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Abstract

Thermal cracks significantly affect the physical and mechanical properties of granite, with implications for underground engineering
and energy exploitation. This study combines macroscopic fluorescence visualization with image processing, innovatively integrating
Otsu and Bradley threshold segmentation to achieve large-scale, accurate extraction and parameterization of cracks. Using the extensive
database of thermal crack parameters obtained, we analyzed the statistical characteristics of thermal cracks at different temperatures (25—
500 °C). The results reveal that thermal cracks undergo a “coalescence-rupture” cycle as temperature increases, reflecting the accumu-
lation and release dynamics of thermal stress. Crack length distributions exhibit log-normal behavior, highlighting nonlinear evolution
and the emergence of long-tail features at intermediate temperatures. Crack orientation shows limited temperature dependence and is
mainly controlled by the intrinsic fabric and mineralogy of the granite. The orientation distributions are broadly consistent across tem-
peratures with only slight peak fluctuations, and are well described by statistically robust multimodal normal fits. These findings provide
valuable insights into the thermal behavior of granite and offer robust statistical parameters for numerical modeling and engineering
applications. These results provide statistically parameterized inputs that help bridge laboratory observations and engineering-scale
thermo-mechanical assessments, supporting safer and more efficient design and operation of high-temperature underground energy sys-
tems and subsurface infrastructure.
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1 Introduction

Subsurface rock serves as a storage medium for miner-
als, fossil fuels, and groundwater, providing essential natu-
ral resources for humanity (Volchko et al., 2020). The
geothermal energy contained within rocks represents a vital
source of renewable and clean energy (Barbier, 2002). Rock
formations can also be utilized for geological carbon
sequestration, energy storage, and radioactive waste dis-
posal (Bates et al., 2014; Raza et al., 2022; Liu et al.,
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2024). Moreover, subsurface rock preserves abundant geo-
logical information, contributing to scientific research and
engineering advancements and playing a significant role in
resource and energy development, as illustrated in Fig. 1.

Temperature, an ever-present factor, is involved in
almost all underground engineering projects, as rocks are
exposed to both natural and anthropogenic thermal influ-
ences. Essentially, changes in the physical and mechanical
properties of rock are closely associated with the character-
istics of thermal cracks (P. Guo et al., 2021; Li et al.,
2024a). Thermal cracks can have contrasting effects: they
may compromise the stability of rock masses, negatively
impacting underground structures (Alzo’ubi et al., 2024),
or they may enhance rock permeability and reduce
strength, facilitating fluid transport or easing excavation
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Fig. 1. Multifunctional roles of subsurface rocks: providing minerals, fossil fuels, groundwater, and energy resources, while serving as a medium for
carbon sequestration, geothermal energy, radioactive waste disposal, and scientific exploration (Griffioen et al., 2014; reproduced with permission,

courtesy of Elsevier).

(Chen et al., 2017; Li et al., 2024b). Therefore, a detailed
characterization of thermal crack structures is crucial for
accurately predicting and evaluating the physical and
mechanical properties of rocks.

The behavior of fractured rocks is widely recognized to
be predominantly controlled by the geometric properties of
the crack networks, so the accuracy level of rock mass anal-
yses strongly depends on the precision of geometric model-
ing (Huang et al., 2020). Accurately characterizing thermal
cracks at the engineering scale remains challenging. Labo-
ratory generation and observation of thermal cracks, in
contrast, provides a more direct and feasible approach,
offering valuable experimental data for modeling mechani-
cal damage (Homand et al., 2000). Granite, as a widely
studied hard rock in engineering applications, has garnered
significant attention for its thermal crack distribution.
Quantification of thermal cracks can be divided into two
categories: indirect and direct methods. Indirect methods
typically assess the relative magnitude of microcrack con-

