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Abstract

Elucidating the evolution of sandstone pore structure and the mechanisms of macroscopic
damage and failure under freeze-thaw cycling is an important scientific issue for the safe
construction and operation of rock engineering projects in cold regions. In this study,
sandstone collected from a slope along the Qinghai-Tibet Railway in a seasonally frozen
region of western China was investigated. Micro-, meso-, and macroscale experiments
were conducted on sandstone specimens subjected to different numbers of freeze-thaw
cycles. Scanning electron microscopy (SEM), nuclear magnetic resonance (NMR), com-
puted tomography (CT), and digital image correlation (DIC) were employed to investi-
gate changes in the physical and mechanical properties, pore structure evolution, and
macroscopic fracture characteristics of sandstone. Freeze-thaw cycling continuously
weakened intergranular cementation and promoted the propagation and interconnection
of microcracks. Meanwhile, the pore structure gradually shifted from micropores (r < 0.1
pum) toward mesopores (0.1 um < r <10 um) and macropores (r =2 10 pm). With increasing
numbers of freeze-thaw cycles, the total number of pores identified by CT decreased from
256,237 to 194,910, whereas the number of connected pores increased from 222 to 1308.
The connected porosity increased from 2.25% to 10.40%, the gas-measured porosity in-
creased from 10.63% to 12.45%, and the permeability increased from 0.28 mD to 0.96 mD.
In addition, the dry mass of the monitored specimen decreased from 464.53 g to 461.52 g,
representing a reduction of 0.65%. The P-wave velocity decreased from 2.632 km/s to 2.309
km/s, corresponding to a reduction of 12.30%. During uniaxial compression, strain locali-
zation became more pronounced with increasing freeze-thaw damage. The high-strain
zones observed by DIC, defined as regions of localized strain concentration, gradually
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men failure. The results indicate that freeze-thaw damage is essentially a progressive pro-
cess involving the activation of microdefects, pore expansion and coalescence, crack in-
terconnection, and reconstruction of the interconnected pore network, ultimately result-

ing in the continuous deterioration of the structural integrity of sandstone.
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1. Introduction

Climate change is altering temperature conditions and freeze—thaw regimes in cold
regions. These changes significantly affect the long-term stability of rock engineering
structures and infrastructure. For rock slopes in cold regions, repeated freeze—thaw cycles
cause water in pores and fractures to undergo cyclic water—ice phase transitions. Frost-
heaving pressure generated during freezing and moisture migration during thawing pro-
mote the expansion and interconnection of pores and microcracks within the rock. As
damage accumulates, the structural integrity and mechanical properties of the rock pro-
gressively deteriorate. Consequently, the risks of rock deformation, localized failure, and
slope instability increase, seriously threatening the long-term stability of engineering
structures in cold regions [1-6]. Environmental changes associated with climate change
may also affect material degradation and, consequently, the long-term service perfor-
mance of engineering structures.

Numerous studies have shown that freeze—thaw damage in rocks is essentially a pro-
cess of continuous development and deterioration of the internal pore and fracture struc-
ture. During the freezing stage, the phase transition and expansion of pore water exert
frost-heaving effects on the pore walls and grain-cementation interfaces, whereas during
the thawing stage, water migrates and replenishes the expanded pore spaces. Conse-
quently, under repeated freeze-thaw action, pre-existing pore defects within the rock con-
tinuously expand, coalesce, and interconnect, causing the pore structure to gradually
transform from a state of discrete pores to one characterized by interconnected fractures.
This process ultimately manifests as mass loss, decreased P-wave velocity, increased po-
rosity, and deterioration of mechanical properties [7,8].

With the development of microscale characterization techniques, scanning electron
microscopy (SEM), nuclear magnetic resonance (NMR), and computed tomography (CT)
have been increasingly applied to studies of freeze-thaw-induced damage in rocks. SEM
enables direct observation of changes in mineral grains, cementation structures, and mi-
crocracks, revealing that freeze-thaw action can weaken intergranular cementation and
promote crack propagation [9,10]. NMR enables non-destructive characterization of the
pore structure of rocks. Previous studies have shown that freeze—thaw cycles can alter the
T2 spectrum distribution, promote the transition of small pores toward medium- and
large-sized pores, and enhance pore connectivity [11,12]. Combined with fractal theory,
NMR can further be used to evaluate the complexity of the pore structure. CT scanning
enables three-dimensional reconstruction of the internal pore structure and quantitative
characterization of porosity, pore size, and connectivity characteristics, providing an ef-
fective means of analyzing the evolution of the pore network during freeze—thaw cycling
[13-15].

In addition to the evolution of the internal pore structure, freeze-thaw damage also
significantly affects the deformation and failure behavior of rocks under loading. Digital
image correlation (DIC) enables continuous acquisition of full-field strain information
during uniaxial loading of rocks and can effectively identify crack initiation, propagation,
and strain localization characteristics [16-18]. In recent years, DIC has been increasingly
applied to studies of freeze—thaw-damaged rocks. Previous studies have shown that, with
increasing freeze-thaw damage, localized strain concentration in rocks becomes more
pronounced, while high-strain zones expand and gradually develop into continuous fail-
ure zones [19-21], providing a new approach for revealing the transition from mesoscale
freeze-thaw damage to macroscopic failure.

