase transition (a—/f) induces
volumetric expansion, generating internal stresses. When these stresses
exceed the stiffness of mineral grains, cracks initiate, propagate, and
interconnect, leading to structural deterioration. At 800 °C, surface
fragmentation causes significant mass loss.

Longitudinal wave velocity serves as an acoustic indicator for eval-
uating rock damage and crack development. At room temperature, the
average longitudinal wave velocity of sandstone is 2134 m/s. With
increasing temperature, the wave velocity decreases progressively
(Fig. 6b): At 200°C, the velocity decreases by 2.55 % compared to room
temperature. At 400°C, 600°C, and 800°C, the reductions are 6.84 %,
34.51 %, and 48.57 %, respectively. The decline in wave velocity is
attributed to thermal stress-induced boundary and transgranular cracks,
which compromise rock integrity. Additionally, the escape of free water
and evaporation of structural water at elevated temperatures increase
porosity and crack density. The resulting structural deterioration ob-
structs stress wave propagation, causing energy attenuation and reduced
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Fig. 7. Stress-strain curve of sandstone after high temperature treatment.
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wave velocity [31].
3.2. Mechanical properties

Fig. 7 shows the axial stress-strain curves of red sandstone after high-
temperature treatments (200 °C, 400 °C, 600 °C). Similar to the room-
temperature (RT) specimens, the stress-strain curves of thermally
treated samples also exhibit five typical stages: compaction stage, elastic
deformation stage, stable crack propagation stage, unstable crack
propagation stage, and post-peak failure stage [32]. During the initial
loading phase, the curve exhibits an upward-concave nonlinear growth
due to the closure of internal pores and microcracks in the rock. As
temperature increases, the duration of the compaction stage signifi-
cantly prolongs (Fig. 7), indicating that high temperatures lead to an
increase in the number of microcracks [33]. After the closure of
microcracks, the curve enters the linear elastic stage, and the elastic
modulus can be calculated from the slope of this segment. With
continued axial strain, the curve deviates from linearity and enters the
yielding stage, during which new microcracks gradually accumulate
inside the specimen. When the stress reaches the yield strength, cracks
enter the unstable propagation stage, rapidly interconnecting to form
macroscopic fracture surfaces, and the curve drops sharply until the
specimen is completely destroyed.

Peak strength, elastic modulus, and peak strain of the sandstone were
extracted from the stress-strain curves (Table 2, Fig. 8). The results show
that as temperature increases, the uniaxial compressive strength, elastic
modulus, and tensile strength all exhibit a decreasing trend, while the
peak strain gradually increases. Specifically: From 25°C to 200°C: The
compressive strength and elastic modulus decrease rapidly by 15.31 %
and 21.53 %, respectively, while the peak strain increases slightly by
4.14 %. During this stage, water escape promotes microcrack propaga-
tion but does not significantly damage the mineral skeleton. From 200°C
to 400°C: The changes in mechanical parameters slow (compressive
strength decreases by 19.56 %, elastic modulus by 22.46 %, and peak
strain increases by 3.45 %). This is mainly because the adsorbed water
inside the specimen has completely escaped, and the mineral compo-
nents undergo no chemical changes, only slight thermal expansion
under temperature effects.

When the temperature rises from 400°C to 600°C, the compressive
strength and elastic modulus plummet by 39.04 % and 55.68 %,
respectively, while the peak strain surges by 36.55 %. During this stage,
the quartz a—f phase transition (573°C) in the main components of the
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specimen causes volumetric expansion, leading to a sharp increase in
internal stresses between mineral particles [34]. This results in the
generation and interconnection of numerous cracks, significantly dete-
riorating the sandstone structure. Additionally, when the temperature
reaches 400°C, kaolinite begins to dehydrate, further promoting the
formation of microcracks and reducing the specimen strength. Notably,
the tensile strength decreases approximately linearly from 25°C to
600°C without a clear threshold, indicating that its degradation is
controlled by the continuous processes of cementation weakening and
uniform microcrack propagation.