tent through associated physical parameters (Nicco et al.,
2018). Direct methods, on the other hand, employ visual-
ization techniques to observe and quantitatively analyze
key parameters such as crack density, length, and orienta-
tion, providing more detailed information on microcracks
(Li et al., 2020). Traditional direct methods usually rely
on manual quantification of crack length, direction, and
density distribution from SEM and optical thin sections
(Homand et al., 2000; Li et al., 2020; Ghasemi et al.,
2021). Most studies focus only on localized regions of rock
samples, limiting the ability to represent crack distribution
throughout the entire sample (Lespinasse et al., 2005).
Moreover, these methods are constrained by the observa-
tion field and typically provide only limited data, failing
to capture the overall crack network. Macro-scale fluores-
cence imaging overcomes these limitations, offering a larger
field of view and clearer crack visualization, enabling the
extraction of numerous thermal cracks for statistical anal-
ysis (Li et al., 2021a).
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The integration of digital image processing and compu-
tational techniques provides automation, parameteriza-
tion, and systematization advantages in identifying large
numbers of crack features and extracting their parameters
(Arena et al., 2014). Incorporating extensive microcrack
geometric features and statistical descriptions into numeri-
cal models represents a growing trend in research. Healy
et al. (2017) introduced an open-source, cross-platform
toolbox for analyzing crack pattern data from the micro
to macro scale. Liu et al. (2013) developed software that
can extract the axes of cracks in binary images, identify
nodes and crack segments, and automatically calculate
the geometric parameters of the crack network. More
recently, Li et al. (2024b) proposed an image-processing
method combining Otsu and Bradley thresholding to effec-
tively extract thermal crack targets and perform statistical
analysis of thermal crack parameters in macro-scale
images.

Despite substantial progress in understanding thermal
crack morphology and mechanisms, macro-scale statistical
characterization of thermal cracks remains limited due to
the complexity, randomness, and observational challenges
of crack development. Many existing image-based studies
are confined to thin-section or microscale observations,
or focus on a few aggregate descriptors under restricted
temperature conditions and sample sizes. Consequently,
systematic statistics of crack length distributions and orien-
tation characteristics across engineering-relevant condi-
tions, along with statistically parameterized outputs
suitable for direct use in numerical modeling, are still insuf-
ficiently reported.

To address this gap, this study employs macro-scale flu-
orescence visualization combined with an integrated image-
analysis workflow to digitally represent thermal microc-
racks in granite and construct a crack-parameter database
across multiple temperature levels from 25 to 500 °C. The
workflow integrates Otsu global thresholding with Bradley
locally adaptive thresholding for robust crack segmenta-
tion, followed by skeleton extraction and geometric-
feature identification to automatically determine crack
lengths and orientations. Using the extracted database,
we quantify the temperature-dependent evolution of crack
number, length distributions, and orientation statistics, and
provide corresponding probabilistic descriptions and

Table 1

Representative temperature ranges in underground engineering environments.

parameters. The selected temperature range reflects condi-
tions encountered in many underground engineering envi-
ronments, such as geothermal reservoirs, enhanced
geothermal systems, deep underground mining, nuclear
waste repositories, and underground energy storage
(Table 1). The upper limit of 500 °C was intentionally set
below the o—f quartz phase transition (~573 °C) to avoid
additional microcracking caused by sudden lattice rear-
rangement and volumetric expansion of quartz crystals,
which could dominate the thermal damage process and
obscure microcracks induced primarily by thermal stress
(Glover et al., 1995).

The statistical crack parameters obtained in this study
provide quantitative inputs for thermo-mechanical numer-
ical models to evaluate stability, damage evolution, and
potential permeability changes in thermally affected rock
masses. These results offer experimental data and statistical
information to support the modeling of mechanical behav-
ior in the presence of thermal microcracks, and have impli-
cations for underground energy development and the safe
operation of underground spaces.

2 Methodology
2.1 Sample preparation

Granite was selected as the host rock for this study
because it is a common hard rock in underground engineer-
ing and energy systems. Its homogeneous texture and min-
eral composition make it particularly sensitive to thermal
cracking, enabling reproducible laboratory observations
relevant to engineering applications. The granite samples
were extracted from homogeneous, fine-grained blocks
sourced from Shandong Province, China. Disc samples
with a thickness of 25 mm and a diameter of 50 mm were
prepared for thermal treatment. The bulk density and P-
wave velocity of the intact samples are 2.607 g/cm® and
5.03 km/s, respectively. The polarizing microscopic image
of a thin section (Fig. 2) provides insight into the micro-
scale structure and mineral composition of the rock, with
dominant grain sizes ranging from 0.3 mm to 1.4 mm. X-
ray diffraction (XRD) analysis indicates that the granite
primarily consists of quartz (35.9%), feldspar (31.4%), pla-
gioclase (26.6%), biotite (4.3%), and other minerals (1.8%).

Engineering application

Typical temperature range (°C)

Reference

Underground energy storage (compressed air, hydrogen) 10-100 (Dodangoda et al., 2024; Hu et al., 2024)
Deep underground mining/tunnels/civil excavations 20-150 (Guo et al., 2014; Tao et al., 2021)

Deep nuclear waste repositories 25-150 (Pick, 2017; Zhang, 2018)

Subsurface reservoir rocks (hydrocarbon or geothermal influenced) 60-160 (Li et al., 2021b; Nadeau et al., 2023)
Enhanced geothermal systems 200-400 (Tomac & Sauter, 2018)

Note: The experimental temperature range in this study (25-500 °C) covers most thermal conditions relevant to underground excavation, geothermal

exploitation, energy storage, and extreme local heating events.
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Fig. 2. Physical dimensions of granite samples and cross-polarized light
images.

