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Pore structure expansion and
evolution in sandstone with
prefabricated crack under
freeze-thaw cycles based on CT
scanning

Xinting Zhang, Xuedong Luo*, Xu He and Shuaishuai Niu

Faculty of Engineering, China University of Geosciences, Wuhan, China

In cold regions, rocks undergo periodic temperature fluctuations, resulting in
deterioration in pore structure and mechanical behavior. This degradation can
lead to instability in rockmasses and contribute to landslides.Whilemany studies
have investigated the effects of freeze-thaw (F-T) cycles on the mechanical
behavior of rocks, the micro-level mechanisms of deterioration remain less
understood. In this study, the evolution of the pore structure of a prefabricated
sandstone with 30 freeze-thaw cycles ranging from −20°C to 20°C is explored
using CT scanning. The influence of the prefabricated crack is highlighted. The
results indicate a significant impact of freeze-thaw cycles on large pores, with
their proportion increasing from 15.28% to 38.72% after 30 F-T cycles. Within
the initial 10 F-T cycles, pore structure changes occur without the expansion
of prefabricated crack. However, after 15 F-T cycles, prefabricated crack begins
extending downward, eventually becoming nearly continuous after 30 F-T
cycles. Prefabricated crack notably influences pore distribution during freeze-
thaw cycles, with higher porosity near the fracture, where pores initially expand
and connect. These findings provide insights into the damage mechanism in
sandstone under F-T cycles.
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1 Introduction

Freeze-thaw cycles are the predominant cause of engineering-related deterioration
in rock masses in cold regions (Xia et al., 2021; Lv et al., 2022; Ju et al., 2024).
Seasonal temperature fluctuations lead to the cyclic freezing and thawing of rock
masses, leading to many problems in engineering, such as rockfall, instability of
tunnel surrounding rock (Cui et al., 2022; Chen et al., 2023; Lu et al., 2023; Wang et al.,
2024). Open-pit rock slopes are especially vulnerable to the erosive effects of freeze-
thaw cycles, significantly endangering the stability of geological rock masses on
slopes, resulting in geological disasters, such as landslides (Li et al., 2018; Qiao et al.,
2022; Ma et al., 2023; Zhang et al., 2024). In high-altitude and cold regions, which
are rich in mineral resources, mining operations encounter significant challenges
due to the profound effects of freeze-thaw cycles (Wang et al., 2021). Hence,
understanding freeze-thaw cycles is crucial for the design and construction of
engineering structures and the exploitation of mineral resources in cold climates.

Frontiers in Earth Science 01 frontiersin.org

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2024.1394731
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2024.1394731&domain=pdf&date_stamp=2024-05-10
mailto:cugluoxd@foxmail.com
mailto:cugluoxd@foxmail.com
https://doi.org/10.3389/feart.2024.1394731
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/feart.2024.1394731/full
https://www.frontiersin.org/articles/10.3389/feart.2024.1394731/full
https://www.frontiersin.org/articles/10.3389/feart.2024.1394731/full
https://www.frontiersin.org/articles/10.3389/feart.2024.1394731/full
https://www.frontiersin.org/articles/10.3389/feart.2024.1394731/full
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Zhang et al. 10.3389/feart.2024.1394731

When the temperature of pore water and microcrack water in
rocks falls below the freezing point, it undergoes a 9% expansion in
volume, generating considerable freeze-thawpressure (Deprez et al.,
2020; Niu et al., 2024). This volumetric expansion results in an
accumulation of tensile stress in the rock. As the temperature
increases, water flows through discontinuities, accelerating the
degradation of the rock. The periodic freeze-thaw cycles caused by
temperature variations in cold regions lead to progressive cracking,
driven by the repeated application of freeze-thaw pressure. This
process triggers the creation of new cracks, the expansion of
existing cracks, and a reduction in slope strength (Kjelstrup et al.,
2021; Huang et al., 2020). This degradation compromises the
mechanical integrity of rocks in geological engineering, threatening
the safety and stability of infrastructures in cold regions
(Ghoreishian Amiri et al., 2022). The expansion of pores and
microcracks in rocks leads to a greater water storage capacity,
intensifying frost damage upon subsequent freezing (Zhang et al.,
2020). Therefore, understanding the evolution of rock pores
and microcracks during the freeze-thaw cycles is essential to
uncover the mechanisms of rock degradation due to freezing
and thawing.