Considerable progress has been made in research on freeze-thaw-induced rock dam-
age. However, existing studies have mainly focused on specific characteristics at different
scales. Scanning electron microscopy (SEM; 20-200 um) has primarily been used to inves-
tigate intergranular cementation and microcracks. Nuclear magnetic resonance (NMR;

https://doi.org/10.3390/app162110782



Appl. Sci. 2026, 16, 10782

3 of 22

0.001-10,000 um) has been employed to characterize pore-size distributions, while com-
puted tomography (CT; 235 um) has been used to investigate three-dimensional pore net-
works. At the macroscale, research has focused on the deformation and failure behavior
of sandstone under loading. Nevertheless, the mechanisms of pore expansion, coales-
cence, and coarsening, as reflected by the decrease in pore number and the increases in
porosity and pore connectivity during freeze-thaw cycling, require further investigation.
Therefore, it is necessary to integrate multiscale characterization techniques to further in-
vestigate the evolution of rock pore structure under freeze-thaw action and the relation-
ship between macroscopic and microscopic damage.

Based on the above, sandstone was selected as the research material in this study,
and freeze-thaw cycling tests were conducted. Changes in the macroscopic physical prop-
erties of the sandstone were analyzed through measurements of mass, P-wave velocity,
porosity, and permeability. SEM and NMR were employed to investigate grain cementa-
tion and the evolution of pores at different scales. Three-dimensional reconstruction of the
sandstone specimens was performed using CT scanning, and a pore network model
(PNM) was established to analyze the evolution of pore connectivity, pore size, and per-
meability characteristics. Finally, uniaxial compression tests combined with DIC were
used to characterize strain localization and failure characteristics at different degrees of
freeze-thaw damage. Through these multiscale analyses, the damage deterioration of the
microscopic pore structure and the macroscopic deformation and failure mechanisms of
sandstone specimens under freeze-thaw action were comprehensively investigated,
providing a theoretical basis for the freeze-thaw damage assessment and stability analysis
of rock engineering structures in cold regions.

The main contribution of this study lies in the integration of multiscale characteriza-
tion techniques, including SEM, NMR, CT, and DIC, to comprehensively investigate the
microstructural characteristics, pore network evolution, and macroscopic deformation
and failure behavior of sandstone subjected to different numbers of freeze-thaw cycles.
Particular attention is paid to the evolution of the pore structure, characterized by a de-
crease in the total number of pores accompanied by increases in the number and porosity
of interconnected pores. The relationships among pore expansion, coalescence, and the
reconstruction of interconnected pore networks are further analyzed. In addition, by com-
bining the evolution of DIC strain fields, this study examines the relationship between
internal pore structure deterioration and the development of strain localization and mac-
roscopic failure patterns during loading. These findings provide multiscale experimental
evidence for understanding the progressive transition from microstructural deterioration
to macroscopic failure in sandstone subjected to freeze—thaw cycles.

2. Materials and Methods

2.1. Specimen Preparation

The sandstone used in this study was collected from a slope along the Qinghai-Tibet
Railway in Qinghai Province, China. To minimize the initial differences among rock
cores used in different experiments, sandstone blocks were collected from adjacent loca-
tions within the same rock stratum. Intact sandstone blocks without visible cracks or
weathering defects were selected as the parent rock. The sandstone blocks were subse-
quently subjected to core drilling, core cutting, surface grinding, and P-wave velocity
screening to prepare standard cylindrical specimens of ¢50 x 100 mm. Basic parameters,
including mass, density, and P-wave velocity, were measured, and specimens with simi-
lar initial physical properties were selected for different experiments to minimize the
influence of specimen-to-specimen variations on the experimental results. The detailed
specimen preparation procedure is shown in Figure 1.
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Figure 1. Preparation procedure for standard cylindrical rock specimens.

2.2. Experimental Scheme

(1) Freeze—thaw cycling test scheme

Freeze—thaw cycling tests were conducted using a JCD-40 intelligent numerical-con-
trol freeze—thaw testing machine(Beijing, China). Considering the annual climatic charac-
teristics of the seasonally frozen region in western China (Figure 2) [22], an “air-freezing—
water-thawing” method was adopted for the freeze—thaw cycling treatment. The freezing
temperature was set at —20 °C with a freezing duration of 4 h, while the thawing temper-
ature was set at 20 °C with a thawing duration of 4 h. The temperature change rate was
set at 40 °C/h. The procedure of the freeze-thaw cycling test is shown in Figure 3.
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Figure 2. Annual climatic characteristics of seasonal frozen regions in western China.
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Figure 3. Flowchart of the freeze-thaw cycle test procedure.
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(2) Uniaxial compression test scheme

Uniaxial compression tests were conducted using an RMT-201 rock mechanics test-
ing system consisting of a loading system and a data acquisition system, with a maximum
axial load capacity of 1500 kN. The tests were performed at room temperature under dis-
placement-controlled loading at a rate of 0.001 mm/s. Loading was continued until visible
macroscopic failure of the sandstone specimens occurred, at which point the tests were
terminated. Load and deformation data were recorded throughout the loading process.
The uniaxial compression test procedure is shown in Figure 4.
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Figure 4. RMT-201 rock mechanics testing system.