2.2 Thermal treatment

The rock samples were heated in a muffle furnace with a
temperature control accuracy of *1 °C and a maximum
temperature of 1000 °C. The granite samples were divided
into seven temperature groups: room temperature (25 °C),
100, 150, 200, 300, 400, and 500 °C, with three samples
heated simultaneously in each group to improve the relia-
bility and representativeness of the results. Samples were
heated at a rate of 5 °C/min to the target temperature to
prevent thermal shock, held for 2 h to ensure uniform inter-
nal temperature, and then cooled naturally to room tem-
perature at approximately 5-6 °C/min (Wu et al., 2019).
A schematic diagram of the heating and cooling procedure
is shown in Fig. 3.

3 Crack assessment
3.1 Crack visualization

Fluorescent epoxy resin impregnation is an effective
method for visualizing thermal cracks, as illustrated in
Fig. 4(a). Firstly, red fluorescent dye was mixed with Bueh-
ler two-component epoxy resin with a low dynamic viscos-
ity of 0.5 Pa-s. The mixture was then vacuum-impregnated
into the thermally treated and cooled damaged rock sam-
ples. After impregnation, the rock samples were placed in
a thermostatic chamber at 25 °C for 9 h to ensure the resin
fully solidifies. Once solidified, the excess resin was
removed, and the sample surfaces were polished for further

T=125,100, 150, 200, 300, 400, 500 °C
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Fig. 3. Schematic diagram of the stages of sample thermal treatment.

observation. Finally, the samples were exposed to 365 nm
ultraviolet light in a dark chamber to capture RGB images
of the thermal cracks.

3.2 Image processing

After fluorescence imaging, the circular sample RGB
images were cropped to a 1500 x 1500 pixel square, corre-
sponding to an inscribed observation window with a diag-
onal of 50 mm. This yields a spatial resolution of
approximately 0.024 mm/pixel. The RGB fluorescence
images were first converted to grayscale, after which
threshold segmentation was applied to separate microc-
racks from the background. The Otsu method determines
a global threshold by minimizing the intra-class variance
of black-and-white pixels after binarization (Otsu, 1975).
However, due to the typically complex background of flu-
orescence images, which is affected by multiple minerals in
granite and uneven lighting, some low-brightness microc-
rack details are likely to be lost. In contrast, the Bradley
method calculates a locally adaptive threshold based on
the average intensity of each pixel’s surrounding area
(Bradley & Roth, 2007). This approach is particularly effec-
tive for processing grayscale images with complex back-
grounds and compensates for the limitations of the Otsu
method.

In this study, an innovative approach was adopted by
using both the Otsu and Bradley methods to process the
same grayscale image and convert it into binary images
(Li et al., 2024b), as shown in Fig. 4(b). Subsequently,
the thermal crack patterns extracted by the Otsu and Brad-
ley methods were combined with the multiply blend mode
in Photoshop to generate the final extracted microcrack
pattern. Finally, the edge regions in the image were
removed to obtain the ultimate microcrack pattern, which
was then subjected to statistical analysis of crack
parameters.

In our implementation of the Bradley locally adaptive
thresholding, the local-mean neighborhood window was
fixed at 20 x 20 pixels, and the threshold coefficient (k)
was fixed at 0.1, meaning that a pixel was classified as crack
when its intensity was at least 10% lower than the local
mean intensity within the window. Mathematically, a pixel

at (x,y) was labeled as crack if I(x,y) < (1 — k)} local, Where

I(x,y) is the grayscale intensity and /o, is the mean inten-
sity in the local window. These parameters were determined
by repeated trial tuning on several representative images
and were then kept constant for all specimens to ensure
that crack extraction results are comparable across temper-
atures and samples. A qualitative sensitivity check indi-
cated that moderate changes in the window size (e.g., £5
pixels) or k (e.g., +0.05) mainly affect marginal short frag-
ments and the number of identified crack segments,
whereas the overall trends of the crack-length and crack-
orientation distributions remain qualitatively consistent.
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Fig. 4. Visualization, image processing, and feature extraction in the thermal crack assessment. (a) Thermal crack visualization, (b) image processing, and

(c) statistical analysis.