Research has delved into the expansion process of rock
fractures during freeze-thaw cycles (Zhang et al., 2024; Li et al.,
2018). Yahaghi et al. (2021) conducted indoor experiments,
including uniaxial compression and Brazilian tensile tests,
revealing that increased freeze-thaw cycles shift the primary
failure mode in sandstone from axial splitting to shear in
compression tests, and from smooth to serrated central cracks
in tensile tests. Zhou et al. (2023) investigated the dynamic
fracture characteristics of fractured sandstone under F-T cycles,
employing a combination of freeze-thaw cycling and drop
weight tests. Their findings showed reductions in dynamic elastic
modulus, and wave velocities, alterations in pore distribution,
and an acceleration in crack propagation velocity with more
F-T cycles. Lu et al. (2019) explored single-fractured sandstone
across four groups, conducting F-T cycle experiments and
triaxial compression tests to develop a damage evolution model
that accounts for prefabricated cracks, loading, and F-T cycles,
offering predictions for the triaxial compressive strength of such
sandstone.

These studies primarily address the macroscopic mechanical
properties of rocks. However, for a deeper understanding of
the inherent mechanisms of rock degradation through freeze-
thaw cycles, it is crucial to examine the microscale, focusing
on changes in the internal pore and crack structures of
rocks (Meng et al., 2021; Niu et al., 2021; Liu et al., 2021). For
instance, Seyed Mousavi et al. (2019) used scanning electron
microscopy (SEM) to study the structural and microscopic
structure changes in samples after weathering, noting increased
microcracks, loss of matrix cement, and significant reductions
in cohesion and internal friction angle with F-T cycles.
Zhang et al. (2024) utilized nitrogen adsorption/desorption (NAD)
and mercury intrusion porosimeter (MIP) to measure the
microscopic morphology and pore size distribution of sandstone
samples, finding that F-T cycles mainly affect large pores and
mesopores, with a lesser impact on small pores. Zhou et al.
(2020) used SEM and nuclear magnetic resonance (NMR)
to trace the microstructural and pore size distribution of

sandstone under F-T cycles, observing particle detachment
and significant impact on pores with diameters ranging from
0.02 μm to 2 μm.

Despite these advances, the intrinsic limitations of such
techniques have left the expansionmechanism of non-throughgoing
structural surfaces and the evolution characteristics of rock pores
during the F-T cycles underexplored. In recent years, the adoption
ofCT technology in geotechnical engineering has spurred numerous
scholars to pursue research with this sophisticated tool (Maľa et al.,
2022; Liu et al., 2020; Maji and Murton, 2020). Song et al. (2023)
utilized CT scanning to study the F-T damage of sandstone under
varying saturation conditions, revealing that pore size distribution
reflects complex pore structures, with an increase in the proportion
of large pores and mesopores with F-T cycles. Wang et al. (2020)
used CT scanning to study the effects of F-T cycles on granite
samples with two non-parallel fractures, indicating that F-T cycles
and the inclination angle both affect crack propagation paths
and rock bridge fracture behavior. F-T damage can drive crack
extension at the defect tip and accelerate the propagation of
existing fractures. Li et al., 2022 used CT scanning to analyze
saturated and dry rock specimens with cyclic freeze-thaw tests,
finding that the peak stress of granite decreases to different
extents with the increasing number of freeze-thaw cycles. Under
freeze-thaw cycles, pore water frost heave causes initiation and
development ofmicro-defects, and newmicrocracksmainly develop
along fractures and boundaries between different mineral crystals,
resulting in intergranular and transgranular cracking. Although
CT technology has produced some insights into the microscopic
field of rocks, further research is necessary to understand the
evolution characteristics of crack propagation in rocks during the
F-T process.

This study focuses on red sandstone with prefabricated
crack, employing CT scanning to track the evolution of
prefabricated crack under different F-T cycles. The heterogeneity
and connectivity of pore structures after F-T cycles are systematically
analyzed. The insights garnered from this study offer theoretical
support for understanding the damage and deterioration
of rocks in cold regions. findings can provide significant
theoretical.