3.3. Pore structure

Nuclear magnetic resonance (NMR) technology primarily utilizes the
relaxation properties of hydrogen-containing fluids in rock pores,
including bulk relaxation time, surface relaxation time, and diffusion
relaxation time. After saturation treatment, the rock is subjected to
CPMG (Carr-Purcell-Meiboom-Gill) pulse sequence testing to obtain
decay signal values. This signal is a superposition of signals emitted by
pores of different sizes within the rock. The spin-echo decay curve can be
fitted with a set of exponential decay curves, each with a distinct decay
constant. The collection of these constants constitutes the Tz spectrum
distribution of NMR. The area under a T spectral peak represents the
number of pores of that specific size [35,36].

1 1 1 1

Bl T B R 2
Ty Top Tos Top

where, Torepresents the total relaxation time, Togrepresents the volume
relaxation time, Tosrepresents the surface relaxation time, and
Toprepresents the diffusion relaxation time, respectively [37].

1 S\ _ F
n=o(7) =% ©
r = TyFsp “4)

In these equations, p is the transverse surface relaxivity coefficient of
the rock (typically 1-10 pm/s), S is the pore surface area, V is the pore
volume, Fg is the pore shape coefficient (1, 2, and 3 for planar, cylin-
drical, and spherical pores, respectively), and r is the pore radius [38].

From Eq. (3), it is evident that the pore radius r is proportional to Ts.
Therefore, the pore radius distribution of the rock can be derived by
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converting T values. A systematic classification method divides pores
into four types: micropores (r < 0.1 pm), mesopores (0.1 pm<r < 1 pm,
macropores (1 pm<r < 10 pm), and fractures (r > 10 pm) [39].

3.3.1. T2 spectra and pore size distribution

The T- spectra of sandstone samples after different temperature
treatments are shown in Fig. 9. All Tz spectral curves exhibit smooth,
continuous bimodal distributions, indicative of a typical normal distri-
bution. This suggests that the sandstone has a continuous pore size
distribution. At temperatures below 600 °C, the peak positions slightly
shift to the right, and the peak amplitudes increase significantly
compared to untreated samples. At 800 °C, the first peak shifts markedly
to the right, and its intensity increases sharply. This indicates that
thermally induced cracks gradually initiate, propagate, and interconnect
within the sandstone as temperature rises, leading to an increase in the
number of pores corresponding to this peak. Overall, the T- spectra of
thermally treated sandstone reflect the evolutionary patterns of pore
structure. The area under the T2 spectral curve increases with temper-
ature, demonstrating that elevated thermal stress promotes pore
development.

From Eq. (4), the pore radius of the rock is proportional to the T2
value. Thus, the pore size distribution can be determined from T values.
The pore size distributions of sandstone after different temperature
treatments are shown in Fig. 10. The results reveal that sandstone pores
consist primarily of micropores, mesopores, and macropores, with
mesopores dominating and fractures being the least prevalent. This
demonstrates a multi-scale pore size distribution in sandstone. The
proportion of micropores decreases with increasing temperature, while
the proportion of mesopores increases.

3.3.2. Porosity variation

Fig. 11 shows the NMR porosity of sandstone samples under different
temperature treatments. The porosity evolution can be divided into
three stages: 25-200°C, 200-600°C, and 600-800°C. The average
porosity of untreated sandstone is 3.65 %, indicating that sandstone is a
complex porous medium. At 200 °C, porosity increases to 3.90 %, a
6.41 % increment, suggesting limited pore expansion due to the escape
of adsorbed and interlayer water. When the temperature rises from 200
°C to 600°C, porosity increases from 3.90 % to 7.25 %, a 46.21 % in-
crease. This significant expansion is attributed to the combined effects of
thermal expansion of mineral particles and pore dilation caused by the
quartz a—f phase transition. Above 600 °C, porosity rises sharply to
18.70 % (a 61.23 % increase), driven by accelerated crack development
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Fig. 9. T, spectral morphology of sandstone with different temperature.
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due to continued quartz phase transition and calcite decomposition at
750°C [40]. In summary, sandstone porosity exhibits a periodic varia-
tion with temperature, and 600°C serves as a critical threshold for
abrupt porosity changes.