3.3 Feature extraction

Automatic quantification methods are required to
extract features from the numerous thermal cracks in fluo-
rescence images. Skeletonization reduces the binary crack
image to a single-pixel-width skeleton while preserving
the topological structure. Short crack segments are associ-
ated with higher uncertainty due to visibility limitations
and potential errors in skeleton extraction. Therefore, only
cracks of at least 5 pixels (~0.12 mm) were included in sta-
tistical analyses of length and orientation, and all reported
crack-length parameters are based on this lower bound.
Based on this skeleton, cracks and nodes can be identified.
For each skeleton pixel, its eight neighboring pixels are
sequentially inspected in a clockwise direction, and based
on the number of color changes in the neighboring pixels,
it is classified as a normal skeleton pixel, node, or endpoint.
After the identification of cracks and nodes, crack length
can be calculated by accumulating the pixel length of the
cracks, and crack direction is obtained by calculating the
crack slope using the least squares method. Through this
step, parameters such as the total number of microcracks,
the length of each crack, and the crack orientation can be
obtained, as shown in Fig. 4(c). Finally, the thermal crack
parameter database generated from these steps was used to

study the statistical distributions of crack features. Non-
parametric tests and quantile-quantile (Q-Q) plot analyses
were employed to reliably estimate the optimal statistical
distributions and their parameters, overcoming limitations
such as subjective bias and inaccuracies in parameter
estimation.

4 Results and discussions
4.1 Crack pattern

Quantitative analysis of crack patterns is essential for
understanding their formation mechanisms and provides
a basis for predicting crack distribution and scale in real
underground rocks. Fluorescence images of damaged rocks
at different temperatures are shown in Fig. 5(a). Thermal
cracks can be clearly observed at the macroscopic scale
using fluorescence techniques. The binary crack images in
Fig. 5(b) reveal that, as temperature increases, crack distri-
bution exhibits a “sparse—dense” cyclic trend. The expan-
sion of fluorescent resin on the rock surface indicates
progressive crack development. Magnified views in Fig. 5
(c) illustrate the sequential development of small thermal
cracks. At 25 °C, only small initial cracks are present. As
the temperature rises, these cracks undergo distinct stages:
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Fig. 5. Visualization of macroscale thermal crack patterns and formation mechanism. (a) RGB images, (b) binarization images, (c) magnified images, and

(d) formation mechanism of thermal cracks.

at 100 °C, small thermal cracks begin to appear and prop-
agate; at 150-200 °C, cracks coalesce to form intercon-
nected networks; and at 300 °C and above, the networks
rupture under thermal stress into smaller cracks, resulting
in a cyclical pattern of crack formation.

As depicted in Fig. 5(d), the evolution of thermal cracks
in granite follows a ‘“‘coalescence-rupture” cyclic mecha-
nism. With increasing temperature, small cracks propagate
and coalesce under thermal stress, forming larger cracks
and an initial crack network. As thermal stress continues
to rise, these networks rupture, generating new small
cracks, which then expand and coalesce to form new net-
works. This cycle repeats until crack propagation reaches
its limit. These observations are further supported by the

Table 2
Number of thermal cracks at different temperatures.

relationship between crack number and temperature pre-
sented in Table 2.

The proposed coalescence-rupture mechanism can be
explained by competing microscale processes and miner-
alogical controls. Below 200 °C, crack evolution is domi-
nated by the activation and gradual extension of pre-
existing grain-boundary defects, as thermal-expansion mis-
matches among major minerals have not yet accumulated.
Between 200 and 300 °C, differential expansion between
quartz and feldspar becomes more pronounced, promoting
additional intragranular cracking in quartz and enhancing
intergranular crack linkage. As a result, crack lengths and
network connectivity increase rapidly, corresponding to a
coalescence-dominated stage. Above 300 °C, continued

Temperature Measured number Measured number Measured number Average number Standard deviation
(°C) #1 #2 #3

25 1657 1809 1711 1726 77

100 3317 3088 2835 3080 241

150 3270 3465 3080 3272 193

200 3538 3579 3622 3580 42

300 5449 5626 4977 5351 335

400 5389 5675 5736 5600 185

500 5363 5613 5047 5341 284
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Fig. 6. Variation trends of thermal crack-related parameters in rocks with
temperature.

microcracking and stress redistribution reorganize the net-
work (e.g., local offsets, bridging, and increased segment
discontinuity), so that previously coalesced crack clusters
may become partially fragmented or ruptured, consistent
with the observed coalescence-rupture cycles. The maxi-
mum temperature in this study is 500 °C, below the o—f3
quartz phase transition at 573 °C; thus, phase-transition-
induced cracking is not expected under the experimental
conditions.