2 Materials and methods

2.1 Materials/sample preparation

This experiment focuses on red sandstone, with samples
sourced from Ezhou City, Hubei Province, China. The samples
are derived from a single, fresh, and intact rock block to
ensure their integrity and uniformity. Basic physical-mechanical
parameters are tested on cylindrical samples with a diameter
of 50 mm and a height of 100 mm. These parameters include
dry density, saturated density, porosity, P-wave velocity,
Poisson’s ratio, and uniaxial compressive strength, as detailed
in Table 1.

The specimens are cut into cubes with a side length of 70 mm.
A small arc cutting tool is used to prefabricate a crack in the middle
of one side of the samples, measuring 70 mm in length, 35 mm in
height, and 2 mm in width, as shown in Figure 1.
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TABLE 1 Samples’ basic physical-mechanical properties (between line 104 and line 105).

dry density
(g/cm3)

Saturation
density
(g/cm3)

Porosity (%) P-wave
velocity
(m/s)

Poisson’s
ratio

Compressive
strength
(MPa)

2.3 2.43 11.19 3328.19 0.26 43.02

FIGURE 1
Sample preparation and size (between line 104 and line 105).

2.2 F-T cycles experiment

The equipment utilized for F-T cycles experiment is the AB-
1000 High-Low Temperature Alternating Humidity Test Chamber.
To simulate the periodic variations characteristic of cold regions,
the test temperature is set between −20°C and 20°C, following
indoor freeze-thaw testing standards, with a total of 30 cycles. The
experimental process and equipment are shown in Figure 2. The
main experimental steps are outlined as follows:

(1) Place the samples in a saturator, apply Vaseline to the
opening, use a vacuum pump to reach a certain negative
pressure, slightly open the pipe clamp, and inject distilled
water. Throughout the water injection process, ensure that
the vacuum pressure gauge’s value remains relatively constant.
Then, remove the water intake tube from the cylinder and wait
for some time to saturate the samples.

(2) Take out the saturated samples, wipe off sample surfaces,
wrap them with industrial cling film, ensuring a tight fit
without any gaps, and seal with waterproof tape. Place the
side with the crack facing upward and fill the crack with water
using a needle.

(3) Position the samples in the AB-1000 High-Low Temperature
Alternating Humidity Test Chamber, set the temperature to
−20°C, freeze for 4 h, then adjust the temperature to 20°C,
thaw for 4 h. This constitutes one complete freeze-thaw cycle.
After each cycle, repeat step (2) and proceed to the next freeze-
thaw cycle.

2.3 CT scanning experiment

To investigate the influence of F-T cycles on the expansion
process of non-penetrating structural surfaces, CT scans were
conducted on the samples after 0, 5, 10, 15, 20, 25, and 30 F-T
cycles.The CT scanning equipment used in this study is the Phoenix
V|tome|, capable of identifying pores with a diameter as small as
5 μm. (Park et al., 2015).

The CT image processing for this study utilized VG StudioMAX
2.2 software. Firstly, the raw images obtained fromCT scanningwere
imported into the software for three-dimensional reconstruction,
followed by data processing.Themain processes included image pre-
processing, threshold selection, region of interest (ROI) selection,
and extraction of pore characteristics within the ROI.

Image Pre-processing: The three-dimensional reconstruction
of CT raw data was performed in VG Studio MAX 2.2, where 1,000
images obtained from scanning are reconstructed into a 3D model
with contrast settings tomake the sample images clearer and the pore
structure more obvious.

Threshold Selection: The reconstructed 3D model can
distinguish the composition of the internal matrix from the pores
by the difference in grayscale value, which is the threshold value. In
this study, the porosity before freeze-thaw cycle is used as the basis
for determining the threshold value.

Region of Interest (ROI) Selection:Theregion of interest (ROI)
is the effective CT image area used for analysis and calculation. Two
regions of interest, ROI 1 and ROI 2, were selected in this study, and
their locations are shown in Figure 3.The entire gray cube represents
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FIGURE 2
The experimental process and equipment (between line 121 and line 122).