3.3.3. Fractal characteristics

Fractal theory effectively characterizes the fractal features of pore
structures. Fractal dimensions quantitatively describe the complexity of
pore structures in thermally damaged sandstone and reveal their evo-
lution under different thermal conditions [41,42]. The formula for
fractal dimension is:

1g(Sy) = (3—D)Ig(T2) + (D — 3)Ig(T2 max) (5)

Due to the bimodal shape of the T2 spectrum, the relationship be-
tween 1g(Sy) and 1g(T2) can be divided into three segments corre-
sponding to micropores, mesopores, and macropores. The left side of the
peak curve corresponds to micropores, the right side to macropores, and
the remaining curve to mesopores. The fractal dimensions of these three
segments are denoted as Ds, D, and Dy, respectively. The total fractal
dimension of the Tz spectrum is denoted as D. Fig. 12 shows the 1g (T5)
vs. 1g (S,) relationship for untreated high-temperature samples, while
the fractal dimensions Ds, Dy,, Dp, and Dy are illustrated in Fig. 13. The
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fractal dimensions of sandstone pores under different temperature
treatments are listed in Table 1. Generally, the fractal dimension in
three-dimensional geometric space ranges from 2 to 3. For small pores in
sandstone, fractal dimensions range from 0.101 to 0.262, indicating that
some micropores lack typical fractal characteristics. In contrast, meso-
pores and macropores exhibit fractal dimensions between 2.672 and
2.994, demonstrating clear fractal behavior. These results indicate that

the pore structure of thermally treated sandstone exhibits distinct fractal
characteristics. Furthermore, the calculated fractal dimensions vary
significantly with the selected pore size ranges, suggesting that sand-
stone pore structures possess multifractal features.

After high-temperature treatment, the fractal dimension of macro-
pores approaches 3, reflecting their complexity and heterogeneity. The
fractal dimension of mesopores ranges from 2.6 to 2.8, slightly lower
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Table 1
Pore fractal dimensions of different thermal-treated sandstone.

No. Fractal dimensions

D D Dy Dy
25-2 0.113 2.812 2.991 2.187
200-2 0.262 2.780 2.993 2.176
400-2 0.258 2.791 2.994 2.230
600-2 0.178 2.778 2.991 2.189
800-2 0.101 2.672 2.992 2.106

than that of macropores, indicating better uniformity and lower
complexity [43]. With increasing temperature, the fractal dimension of
macropores shows a dynamic "increase-decrease" trend, albeit with
minimal rate changes. Conversely, the fractal dimension of mesopores

gradually decreases with temperature and drops abruptly at 600 °C.
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4. Discussion
4.1. Thermal damage mechanisms

Different minerals in rocks have distinct thermal expansion co-
efficients, leading to intragranular and transgranular cracks at various
locations and orientations [44]. When rocks are subjected to tempera-
ture, thermal stress arises due to mismatched mineral expansion. Once
the thermal stress exceeds the bonding strength between or within
minerals, microcracks form. To visually observe microstructural
changes in sandstone after high-temperature treatment, polarized light
microscopy was used to examine the microstructure of sandstone treated
at different temperatures (Fig. 14). Before thermal treatment, mineral
grains in the samples are densely packed and intact, with larger grain
sizes. Quartz dominates the composition, accompanied by minor
microcline, albite, and kaolinite. ImageJ analysis (cracks marked in red)
reveals that the crack area at this stage is only 1.86 %. At 200 °C, the
tight arrangement of mineral grains loosens, and larger pores form be-
tween grains, due to moisture escape. At this stage, thermal expansion
effects are not fully developed, and only discrete microcracks appear
within grains or at interfaces (crack area increases to 5.03 % in Fig. 14).