3. Analysis of Experimental Results
3.1. Basic Physical and Mechanical Properties of Sandstone

X-ray diffraction (XRD) results showed that the sandstone used in the experiments
was mainly composed of kaolinite (46.3%), quartz (31.5%), K-feldspar (approximately 9%),
and chlorite (9.5%). Meanwhile, the basic physical parameters of six sandstone specimens
were measured, and specimens with the most similar density, P-wave velocity, and satu-
rated water absorption were selected. The basic physical parameters of the selected spec-
imens are presented in Table 1. The specimens had an average saturated mass of 481.82 g,
an average dry mass of 465.04 g, an average saturated density of 2.45 g-cm, an average
dry density of 2.37 g-cm3, a P-wave velocity of 2.509 km-s™ in the dry state, and an average
saturated water absorption of 3.61%.

The uniaxial compression test results showed that the peak strength of the sandstone
specimens ranged from 51.53 to 56.35 MPa, with an average value of 54.27 MPa. The elastic
modulus ranged from 9.33 to 11.07 GPa, with an average value of 10.13 GPa, while the
peak strain ranged from 0.79% to 0.85%, with an average value of 0.83% ((Table 2 and
Figure 5). These results indicate that the mechanical parameters obtained from the uniax-
ial compression tests exhibited relatively low variability. Therefore, the corresponding av-
erage values can be used to represent the mechanical properties of the sandstone.
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Table 1. Physical parameters of intact sandstone specimens.

Specimen Saturated Mass Dry Mass Saturated Density Dry Density Dry P-Wave Ve- Saturated Water
No. (m) (m) (g-cm-3) (g-cm™) locity (km's')  Absorption (%)

S1 481.96 465.48 245 2.37 2.542 3.54

S2 480.99 464.10 2.45 2.36 2.517 3.64

S3 487.01 469.24 248 2.39 2.483 3.79

S4 479.95 462.98 2.44 2.36 2.492 3.67

S5 477.81 461.92 243 2.35 2.475 3.44

S6 483.22 466.54 2.46 2.38 2.543 3.58

average 481.82 465.04 2.45 2.37 2.509 3.61

Table 2. Uniaxial compression mechanical parameters of intact sandstone specimens.

Specimen No Peak Stress Peak Strain Elastic Modulus Poisson’s Ratio
P : o7 (MPa) £ (%) E (GPa) M
S1 54.12 0.83 10.74 0.16
S2 56.35 0.81 9.82 0.17
S3 54.88 0.85 11.07 0.18
S4 53.50 0.84 10.04 0.16
S5 51.53 0.83 9.33 0.16
S6 55.26 0.79 9.80 0.15
average 54.27 0.83 10.13 0.16
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Figure 5. Uniaxial compression test results of intact sandstone specimens. Note: A-E denote char-

acteristic points on the stress—strain curve, and S1-56 represent the specimen IDs.

3.2. Freeze—Thaw Cycling Tests on Sandstone
3.2.1. Changes in Pore Structure

To reveal the evolution characteristics of the internal pore structure and microcracks
of sandstone under freeze-thaw cycles, scanning electron microscopy (SEM) was em-
ployed to examine sandstone specimens subjected to different numbers of freeze—thaw
cycles. SEM images of the sandstone after different numbers of freeze—thaw cycles were
obtained at magnifications of 50x, 100x, and 500%, as shown in Figure 6. It can be observed
that the sandstone contains pre-existing pores and microcracks, with cementing materials
and fine debris distributed between the grains, providing basic spaces for water to enter
and be retained within the rock. Before freeze—thaw cycling, the surfaces of the sandstone
grains were relatively smooth, the intergranular cementation was relatively tight, and
only a small number of pre-existing pores and microcracks were present, indicating a rel-
atively intact overall structure. After 10 freeze-thaw cycles, cracks between the grains
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gradually developed and propagated, transgranular cracks began to appear, and some
grains fractured. After 15 freeze-thaw cycles, the intergranular and transgranular cracks
developed further. The intergranular cracks within the observed field of view were largely
interconnected, the grain surfaces became rough, and grain fracture occurred frequently.

The above results indicate that freeze-thaw cycles continuously promote the propa-
gation of pores and cracks and the deterioration of the cementation structure within the
sandstone. The phase-transition expansion and frost-heaving pressure generated by the
freezing of pore water promote the propagation of pre-existing defects, while water mi-
gration and replenishment during thawing provide conditions for subsequent freezing.
After repeated freezing-thawing action, damage in the sandstone gradually shifts from
deterioration of the intergranular cementing material to grain failure. Meanwhile, inter-
granular pores and cracks gradually interconnect and eventually form a complex fracture
network, leading to grain fracture and detachment and ultimately resulting in the deteri-
oration of the physical and mechanical properties of the sandstone.

Unfrozen—
unthawed

5 Freeze—
thaw cycles

10 Freeze— Q :
thaw cycles : @

_ 0 el
= Crackpropagaton "

15 Freeze— ph
thaw cycles

Rough crystal
surfaces

Figure 6. SEM images of the mesostructure of sandstone after different numbers of freeze-thaw

cycles.