FIGURE 3
Position of ROI 1and ROI 2 (between line 146 and line 147).

the image reconstructed from the sandstone scan, with the orange
area indicating a prefabricated crack. ROI 1 is the light blue area,
a 30 mm × 60 mm × 60 mm cuboid primarily used to analyze the
overall expansion characteristics of fractures after F-T cycles. ROI 2

is the pink area, a cuboid obtained by extending downward from the
central 15 mm × 15 mm square section of the sample, measuring
30 mm in length, and is mainly used to analyze the microscopic
changes in pore structure after F-T cycles.
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FIGURE 4
Frozen temperature curves (between line 161 and line 162).

FIGURE 5
Cracks with 20 F-T cycles (A), 25 F-T cycles (B) and 30 F-T cycles (C) (between line 176 and line 177).

2.3.1 Extraction of feature parameters within the
region of interest (ROI)

Utilizing the pore volume quantification tool provided by
VG Studio MAX 2.2, pores within the ROI were quantitatively
calculated. The key parameters extracted include changes in pore
diameter, quantity, and porosity within the ROI after F-T cycles.
The diameter of the maximum inscribed sphere within the pore
space was defined as the equivalent pore diameter (D) (Zhang et al.,

2022). To quantitatively illustrate the evolution of the pore size
distribution (PSD) under F-T cycles, rock pores were categorized
into three groups: pores with a diameter greater than 1 mm were
classified as large pores, pores with a diameter ranging from 0.2 mm
to 1 mm were classified as mesopores, and pores with a diameter
smaller than 0.2 mmwere classified as small pores (Sun et al., 2020).
The total porosity was calculated as the ratio of the total pore
volume within the ROI to the total volume of the ROI. Similarly, the

Frontiers in Earth Science 05 frontiersin.org

https://doi.org/10.3389/feart.2024.1394731
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Zhang et al. 10.3389/feart.2024.1394731

FIGURE 6
Crack with F-T cycles in ROI 1 (between line 181 and line 182)

large porosity, medium porosity, and small porosity were calculated.
Surface porosity (Fan et al., 2020) refers to the ratio of the pore area
on any surface within ROI to the total surface area.

3 Results

3.1 Surface and internal temperatures
during freezing process

From Figure 4, it can be observed that during the freezing
process, both the surface and internal temperatures of samples
undergo significant changes. Due to the cooling system, the surface
temperature of samples rapidly drops to −20°C. However, the
internal temperature of samples undergoes three main stages. The
first stage is the rapid cooling period, where the internal temperature
rapidly drops to 0°C within about an hour, with water remaining
unfrozen, primarily influenced by the cooling system. Following
this is the stable phase transition period, where water in the crack
begins to freeze, releasing a significant amount of latent heat,
thereby maintaining the temperature relatively stable around 0°C.
Finally, there is the sustained cooling period, occurring after the
complete freezing of the crack water, where the internal temperature
continues to decrease, gradually approaching that of the surface
temperature.

3.2 Prefabricated crack expansion

After 15 F-T cycles, the prefabricated crack in samples starts to
expand. Until 15 F-T cycles, there are no apparent cracks on the
sample surface. Visible cracks begin to appear after 20 F-T cycles. By
the 30 F-T cycles, the prefabricated crack has essentially connected,
as depicted in the apparent results shown in Figure 5.

From Figure 5, it can be observed that after 20 F-T cycles
(as shown in Figure 5A), a crack appears on the sample surface.
Measurements indicate that the crack length is 18.7 mm after 20 F-
T cycles, increases to 24.4 mm after 25 F-T cycles (as shown in
Figure 5B), and reaches 33.4 mm after 30 F-T cycles (as shown
in Figure 5C). To further observe the extension of crack in
samples, an analysis is conducted on ROI 1 during 30 F-T cycles,
as shown in Figure 6.

From Figure 6, it can be observed that during the 0–15 F-T
cycles, the internal pores of sandstone sample start to increase
and concentrate below the prefabricated crack. However, the
prefabricated crack does not expand. After 20 F-T cycles, the
sample begins to penetrate downward the prefabricated crack. The
penetration occurs from the inside out, and by 30 F-T cycles, the
sample is essentially fully penetrated. Extract the results of crack
extension from ROI1 and project them onto a 60 mm × 60 mm
plane. This way, the max length of crack can be directly obtained,
while the average length is the result of the ratio of the projected
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FIGURE 7
Crack evolution with F-T cycles (between line 189 and line 190).