When the temperature rises to 400 °C, intensified thermal expansion
reduces the number of large intergranular pores. Under thermal stress,
intragranular and intergranular cracks proliferate, and localized mineral
fragmentation occurs, reducing overall grain size (As shown in Fig. 14,
the fracture area proportion in cast thin sections observed under optical
microscopy has increased to 10 %.). At 600 °C, the primary mineral
component, quartz, undergoes an a—f phase transition (threshold
temperature: 573 °C). Post-transition quartz exhibits increased volume
and stiffness, generating significant internal expansion stress [45]. This
stress accelerates crack propagation and interconnection, forming a
network of fractures. Concurrently, microcline begins to decompose at
600 °C, resulting in finer quartz and microcline grains (Fig. 14), with
crack area reaching 11.9 %. At 800 °C, calcite decomposes (threshold
temperature: 750 °C), and CO: released during decomposition loosens
the pore structure. The specimen becomes fragile and structurally
compromised under thermal stress, with internal decomposition pores
visible in Fig. 14. Crack area further increases to 14.66 %.

4.2. Fractal dimension and pore structure relationship

Thermal damage at high temperatures alters rock pore structure,
which in turn critically influences physical and mechanical properties.
This study identifies intrinsic correlations between compressive
strength, elastic modulus, and the quantity and fractal dimension of
macropores, as well as between tensile strength and the quantity and
fractal dimension of mesopores. Macropores primarily originate from

mineral grain gaps or main crack extensions [46]. Across
temperature-treated specimens (excluding the 800 °C group),
Table 2
Basic physical parameters of red sandstone before and after high-temperature treatment.
No. Physical parameters Mechanical parameters
Mass P-wave velocity Porosity Crack ucs BTS Elastic modulus Peak
(€3] (m/s) (%) area (MPa) (MPa) (GPa) strain
(%) (%)
25-1 449.64 2085.00 3.81 1.51 83.24 3.51 18.96 0.72
25-2 435.58 2183.00 3.45 2.21 74.75 3.60 17.81 0.73
200-1 434.61 2109.00 4.10 4.76 66.80 3.54 14.61 0.76
200-2 451.22 2050.00 3.69 5.30 67.00 2.73 14.25 0.75
400-1 437.27 2098.00 4.90 7.11 65.51 2.55 14.79 0.78
400-2 439.07 1878.00 5.07 12.89 61.56 2.60 13.73 0.72
600-1 432.10 1400.00 7.06 14.62 47.57 2.02 8.20 0.93
600-2 432.70 1395.00 7.55 11.19 48.72 2.22 8.10 1.05
800-1 426.14 1125.00 20.81 16.62 / / / /
800-2 428.43 1070.00 16.61 12.70 / / / /
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Fig. 14. Microscopic thin section observation results of sandstone samples.

macropores remain the least abundant among the three pore types. (1)
25-200 °C: Slight thermal expansion of minerals reduces macropore
quantity; (2) 400 °C: Increased thermal stress promotes microcrack
development, slightly increasing macropores; (3) 600 °C: Quartz phase
transition drives rapid crack growth, with some macropores expanding
into larger pores, reducing macropore count; (4) 800 °C:Thermal stress
and calcite decomposition-induced CO: release synergistically cause
macropore proliferation.

The fractal dimension (Dp) of macropores remains near 3 across all
temperatures, reflecting their structural complexity and heterogeneity.
Irregular geometries induce localized stress concentrations, facilitating
crack network formation. Below 600 °C, ongoing microcrack develop-
ment under thermal stress gradually increases macropore complexity,
with D, showing a slow upward trend. At 573 °C, quartz phase
transition-induced volumetric expansion generates intense thermal
stress [47], rapidly interconnecting macropores into simplified

fracture-dominated structures, slightly lowering Dp. By 600 °C, quartz
phase transition completes, but at 800 °C, calcite decomposition releases
CO2 [48], causing pore wall disintegration. Secondary crack branching
and tortuosity enhance pore heterogeneity, restoring Dp. Comparative
analysis reveals that Dy synchronizes with the staged degradation of
compressive strength and elastic modulus from 25 °C to 600 °C: 25
°C-200 °C: Thermal expansion mismatch induces microcrack branching,
rapidly increasing macropore complexity and stress concentration,
leading to sharp declines in compressive strength and elastic modulus.
200 °C-400 °C: Saturated thermal expansion slows crack propagation,
reducing the rate of macropore complexity growth and mechanical
degradation.400 °C-600 °C: Quartz phase transition simplifies pore
structure via main crack interconnection, causing Dy to drop abruptly.
However, overall pore network deterioration drives drastic reductions in
compressive strength and elastic modulus.