3.2.2. Changes in Porosity and Permeability

The effective porosity of sandstone can be determined by gas porosity testing and
nuclear magnetic resonance (NMR) measurements. After freeze—thaw cycling, the internal
pore structure of the sandstone specimens further developed, expanded, and became in-
terconnected under the action of frost-heaving pressure, indicating changes in the pore
structure. The variations in porosity and permeability with the number of freeze-thaw
cycles are shown in Figure 7. Porosity and permeability were measured after 0, 5, 10, and
15 freeze-thaw cycles. The measured apparent volume of the sandstone specimens was
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25.12 cm3. The average pore volumes were 2.67, 2.84, 2.96, and 3.12 cm?, respectively; the
average gas-measured porosities were 10.63%, 11.34%, 11.93%, and 12.45%, respectively;
the average NMR-derived porosities were 9.91%, 11.14%, 11.73%, and 12.29%, respec-
tively; and the average permeabilities were 0.28, 0.42, 0.73, and 0.96 mD, respectively.
These variations are consistent with the findings of Jia et al. (2020), who observed the evo-
lution of sandstone pore structure and an overall increase in permeability under freeze—-
thaw cycling using nuclear magnetic resonance (NMR) techniques [11]. These findings
suggest that freeze-thaw cycling promotes the transition of the sandstone pore structure
from small pores toward medium and large pores, accompanied by the progressive ex-
pansion of pore throats, thereby enhancing pore connectivity and permeability. With in-
creasing numbers of freeze-thaw cycles, both the porosity and permeability of the sand-
stone specimens exhibited a gradual increasing trend.

13 1.6
—=— Gas-measured porosity
NMR-derived porosity
121 Permeability 12
a
E
N £
=~ )
21 {os Z
= E
o
=9
10} 10.4
9 0.0

0 S 10 15
Number of freeze—thaw cycles

Figure 7. Variations in porosity and permeability of sandstone with the number of freeze—thaw cy-
cles.

3.2.3. Changes in Mass and P-Wave Velocity

Standard sandstone specimen S7 was subjected to freeze-thaw cycling. After the
specified number of cycles, the specimen was oven-dried at 105 °C for 48 h. The dry mass,
saturated mass, and P-wave velocity were measured after different numbers of freeze—
thaw cycles. The results are presented in Table 3, and the corresponding rates of change
are shown in Figure 8. As shown in the figure, the dry mass of specimen S7 gradually
decreased from an initial value of 464.53 g to 463.64, 462.85, and 461.52 g after 5, 10, and
15 freeze—thaw cycles, respectively. In contrast, the saturated mass initially increased from
478.71 g to 479.34 g after 5 cycles, and subsequently decreased to 478.18 and 476.61 g after
10 and 15 cycles, respectively. With increasing numbers of freeze-thaw cycles, the dry
mass of the sandstone continuously decreased, whereas the saturated mass initially in-
creased and then decreased. During the early stage of freeze-thaw cycling, frost-heaving
effects caused by the phase transition of pore water promoted the expansion of pre-exist-
ing pores and microcracks. This increased the water-storage capacity of the specimen, re-
sulting in a slight increase in saturated mass after 5 cycles. As freeze-thaw cycling contin-
ued, pores and cracks further expanded and gradually became interconnected, accompa-
nied by grain detachment. These changes resulted in a gradual decrease in specimen mass.
After 15 freeze-thaw cycles, the dry mass and saturated mass of specimen S7 decreased
by 0.65% and 0.44%, respectively. Meanwhile, the P-wave velocity of the sandstone con-
tinuously decreased with increasing numbers of freeze-thaw cycles. The average P-wave
velocity of specimen S7 gradually decreased from an initial value of 2.632 km/s to 2.544,
2.435, and 2.309 km/s after 5, 10, and 15 cycles, respectively, corresponding to a reduction
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of 12.30% after 15 cycles. This decrease can be attributed to the continuous expansion,
development, and interconnection of internal pores and microcracks under repeated
freeze—thaw action. These structural changes weakened the integrity of the rock and in-
creased the scattering and attenuation of elastic waves during propagation.

Therefore, both the mass loss and the decrease in P-wave velocity of the sandstone
specimen reflect the pronounced cumulative damage induced by freeze-thaw cycling,
with P-wave velocity exhibiting a relatively sensitive response to internal structural dete-
rioration.

Table 3. Statistical results of mass and p-wave velocity of sandstone specimens under freeze-thaw

cycling.
. Number of Mass (g) P-Wave Velocity (km/s)
Specimen Freeze-Thaw Rate of Change
No. Dry/Saturated Testl Test2 Test3 AverageRate of Change (%)
Cycles (%)

0 464.53/478.71 - 2.632 2.577 2.688  2.632 -

7 5 463.64/479.34 -0.19/0.13 2.577 2.551 2504 2544 -3.36
10 462.85/478.18  -0.36/-0.11 2.451 2.427 2427 2435 -7.50
15 461.52/476.61  -0.65/-0.44 2.358 2.232 2.336  2.309 -12.30
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Figure 8. Variations in mass and p-wave velocity of sandstone specimens under freeze-thaw
cycling.

3.3. Pore Structure Evolution Characteristics of Sandstone Based on NMR
3.3.1. T2 Spectrum Distribution and Pore Proportion Characteristics

Nuclear magnetic resonance (NMR) scanning was performed on sandstone speci-
mens subjected to different numbers of freeze-thaw cycles, and their pore distributions
were calculated. According to the pore-size distribution characteristics, the pores in the
specimens were classified into three categories: micropores (r < 0.1 pm), mesopores (0.1
pm < r < 10 um), and macropores (r 2 10 pm). The variations in the proportions of pores
with different pore sizes and the fractal dimension with the number of freeze-thaw cycles
were further analyzed, as shown in Figure 9.