Figure 6 illustrates the relationship between crack
parameters and temperature. New thermally induced
cracks become detectable from 100 °C, whereas pre-
existing microcracks are already present at 25 °C, marking
the initial threshold for crack formation. Between 100 and
200 °C, crack networks gradually develop. In this stage, the
number of cracks increases as individual small cracks
aggregate into larger networks, accompanied by the forma-
tion of new thermal cracks. Other studies have reported a
similar stage extending from 100 to 300 °C (Dong et al.,
2024), likely due to differences in the rock materials.

Between 200 and 300 °C, a marked increase in the crack
number is observed, indicating the critical threshold for
rupture of crack networks. During this stage, the disinte-
gration of large crack networks leads to a surge in smaller
cracks. Similar trends have been observed in other studies,
with the corresponding temperature range noted as 300—
400 °C (Dong et al., 2024) and 200-400 °C (T. Guo
et al., 2021). This behavior reflects the accumulation and
release of thermal-expansion-induced stress within the
material. Beyond 300 °C, up to 500 °C, the total crack
number gradually stabilizes as smaller cracks coalesce into
new networks while new thermal cracks continue to
develop. This phase demonstrates a “coalescence-rupture”
cyclic behavior, highlighting the dynamic redistribution of
thermal stress within the rock.

Furthermore, the nonlinear characteristics of crack
propagation are evident from the uneven variations in
crack parameters with increasing temperature. At lower

temperatures, thermal stress is insufficient to induce signif-
icant crack propagation, whereas at higher temperatures
(e.g., above 300 °C), cracks propagate rapidly and form
networks, demonstrating the sudden accumulation and
release of stress. The rupture of crack networks further
indicates significant internal stress redistribution within
the material. The dashed regions in Fig. 6 further highlight
the phase-dependent behavior of thermal cracks. The low-
temperature zone (<200 °C) corresponds to the initial for-
mation of crack networks, the medium-temperature zone
(200-300 °C) represents the peak of network rupture, and
the high-temperature zone (>300 °C) indicates stabilization
of crack behavior. These phase-specific characteristics pro-
vide critical insights into the mechanical properties of rock
materials under varying thermal conditions.

4.2 Crack length

The variation of thermal crack length distribution with
temperature was analyzed, revealing a significant influence
of temperature on crack propagation. The corresponding
statistical data are presented in Table 3. As illustrated in
Fig. 7, at 25 °C, crack lengths are mainly concentrated in
a shorter range (<0.5 mm), with a unimodal distribution
characterized by a high peak and a tail that approaches
zero, showing no obvious long-tail feature. At this temper-
ature, thermal stress in granite is insufficient to drive signif-
icant crack propagation. As the temperature increases to
200 °C, the crack length distribution gradually extends
towards longer cracks, with the frequency of the main peak
decreasing. The frequency of long cracks (>1 mm) begins
to increase, and a long-tail feature emerges, indicating the
aggregation of short cracks into longer cracks, though
the frequency of long cracks remains low. When the tem-
perature exceeds 300 °C, the frequency of the main peak
increases again, and the long-tail characteristic diminishes,
reflecting the breakdown of long cracks into a higher den-
sity of shorter cracks. It is important to note that the long-
tail feature of crack distributions and its potential impact
on rock mechanical properties should not be overlooked
in future studies. Three statistical models were used to fit
the crack length distributions, with the fits visually com-
pared in the curves. Generally, natural cracks in rocks exhi-
bit a log-normal distribution (Takemura et al., 2003; Zhang
et al., 2019), which provides a good overall fit across tem-
peratures. In contrast, the Weibull distribution shows lim-
ited applicability, and the normal distribution fits
particularly poorly.

Q-Q plots were used to evaluate the fitting performance
of three probabilistic models for the crack length distribu-
tion at 300 °C: the log-normal distribution (Fig. 8(a)), the
Weibull distribution (Fig. 8(b)), and the normal distribu-
tion (Fig. 8(c)). The results show that the log-normal distri-
bution provides the best fit, with data points closely
following the reference line across the entire range, partic-
ularly in the low- and high-percentile regions. This model
accurately captures the long-tail feature of the distribution,
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Table 3
Thermal crack length statistical data at different temperatures.
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Temperature (°C)

Crack number

Individual crack size (mm)