Mesopores mainly consist of intergranular pores or tiny cracks
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formed by cementation loss. Mesopores dominate across all
temperature-treated specimens. 25°C-200°C: Minor thermal expansion
of minerals slightly reduces mesopore quantity. 200°C-600°C: Inter-
granular microcrack development steadily increases mesopores.
Notably, mesopore counts at 600°C remain slightly below initial levels,
suggesting that mesopore expansion in this range results from thermal
expansion-induced grain compression.800°C: Calcite decomposition
between 600°C and 800°C leaves residual pores, drastically increasing
mesopores.

The fractal dimension of mesopores (D) decreases linearly from
2.812 (initial) to 2.672 (800 °C), reflecting reduced complexity due to
enhanced pore connectivity. At 600 °C, D;, remains stable, unlike Dy, as
stronger intergranular cementation delays structural reorganization. At
750 °C, calcite decomposition and CO: escape weaken cementation,
forming a more regular mesopore network. The linear decline of D,, from
25 °C to 600 °C parallels tensile strength degradation, indicating pro-
gressive cementation weakening and tensile crack propagation along
regularized pore paths.

4.3. Damage variables

The changes in mineral composition and pore structure of sandstone
specimens are reflected in their macroscopic mechanical properties. The
reduction rates of P-wave velocity, compressive strength, tensile
strength, elastic modulus, and porosity of sandstone after high-
temperature treatment are used to characterize the damage variables.
Assuming the damage is entirely caused by temperature on the sand-
stone specimens, meaning the damage variable value of sandstone
specimens in their initial state is zero, the formula for calculating the
damage variable of sandstone after high-temperature treatment is as
follows:

Vo — Vi
pp—0 " 6
p Vo (6)
6y — 0
Dycs = oa ! @
0
To—7T
Dprs = OT : ®
0
Ey — E;
Dy =%
E o (C))

In the formula, Vy, o, 79, and Ey represent the P-wave velocity,
compressive strength, tensile strength, and elastic modulus without heat
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Fig. 15. Damage variables based on physical and mechanical parameters.
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treatment, respectively; V,, oy, 7, and E; represent the P-wave velocity,
compressive strength, tensile strength, and elastic modulus after
different temperature treatments, respectively.

The evolution patterns of various damage variables at different
temperatures are shown in Fig. 15, demonstrating stage characteristics
that are highly coupled with the thermal damage mechanisms of sand-
stone. In this study, the initial uniaxial compressive strength of un-
treated sandstone was 8.9 MPa with a porosity of 3.63 %, exhibiting
typical mechanical properties of hard rock. As the heat treatment tem-
perature increases, Dycs, Dg, Dprs and Dp all show significant tempera-
ture dependence. Using 200 °C, 400 °C and 600 °C as threshold values,
the process can be divided into four stages:

The evolution of damage variables at different temperatures is shown
in Fig. 15, exhibiting stage characteristics highly coupled with sand-
stone’s thermal damage mechanisms. The initial uniaxial compressive
strength of untreated sandstone in this study was 8.9 MPa with 3.63 %
porosity, demonstrating typical hard rock mechanical properties. As
heating temperature increases, Dycs, D, Dprs and Dp all show significant
temperature dependence. Using 200 °C, 400 °C and 600 °C as thresh-
olds, the process can be divided into four stages: Below 200 °C, Dy¢s and
Dg increase rapidly at rates of 15.31 % and 21.51 % respectively.
Damage mainly originates from discrete pores formed by adsorbed
water escape and microcrack branching caused by initial thermal
expansion of mineral particles. Despite significant mechanical param-
eter deterioration, thin-section observations reveal fracture area only
increases to 5.03 %, indicating mineral framework maintains structural
integrity. From 200 °C to 400 °C, the growth rates of Dycs and Dg slow
significantly, reflecting saturation of mineral thermal expansion. The
mesopore fractal dimension D;, decreases from 2.812 to 2.782, sug-
gesting thermal compaction promotes regular arrangement of inter-
granular pores, inhibiting disordered crack propagation. Notably, Dprs
continues linear growth, revealing progressive thermal decomposition
of cementing materials (kaolinite, calcite) dominates tensile failure path
formation. Between 400 °C and 600 °C, quartz’s a—f phase transition
(573 °C) triggers abrupt damage: Dycs and Dg surge by 19.34 % and
33.23 % respectively, corresponding to porosity increase from 4.99 % to
7.25 % and thin-section fracture area exceeding 11.9 %. Slight decrease
in macropore fractal dimension Dj indicates main crack network inter-
connection and reconstruction, temporarily reducing pore topology
complexity while significantly enhancing connectivity, ultimately
causing cliff-like compressive capacity deterioration. Above 600 °C, Dp
growth slows because although CO: escape pores from calcite decom-
position intensify structural loosening, macroscopic fragmentation has
completely disrupted stress wave propagation paths. Dgrs maintains
linear growth, quantitatively correlating with continuous D,, decrease,
highlighting tensile failure being cross-scale driven by cement
weakening-pore regularization. At 800 °C, specimens show macroscopic
fragmentation structure, losing basic mechanical testing conditions.