As shown in Figure 9a, the T2 spectrum of the sandstone before freeze-thaw cycling
is mainly characterized by a distinct single dominant peak, with peak P: being predomi-
nant. After freeze—thaw cycling, a secondary peak P> gradually appears in the region of
shorter relaxation times, and the T2 spectrum evolves from a single dominant peak to a
bimodal distribution. Meanwhile, the positions, amplitudes, and spectral areas of both the
main peak and secondary peak change to varying degrees. The cumulative porosity
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continuously increases with increasing numbers of freeze-thaw cycles, indicating that
freeze-thaw action promotes pore development and pore-size structure adjustment
within the sandstone.

As shown in Figure 9b, freeze-thaw cycles significantly altered the proportions of
pores at different scales. Compared with the specimen before freeze—thaw cycling, after 5,
10, and 15 freeze-thaw cycles, the proportion of micropores increased by 26.7% and 6.7%
and decreased by 6.7%, respectively; the proportion of mesopores decreased by 6.3%,
5.1%, and 5.1%, respectively; and the proportion of macropores increased by 16.7%, 50.0%,
and 83.3%, respectively. During the initial stage of freeze-thaw cycling, pre-existing mi-
crodefects expanded and new micropores formed, resulting in a marked increase in the
proportion of micropores. As freeze-thaw cycling continued, some micropores and mes-
opores further expanded and became interconnected, gradually transforming into larger
pores. Consequently, the proportion of micropores decreased, whereas the proportion of
macropores continued to increase. These results indicate that freeze-thaw action not only
increases the pore space within the sandstone but also promotes the transition of the pore
structure from smaller to larger scales.

To further characterize the changes in pore structures at different scales, fractal the-
ory was adopted based on the Brooks—-Corey model [23,24]. The cumulative volume frac-
tion, Sv, of pores with radii smaller than R can be calculated using Equation (1), and an
expression for the fractal dimension characterizing the pore structure can be derived from
the nuclear magnetic resonance transverse relaxation time (Tz2), as given in Equation (2).

3-D,

S, =(R/R,..) 1

185, =(3-D,)1{T,}, +(D, -3)1g{T,.....J €

where Rmax is the maximum pore radius and T2, max is the maximum transverse relaxation
time.

According to Equation (2), the pore-structure fractal dimension, Da, was calculated.
As shown in Figure 9c, the fractal dimension of micropores initially increased and then
gradually decreased with increasing numbers of freeze-thaw cycles, whereas those of
mesopores and macropores gradually increased. These results further demonstrate that
freeze-thaw cycling promotes pore development in the sandstone, resulting in a more
complex microstructure.
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Figure 9. Pore structure evolution of sandstone after different numbers of freeze—thaw cycles.

3.3.2. NMR Imaging Characteristics

To further reveal the spatial evolution characteristics of the internal pore structure of
sandstone under freeze—thaw cycling, layered NMR imaging tests were conducted by se-
lecting three regions along the axial direction of the specimens, namely the upper, middle,
and lower regions. The results are shown in Figure 10. In the NMR images, color varia-
tions reflect differences in the signal intensity of pore fluids. The colors ranging from blue
to red represent the intensity of pore fluid signals, where blue corresponds to low-signal
regions, indicating a relatively low local pore fluid content, while red corresponds to high-
signal regions, indicating stronger local pore fluid signals. The numerical values on the
color scale represent the relative NMR signal intensity acquired by the measurement sys-
tem. These digitally quantified signal intensities are dimensionless and are therefore ex-
pressed in arbitrary units (a.u.).

As shown in Figure 10, the cross-sections of sandstone without freeze—thaw cycling
were mainly characterized by low-signal regions. Only a small number of localized high-
signal regions existed inside the specimens, and their distributions were relatively uni-
form among the upper, middle, and lower sections. This indicates that the internal pore
space of the sandstone was relatively limited in the initial state and that the overall struc-
ture was relatively dense, although a certain degree of initial heterogeneity still existed.
After 5 freeze-thaw cycles, scattered green and yellow spots appeared in the cross-sec-
tional images, mainly in the central regions or edge transition zones, and the boundary
contours of the sandstone specimens became increasingly distinct. In particular, the den-
sity of bright spots in the middle cross-section increased significantly and exhibited an
uneven distribution, indicating that pre-existing weak damage zones were preferentially
activated. This indicates that the pore water signal intensity increased and became une-
venly distributed at this stage. Freeze-thaw action induced crack propagation and pore
enlargement, causing the pore structure to evolve from a relatively homogeneous state
toward a heterogeneous state. Microcracks began to initiate within the sandstone, mark-
ing the onset of the early expansion stage. After 10 freeze—thaw cycles, the area of high-
density bright regions in the cross-sectional images further expanded, and the bright re-
gions in the central and outer areas gradually became connected. Locally, yellow clusters
merged into continuous regions, indicating increased pore interconnection and connec-
tivity within the sandstone, the formation of a fracture network, and further development
of the expansion process. After 15 freeze—thaw cycles, the cross-sectional images exhibited
densely distributed high-intensity bright spots, indicating a significant increase in the in-
ternal porosity of the sandstone. A large number of microcracks initiated and gradually
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became interconnected, resulting in increased complexity of the pore structure and the
development of a planar expansion stage.