Maximum Mean Minimum Standard deviation
25 1711 0.903 0.175 0.051 0.108
100 3317 2.827 0.354 0.090 0.256
150 3465 2.635 0.365 0.091 0.257
200 3538 3.517 0.363 0.093 0.249
300 5449 2.493 0.316 0.091 0.217
400 5675 2.541 0.291 0.086 0.221
500 5363 2.393 0.285 0.089 0.184
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suggesting that crack propagation may be governed by the
multiplicative effects of various random factors. The Wei-
bull distribution fits well near the main peak but fails to
capture the long-tail behavior, limiting its applicability
for describing long cracks. The normal distribution per-

forms poorly, with data points deviating significantly from
the reference line across all ranges, failing to reflect the
asymmetry and long-tail characteristics of the crack distri-
bution. Overall, the log-normal distribution offers a clear
advantage in describing thermal crack behavior and prop-



200 Y. Li et al. | Underground Space 28 (2026) 192-205

—~
Rt

100

- 25°C
— 100°C
150 °C

= 200 °C
300 °C

— 400°C
— 500°C

80

(=)
(=

IS
=)

[
(=]

Cumulative frequency (%)

|
LA~ 100 200 300 400 500|
005 0.06 009 0.12 0.5 Temperature (°C)

<
(=)

1 2 3 4
Individual crack length (mm)

—50C
=100 °C
150 °C
=200 °C
300 °C
=400 °C
—500°C

0 0.5 1.0 1.5
Individual crack length (mm)

Fig. 9. Effect of temperature on crack length distribution. (a) Cumulative frequency, and (b) crack count.

agation patterns, making it suitable for predicting crack
propagation risk and conducting reliability assessments.

Figure 9 comprehensively presents the evolution of the
crack length cumulative frequency distribution and crack
count at different temperatures, providing key insights into
the thermal crack behavior. The cumulative frequency
curves in Fig. 9(a) show that, as temperature increases,
the distribution gradually shifts toward longer cracks, par-
ticularly between 100 and 200 °C, where the proportion of
long cracks (>0.3 mm) increases significantly. The average
crack length reaches its peak value of approximately
0.36 mm at 150 °C, indicating accelerated crack propaga-
tion during this intermediate temperature range. Above
300 °C, the average crack length gradually decreases; how-
ever, the tail of the cumulative frequency curve becomes
more gradual, reflecting the continued presence of long
cracks resulting from crack coalescence and network for-
mation. This trend indicates that, with increasing tempera-
ture, crack behavior evolves from localized microcrack
expansion and coalescence, through network fracture, to
macro-scale crack formation.

Figure 9(b) further supplements this observation by
showing the log-normal fitting results of crack length distri-
bution at different temperatures. Overall, crack length dis-
tributions show significant temperature dependence across
the 25 to 500 °C range. At low temperatures (25 °C), the
distribution peak is relatively low. As the temperature
increases to 200 °C, the peak rises and the distribution
shifts toward longer cracks, reflecting enhanced crack
propagation and connection driven by thermal stress.
When the temperature reaches 300 °C, the crack count
increases rapidly and attains a maximum, followed by a
slight decrease at higher temperatures. This reduction
results from the coalescence of cracks into networks, which
reduces the total number of discrete cracks. These statisti-
cal distribution trends are consistent with the crack pattern
evolution discussed in Section 4.1, supporting the proposed
“coalescence—rupture” cyclic mechanism of thermal cracks.

4.3 Crack orientation
The orientation distribution of thermal cracks in granite

shows limited temperature dependence, indicating that
crack orientation is influenced not only by thermal loading

but also, to a large extent, by the rock’s intrinsic fabric and
mineralogical characteristics. In this study, crack orienta-
tion is treated as an axial circular variable defined on 0°-
180°, with 0° and 180° representing the same direction.
As shown in Fig. 10, the relative-frequency distributions
at different temperatures are broadly similar, although
local peaks and the degree of concentration exhibit minor
fluctuations. The overall orientation characteristics are lar-
gely controlled by the granite’s inherent structure and min-
eral assemblage. Thermal loading does not impose a strong
directional bias; stress release and crack initiation tend to
follow pre-existing weak paths, so the global preferred
directions remain relatively stable. At lower temperatures,
the orientation distribution is relatively uniform, with
slight enhancements near 0°/180°, reflecting the anisotropy
of the initial structure. As temperature increases, certain
stages show local strengthening around specific directions
(e.g., near 90°), but the overall orientation statistics do
not exhibit a pronounced monotonic shift. In other words,
increasing temperature mainly affects the extent of cracking
(e.g., crack number and length), while the overall propor-
tions of the orientation distribution change only slightly.