5. Conclusion

The physico-mechanical properties and pore structure characteristics
of sandstone after high temperature were studied through laboratory
experiments, the thermal damage mechanism of sandstone and the
relationship between pore structure and fractal dimension were
explored. The main conclusions are as follows:

(1) The behavior of sandstone samples under varying temperatures
reveals distinct threshold points at 200 °C and 400 °C. Below 200
°C, the properties of the sandstone remain relatively stable,
showing minimal changes in color, cracks, longitudinal wave
velocity, and mass loss. However, significant transformations
occur as the temperature rises from 200 to 400 °C. The mass loss
rate and longitudinal wave velocity of the sandstone samples
experience notable increments, along with a shift in color from
dark red to brick red on the surface. With a further increase in
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temperature from 400 to 800 °C, the sandstone samples undergo
more pronounced changes.

The physical properties of sandstone specimens exhibit three
threshold temperatures: 200 °C, 400 °C, and 600 °C. During
25-200 °C, combined effects of adsorbed/interlayer water escape
and initial thermal expansion of mineral grains cause rapid
reduction in compressive strength and elastic modulus. From
200-400 °C, thermal expansion saturation significantly slows
deterioration rates. Specimen surfaces transition to brick-red
with extended intragranular cracks under sustained thermal
stress, while mineral cementation remains intact. The 400-600
°C stage demonstrates abrupt mechanical property deterioration
due to quartz phase transition.

NMR and fractal analyses reveal temperature-dependent evolu-
tion of pore structure. From 25-600 °C, large-pore fractal
dimension D, shows inverted U-shaped variation: initial
Dp=2.991 at room temperature peaks at 2.994 (400 °C) reflect-
ing enhanced crack branching complexity and pore heterogene-
ity, then slightly decreases to 2.991 (600 °C) as quartz phase
transition causes crack network interconnection that simplifies
pore topology while maintaining secondary crack complexity.
Medium-pore fractal dimension D,, decreases linearly from 2.812
(25 °C) to 2.778 (600 °C), ultimately reaching 2.672 at 800 °C.
The high-temperature deterioration mechanism of sandstone is
governed by synergistic effects of mineral phase transitions and
pore-cement interactions. Quartz a— f phase transition generates
internal stresses exceeding mineral stiffness through volumetric
expansion, accelerating microcrack propagation and intercon-
nection to form transgranular crack networks that directly cause
compressive strength collapse and elastic modulus degradation.
Kaolinite dehydration and calcite decomposition weaken inter-
granular cementation, quantitatively reflected by linear decrease
of medium-pore fractal dimension Dy,.

Thermal expansion coefficient differences among quartz, feld-
spar, and calcite generate shear stresses at grain boundaries,
preferentially inducing intergranular cracks before stress trans-
fers intragranularly, causing feldspar edge fragmentation and
quartz intragranular crack initiation. Post-600 °C, phase transi-
tions and cement weakening jointly drive crack evolution from
localized damage to transgranular networks, creating multi-scale
failure systems integrating micron-scale pores, mesoscopic
cracks, and macroscopic fractures.
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