In summary, the layered NMR imaging results indicate that, with increasing num-
bers of freeze-thaw cycles, the overall intensity of pore-fluid signals within the sandstone
increased. The high-signal regions gradually evolved from locally discrete distributions
toward broader and more concentrated distributions, indicating that freeze—thaw action
promoted the expansion of internal pore spaces and enhanced pore connectivity. These
results are consistent with and corroborate the aforementioned Tz spectrum analysis, po-
rosity measurements, and pore-size distribution evolution, further demonstrating that
freeze-thaw cycling accelerates the accumulation of internal damage in sandstone
through continuous changes in pore-structure characteristics.

Upper layer

60,000

50,000

Middle layer

Lower layer ‘ “

0 cycle 5 cycles 10 cycles 15 cycles

40,000
‘ 30,000
20,000

10,000

Figure 10. Layered NMR images of sandstone after different numbers of freeze-thaw cycles.

3.4. Evolution of the Three-Dimensional Pore Structure of Sandstone Based on CT Scanning

Each intact sandstone specimen was scanned four times after being subjected to dif-
ferent numbers of freeze—thaw cycles. Each scan produced 16-bit grayscale images with a
resolution of 1000 x 1000 pixels for subsequent analysis. The CT scanning acquisition pa-
rameters are presented in Table 4.

Table 4. CT scanning acquisition parameters.

SOD (mm)

SDD (mm) Voltage (kV)  Current (mA)  Exposure Time (s) Spatial Resolution (um)

535

903

115 0.28 0.85 35

Porosity and permeability are important parameters for characterizing the connec-
tivity of the internal pore structure of sandstone and are closely related to its intrinsic
structural characteristics. Because freeze—thaw cycling has a pronounced influence on the
pore structure of the sandstone investigated in this study, this section quantitatively de-
scribes and evaluates the changes in the internal mesostructure of sandstone specimens
after different numbers of freeze-thaw cycles based on variations in porosity, pore num-
ber, interconnected porosity, throat length, permeability, and fractal dimension. During
freeze-thaw cycling, the pre-existing pore structure within the rock undergoes continuous
development, propagation, and further interconnection, while new pores are also gradu-
ally initiated. These changes can generally be characterized by the interconnected poros-
ity, Po, and the effective pore diameter, d. Therefore, interconnected porosity can be used
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to characterize the development of freeze—thaw-induced damage in the tested rock speci-
mens. In addition, using the pore-network-modeling (PNM) module, the three-dimen-
sional pore structures of sandstone after different numbers of freeze-thaw cycles can be
visualized using a sphere-and-stick model. A schematic representation of the model is
shown in Figure 11, in which the spheres represent pores and the sticks connecting the
spheres represent throats. Throat length describes the length of the channels connecting
adjacent pores in the pore network. Together with throat radius and pore connectivity, it
can be used to characterize the spatial connections within the pore network and changes
in fluid transport pathways. Fractal dimension characterizes the geometric complexity of
the pore structure. Its variation reflects changes in pore morphology associated with pore
expansion, coalescence, and interconnection during freeze—thaw cycling.

Figure 11. Schematic diagram of the sphere-stick model.

Figure 12 shows the pore segmentation results obtained from CT scans of sandstone
after different numbers of freeze-thaw cycles. With increasing numbers of freeze-thaw
cycles, the pore structures observed in the CT slice images changed markedly, accompa-
nied by a pronounced increase in porosity. The total areal porosity, connected areal po-
rosity, and connected pore volume fraction of the sandstone slices after different numbers
of freeze—thaw cycles were calculated, and the results are shown in Figure 13. With in-
creasing numbers of freeze-thaw cycles, the total areal porosity (Stot), connected areal po-
rosity (Scon), and connected pore volume fraction (Scr) at different slice positions all ex-
hibited gradually increasing trends. These results indicate that freeze-thaw action not
only increased the pore content but also promoted the transformation of isolated pores
into connected pores. Meanwhile, the fluctuations in the SC-T curves gradually became
less pronounced with increasing numbers of freeze-thaw cycles, suggesting that the pore
structure tended toward a relatively stable expansion state during the later stage of
freeze-thaw damage development. As shown in Figure 14, with increasing numbers of
freeze-thaw cycles, the volumetric porosity of the intact sandstone gradually increased
from 9.70% to 13.33%, with corresponding growth rates of 15.15%, 8.97%, and 13.30%,
respectively. The connected porosity increased from 2.25% to 10.40%, with corresponding
growth rates of 110.22%, 111.56%, and 140.44%, respectively. These results demonstrate
that freeze-thaw cycling promoted the development of pores within the sandstone.

mmm Connected pore mmm Isolated pore
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Figure 12. Pore extraction from two-dimensional CT slices of sandstone after different numbers of
freeze—thaw cycles.
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Figure 13. Variation in the areal porosity of sandstone with slice number after different numbers of
freeze—thaw cycles.
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Figure 14. Variation in the volumetric porosity of sandstone with the number of freeze—thaw cycles.

Figure 15 shows the variations in sandstone permeability and fractal dimension with
the number of freeze-thaw cycles. After freeze-thaw cycling, the permeability of the sand-
stone continuously increased from 5.40 um? before freeze—thaw cycling to 14.15 um? after
15 freeze-thaw cycles. After different numbers of freeze-thaw cycles, the permeability
values were 1.66, 2.11, and 2.62 times that of the sandstone before freeze-thaw cycling,
respectively (Figure 15a). Fitting of the permeability data showed that sandstone perme-
ability exhibited a positive linear correlation with the number of freeze—thaw cycles. The
increase in permeability further indicates that, when saturated sandstone freezes, the
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volumetric expansion of pore and fracture water during the water—ice phase transition
induces stress concentration, thereby promoting the expansion, propagation, and inter-
connection of the internal pore structure. Macroscopically, these changes are manifested
as an increase in sandstone permeability.