Based on the characteristics of crack orientation shown
in Fig. 10, the crack orientation () distribution was fitted
using the Kernel density estimation (KDE) method, which
models continuous data. As illustrated in Fig. 11(a), KDE
effectively captures areas of data concentration and spar-
sity, with the crack counts in different orientation ranges
exhibiting distinct peaks. All the fitted models demonstrate
a high probability (>90%), but KDE fitting does not pro-
vide meaningful statistical parameters. The KDE results
show distinct peaks around several preferred angles, indi-
cating that thermally induced cracks exhibit a pronounced
preferential orientation. Based on the KDE curve shape,
the orientations were divided into three intervals: 0 < 45°,
45° < 0 < 135°, and 0 > 135°. The proportions of thermal
cracks in these three orientation intervals were analyzed, as
shown in Fig. 11(b). While the proportions within each ori-
entation interval vary slightly with temperature, the overall
distribution remains approximately constant: cracks in the
0 < 45° orientation interval account for about 25%, those
in the 45° < 6 < 135° orientation interval account for
50%, and those in the 0 > 135° orientation interval account
for 25%.
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From a statistical perspective, the variation in crack ori-
entation distribution can be modeled using a multimodal
normal distribution. Taking the thermal crack orientations
at 300 °C as an example, the distributions were evaluated
for three distinct intervals (0 < 45°, 45° < 6 < 135°, and
0 > 135°) using normal quantile-quantile (Q-Q) plots, as
shown in Fig. 12. The alignment of data points with the ref-
erence line provides insights into the normality of the dis-
tributions within each interval. In the 0 < 45° interval
(Fig. 12(a)), the data points closely align with the reference
line, with most falling within the upper and lower percentile
bounds. This indicates a strong adherence to the normal
distribution hypothesis, reflecting high consistency and
minimal deviation in crack orientation behavior. For the
45° < 0 < 135° interval (Fig. 12(b)), the data points also
show good alignment with the reference line, especially in

the mid-quantile range. However, slight deviations are
observed at the extreme percentiles, suggesting the presence
of minor outliers. Despite these deviations, the overall dis-
tribution maintains its normality, indicating conformity to
a normal distribution in this interval. In the 0 > 135° inter-
val (Fig. 12(c)), more pronounced deviations from the ref-
erence line are observed, particularly at the tails of the
distribution. Several data points exceed the confidence
bounds, suggesting a departure from strict normality. This
may result from skewness or the influence of extreme val-
ues in the dataset. Nevertheless, the central portion of the
data aligns reasonably well with the reference line, indicat-
ing that the distribution retains partial normal
characteristics.

Overall, this analysis reveals that the crack orientation
distributions exhibit varying degrees of normality across
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the three orientation intervals. Zhang et al. (2019) previ-
ously conducted a statistical analysis of the orientations
of natural microcracks within quartz grains, finding that
microcracks in quartz generally conform to a normal distri-
bution. However, the findings in this study indicate that
while the overall crack orientations do not conform to a
normal distribution, the interval-specific crack orientations
do. This suggests that the multimodal normal distribution
of crack orientations is likely strongly associated with the
mineral composition of the rock.

The variation in the mean values of normal distributions
reveals the trends in crack orientation shifts, while the stan-
dard deviation reflects the complexity of crack propaga-
tion. The statistical characteristics of crack orientations

are described using the expected value (u) and standard
deviation (o), with detailed statistical data provided in
Table 4. In the 8 < 45° interval, u remains consistently
stable at approximately 19° across all temperatures, with
minimal variation. This indicates that the concentration
trend of cracks in this interval does not significantly change
with temperature, and cracks are primarily distributed near
the center of the interval. In the 45° < 6 < 135° interval, u
fluctuates slightly with increasing temperature, rising from
87° at 25 °C to 95° at 150 °C, and subsequently stabilizing
around 92°. This reflects minor shifts in crack redistribu-
tion induced by thermal stress. In contrast, u in the
0 > 135° interval remains around 159° across all tempera-
tures, with a small fluctuation range, demonstrating that