Figure 15b presents the calculated fractal dimensions of the total pores, connected
pores, and isolated pores in the sandstone. As the number of freeze-thaw cycles increased,
the fractal dimensions of the sandstone generally ranged from 2.24 to 2.58. The fractal
dimensions of the total pores and connected pores exhibited gradual increasing trends,
indicating that their morphological characteristics became increasingly complex. This
trend can be explained by the evolution of the pore structure under freeze-thaw action.
With repeated freeze-thaw cycling, the pre-existing pores within the sandstone continu-
ously developed and became interconnected. The interconnection of pre-existing pores
played a dominant role in pore evolution, whereas the initiation of new pores played a
secondary role. Consequently, the fractal dimensions of the total pores and connected
pores increased progressively, with the increase in the fractal dimension of connected
pores being slightly greater than that of the total pores. In contrast, the fractal dimension
of isolated pores exhibited a gradual decreasing trend, indicating that the morphology of
isolated pores became progressively simpler. Therefore, the fractal dimension of isolated
pores decreased progressively with increasing numbers of freeze-thaw cycles.
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Figure 15. Variations in sandstone permeability and fractal dimension with the number of

freeze-thaw cycles.

Figure 16 shows the total number of pores and the number of connected pores after
different numbers of freeze—thaw cycles. With increasing numbers of freeze-thaw cycles,
the total number of pores gradually decreased from 256,237 to 194,910, whereas the num-
ber of connected pores progressively increased from 222 to 1308. Combined with the var-
iations in volumetric porosity and connected porosity shown in Figure 14, these results
indicate that the decrease in pore number during repeated freeze-thaw cycling does not
imply a reduction in pore volume. Instead, freeze-thaw damage causes the pore structure
to become more fragmented overall, while the pores become larger. Specifically, the num-
ber of small pores decreases, whereas the number of large pores increases, resulting in
progressive coarsening of the pore structure. These results further confirm that damage
to the internal pore structure of sandstone under freeze-thaw cycling develops progres-
sively, whereby small pores gradually interconnect and coalesce into fewer but larger
pores, and may eventually develop into fractures.

Figure 17 shows the variations in the equivalent diameter, area, volume, and mor-
phological parameters of connected pores with the number of freeze-thaw cycles. With
increasing numbers of freeze—thaw cycles, the number of connected pores within the
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sandstone continuously increased, the pore size progressively enlarged, and the pore mor-
phology gradually evolved from relatively regular to increasingly irregular forms. These
results indicate that freeze—thaw action exerts a pronounced deterioration effect on the
internal structure of the rock.
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Figure 16. Variation in the number of sandstone pores with the number of freeze-thaw cycles.

As shown by the equivalent diameter distribution of connected pores (Figure 17a),
the equivalent pore diameters of sandstone without freeze—thaw treatment were mainly
concentrated within the smaller size range, and the number of connected pores was rela-
tively low. After 5 or more freeze-thaw cycles, the pore-diameter distribution gradually
shifted toward larger values, and the number of pores with equivalent diameters in the
range of 1500-2500 um progressively increased. After 15 freeze-thaw cycles, the pore di-
ameters were predominantly concentrated within the larger size range, indicating that
freeze-thaw cycling continuously promoted pore expansion and interconnection. The var-
iations in pore area (Figure 17b) and pore volume (Figure 17c) were consistent with those
in equivalent diameter. After 15 freeze—thaw cycles, the numbers of pores with small areas
and volumes gradually decreased, whereas those of medium- and large-sized pores in-
creased significantly, with the distributions in the bar charts clearly shifting toward larger
pore areas and volumes. These results further demonstrate that freeze-thaw action pro-
moted the expansion of pre-existing pores and induced the coalescence and interconnec-
tion of multiple pores, thereby forming larger-scale pore structures.

In terms of the pore shape factor (Figure 17d), its distribution also showed an overall
increasing trend with increasing numbers of freeze-thaw cycles, gradually extending
from the initially lower range toward higher values. This indicates that freeze—thaw action
promoted the progressive development and interconnection of pores within the sand-
stone, while the pore morphology gradually evolved toward more irregular and angular
forms. Meanwhile, the pore boundaries became increasingly fragmented, further reveal-
ing the deterioration of the internal structure of sandstone under freeze-thaw action.
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Figure 17. Variations in connected pore parameters of sandstone with the number of freeze-thaw

cycles.

3.5. Analysis of Sandstone Failure Characteristics Under Freeze—Thaw Action

Digital image correlation (DIC) is a non-contact full-field deformation measurement
technique. By tracking the displacement of speckle subsets on the specimen surface before
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and after deformation, the displacement and strain fields during loading can be obtained
[25,26]. Its basic principle is illustrated in Figure 18. Before testing, a uniform white base
coat and a random black speckle pattern were prepared on the surface of each sandstone
specimen. A high-speed camera was then used to synchronously record the entire uniaxial
compression process, thereby capturing the evolution of the strain field at different load-
ing stages (Figure 19).

In this study, a Revealer RDIC-A7A20MU201 digital image correlation (DIC) strain
measurement system, manufactured by Hefei Zhongke Junda Vision Technology Co.,
Ltd., Hefei, China, was employed. The system was equipped with an RVM-HS-S high-
speed camera for image acquisition. The camera configuration has a nominal image reso-
lution of 1280 x 800 pixels and a maximum specified frame rate of 16,000 frames per sec-
ond (fps). The nominal displacement and strain measurement accuracies of the system are
<0.01 pixel and <100 pg, respectively. During the experiments, the actual image acquisition
frame rate was set to 10,000 fps to capture the surface deformation and crack propagation
of sandstone specimens during uniaxial compression loading.
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Figure 18. Principle of digital image correlation (DIC).
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Figure 19. Stress—strain curves and DIC strain-field evolution contour maps of sandstone specimens.

Figure 20 shows the DIC strain-field evolution contour maps of intact sandstone
specimens subjected to uniaxial compression after different numbers of freeze-thaw cy-
cles. It can be observed that, at the loading stage of 0~0.3 ¢y, the strain fields of all specimen
groups were generally uniform, with only weak localized strain concentrations. As the
number of freeze-thaw cycles increased, the number of discrete anomalous strain regions
on the specimen surfaces increased, indicating that freeze-thaw action promoted the de-
velopment of pre-existing pores and microcracks within the sandstone and thereby
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intensified the non-uniform deformation during the compaction stage. When loading con-
tinued to 0.8¢y, strain localization gradually became evident. The specimen without
freeze-thaw treatment was mainly characterized by localized and discrete strain concen-
trations, whereas the freeze—thaw-treated specimens gradually developed distinct band-
shaped high-strain regions. With increasing numbers of freeze-thaw cycles, both the
length and extent of the strain concentration regions increased, with the specimen sub-
jected to 15 freeze—thaw cycles exhibiting the most pronounced strain localization. After
loading to 0.9¢;, the high-strain bands rapidly expanded and tended to become intercon-
nected. Specimens subjected to more freeze-thaw cycles simultaneously exhibited multi-
ple localized strain concentration regions, indicating that internal damage developed in a
more dispersed and complex manner. When the load reached the peak stress ¢, the high-
strain region in the specimen without freeze—thaw treatment was relatively concentrated,
forming a distinct main failure band. After 5 and 10 freeze-thaw cycles, the high-strain
bands expanded in extent and exhibited a certain degree of branching. In contrast, the
specimen subjected to 15 freeze-thaw cycles developed multiple intersecting high-strain
bands, accompanied by localized fragmentation and spalling near the specimen ends, in-
dicating a marked increase in the degree of failure. These results indicate that, with in-
creasing numbers of freeze—thaw cycles, damage associated with internal pores in the
sandstone continuously accumulated, causing strain localization to evolve from a rela-
tively concentrated pattern toward coordinated development across multiple regions and
ultimately resulting in increasingly complex failure modes.
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Figure 20. Failure evolution characteristics of intact sandstone specimens under uniaxial compres-

sion after different numbers of freeze-thaw cycles.

4. Conclusions

This study employed physical parameter measurements, scanning electron micros-
copy (SEM), nuclear magnetic resonance (NMR), computed tomography (CT), and digital
image correlation (DIC) to investigate the evolution of the pore structure and multiscale
damage mechanisms of sandstone under freeze-thaw cycling. The main conclusions are
as follows:

(1) Freeze-thaw cycling significantly altered the macroscopic physical properties of
sandstone and exhibited a pronounced cumulative damage effect. With increasing num-
bers of freeze-thaw cycles, the dry mass and P-wave velocity of the sandstone continu-
ously decreased, whereas its porosity and permeability gradually increased. After 15
freeze—-thaw cycles, the dry mass decreased by 0.65%, the P-wave velocity decreased by
12.30%, the gas-measured porosity increased from 10.63% to 12.45%, and the permeability
increased from 0.28 mD to 0.96 mD.

(2) Freeze—thaw cycling weakened intergranular cementation, promoted microcrack
propagation, and induced pore-size structure adjustment, resulting in pronounced pore
coarsening. The pore structure gradually shifted from smaller pores toward medium- and
large-sized pores. After 15 freeze-thaw cycles, the proportion of macropores increased by
83.3% compared with the initial state.

(3) Freeze—-thaw cycling significantly enhanced pore connectivity in the sandstone, as
evidenced by a decrease in the total number of pores and an increase in the number of
connected pores. The volumetric porosity increased from 9.70% to 13.33%, while the con-
nected porosity increased from 2.25% to 10.40%, indicating that isolated pores continu-
ously expanded, coalesced, and gradually developed into an interconnected pore net-
work.

(4) The evolution of freeze-thaw damage followed a progressive process of microde-
fect activation—pore expansion—crack interconnection-interconnected network recon-
struction-macroscopic property deterioration. During uniaxial compression, distinct
band-shaped high-strain zones gradually developed in the freeze-thaw-treated sandstone
specimens when the applied stress reached 0.8 times the peak stress. At 0.9 times the peak
stress, these high-strain bands further expanded and tended to interconnect. At the peak
stress, the specimen without freeze-thaw treatment mainly exhibited a relatively concen-
trated main failure band. In contrast, the specimen subjected to 15 freeze—thaw cycles de-
veloped multiple intersecting high-strain bands. These results indicate that freeze-thaw
cycling promoted the earlier onset of strain localization in sandstone and caused high-
strain zones to evolve from localized concentrations toward a more distributed pattern
across multiple regions.
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