Table 4
Thermal crack orientation statistical data at different temperatures.
Temperature (°C) Orientation, 60 (°) Count Percentage (%) () a (°)
25 0 <45 618 36 19 13
45 <0 <135 695 41 87 24
0> 135 398 23 160 12
100 0 <45 924 28 20 14
45 <0 <135 1883 57 89 25
0> 135 508 15 162 10
150 0 <45 697 20 18 14
45 <0 <135 1797 52 95 23
0> 135 971 28 156 12
200 0 <45 1156 33 20 14
45 <0 <135 1796 42 89 24
0> 135 886 25 159 12
300 0 <45 1434 26 19 13
45 <0 <135 2678 49 92 23
0> 135 1337 25 158 12
400 0 <45 1419 25 18 14
45 <0 <135 2831 50 92 23
0> 135 1426 25 159 12
500 0 <45 1651 31 19 14
45 <0 <135 2551 47 88 23
0> 135 1161 22 159 12
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the concentration trend of cracks in this interval is highly
stable and minimally affected by temperature. Overall,
except for the slight fluctuation observed in the
45° < f < 135° interval, u across the intervals exhibits sig-
nificant stability, suggesting that the concentration trends
of cracks are primarily determined by the intrinsic proper-
ties of the material rather than the direct effects of temper-
ature. From an engineering and numerical modeling
perspective, the p and ¢ parameters in Table 4 can be
directly used as statistical inputs for discrete fracture net-
work (DFN) models or grain-/particle-based numerical
models. Specifically, crack orientations can be sampled
from the corresponding N (u,0) distribution within each 0
interval and then wrapped to the 0°-180° range (i.c.,
mapped modulo 180°), thereby constructing crack net-
works that reproduce the temperature-dependent orienta-
tion characteristics and preferential directions reported in
this study.

The analysis of the standard deviation further reveals
the dispersion characteristics of crack distributions. In
the 6 < 45° interval, o consistently remains around 14°,
indicating that the crack distribution in this interval is rel-
atively concentrated, with no significant impact of temper-
ature on dispersion. In the 45° < 0 < 135° interval, o is
notably higher than in the other two intervals (ranging
from 23° to 25°), suggesting a broader distribution range
and higher dispersion of cracks in this interval. This greater
dispersion may result from the complexity of crack interac-
tions under thermal stress. Nevertheless, ¢ in this interval
remains stable across different temperatures, indicating
that the degree of crack dispersion does not significantly
increase with temperature. In the 6 > 135° interval, o is
approximately 12°, the lowest among the three intervals,
and exhibits extremely high stability. This indicates that
the crack distribution in this interval is highly concentrated
and directionally distinct.

In summary, the concentration trends and dispersion
characteristics of crack distributions across the intervals
exhibit high stability, indicating that the statistical proper-
ties of cracks under different thermal loads are minimally
influenced by temperature and are predominantly governed
by the intrinsic properties of the material. These statistical
results provide a foundation for the quantitative study of
crack evolution in rocks under high-temperature condi-
tions. More importantly, these parameters offer direct sup-
port for the development of numerical models by serving as
a robust database.

5 Conclusions

This study systematically investigates the influence of
temperature on the formation and evolution of thermal
cracks in granite. By combining macro-scale fluorescence
visualization with image-based feature extraction and a
comprehensive dataset of measured thermal crack parame-
ters, the research reveals the statistical distribution charac-
teristics of thermal cracks. These findings provide critical

insights into the mechanical behavior of rocks at elevated
temperatures and offer valuable guidance for engineering
applications. The main conclusions are summarized as
follows:

(1) Mechanisms of thermal crack formation and evolu-
tion. The study elucidates the mechanisms of thermal
crack formation and evolution across different tem-
perature ranges. Thermal cracks exhibit a periodic
“sparse—dense” spatial pattern and undergo
“coalescence-rupture” cycles, reflecting the accumu-
lation and release of thermal expansion-induced
stress.

(2) Nonlinear variations in crack length parameters.
Crack length distributions follow a log-normal pat-
tern, capturing the asymmetry and long-tail charac-
teristics of cracks. This nonlinear behavior under
thermal stress provides a theoretical basis for predict-
ing crack propagation and assessing structural
reliability.

(3) Statistical parameters range of crack orientation.
Crack orientations display a multimodal normal dis-
tribution and remain largely stable across tempera-
tures, with only minor fluctuations in local peaks.
This stability is mainly governed by the intrinsic
properties of granite rather than by temperature, pro-
viding reliable parameters for numerical modeling of
high-temperature crack behavior.

From a geoengineering perspective, the statistically
parameterized results reported in this study provide a prac-
tical framework for linking laboratory observations to
engineering-scale assessments under thermal loading. In
particular, the probability distributions and fitted parame-
ters of crack length and orientation, together with the
observed evolution of crack networks, can serve as inputs
for thermo-mechanical numerical models, including DFN
frameworks and grain- or particle-based simulations. By
constructing statistically consistent crack networks that
capture the temperature-dependent characteristics identi-
fied here, such models can support evaluations of thermal
damage evolution, stability degradation, and potential
changes in transport behavior in heated underground rock
masses. These insights are relevant to a variety of under-
ground energy and infrastructure scenarios where thermal
effects are significant.

Future work will focus on integrating macro-scale statis-
tics with multi-scale microstructural validation and co-
registration, as well as developing automated quantitative
classification of crack types to enhance both physical inter-
pretability and modeling inputs.

Data availability

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.
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