FIGURE 8
Pores structure and variation with F-T cycles in ROI 2 (blue represents smaller pore volumes, and red represents larger pore volumes) (between line 194
and line 195).

area to the 60 mm side length. Figure 7 shows the average length and
max length of crack.

From Figure 7, it can be observed that crack length of sample
remains relatively unchanged before 15 F-T cycles. After 15 F-
T cycles, the sample starts to penetrate downward from the
prefabricated crack, and the crack length begins to increase. To
understand how the internal pores change and why penetration
begins after 15 F-T cycles, an analysis of pore characteristics within

ROI 2 was conducted. A cross-section from the same location on
ROI 2 is shown in Figure 8.

Figure 8 displays the distribution of pores on various cross-
sections under different F-T cycles. It can be observed that before
15 F-T cycles, the main changes inside sample involve an increase
in the number of pores and an enlargement of pore diameters,
but there is no connectivity between pores. After 15 F-T cycles,
microcracks initiated at the bottom of the prefabricated cracks, and
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FIGURE 9
Porosity with F-T cycles (between line 211 and line 212).

nearby pores began to connect, leading to an increase in crack
length. After 20 F-T cycles, the phenomenon of pore connectivity
becomes more pronounced, with a noticeable increase in larger
pores, ultimately resulting in the specimen becoming essentially
fully penetrated downward. The phenomenon is attributed to
the volumetric expansion of water within the crack and pores
during freezing process, resulting in the generation of frost
heave pressure. This force exerts additional stress on the rock
structure, potentially causing the abrasion of rock particles and
facilitating the enlargement of pores, as well as the initiation
of microcracks. Under F-T cycles, the recurring expansion and
contraction continuously lead to the formation, expansion and
interconnection of microcracks and pores. After 15 F-T cycles, a
noticeable increase in the length of the prefabricated crack can
be observed, indicating that the structure has been significantly
affected at this point. As the freeze-thaw cycles persist, the
expansion process continues until the prefabricated crack are fully
penetrated.

Extracting pore characteristic parameters from ROI 2 and
conducting statistical analysis, the variation in porosity for different-
sized pores with F-T cycles is shown in Figure 9.

From Figure 9, it can be observed that with an increase in F-
T cycles, the total porosity gradually increases. The growth rates
of medium-sized and small-sized porosity are nearly consistent,
while the large porosity remains relatively constant during the initial
10 F-T cycles and experiences rapid growth after 15 F-T cycles.

Figure 10 illustrates the proportion of different-sized pore
volumes to the total pore volume under F-T cycles. Before

the start of F-T cycles, small pores occupy 47.9% of the total
volume, mesopores account for 36.82%, and large pores have
the smallest proportion at 15.28%. After 15 F-T cycles, there
is a slight change in the proportions of pores of different
sizes. However, after 30 F-T cycles, the proportion of large
pores increases to 38.72%, while the proportion of mesopores
decreases to 27.58%, and small pores decrease to 33.7%. It can be
observed that F-T cycles significantly increase the proportion of
large pores.

To better quantitatively characterize the evolution of pore
diameter in sandstone samples after different F-T cycles, the
cumulative distribution of pore diameters in the ROI 2 is obtained by
statistically analyzing the volumes corresponding to different pore
diameters, as shown in Figure 11.

It is evident that F-T cycles result in noticeable changes in
the diameter of the internal pore structure in sandstone, and the
cumulative distribution curve shows a systematic morphological
variation. Pores with a diameter smaller than 0.2 mm (small pores)
account for around 20% of the volume percentage, and their
cumulative distribution features under different F-T cycles are
similar. However, with an increase in F-T cycles, the percentage
slightly decreases. Pores with a diameter smaller than 1 mm
(including small pores and mesopores) constitute approximately
85% without F-T effects, but after 30 F-T cycles, this percentage
decreases to 60%.

To explore the relationship between pore distribution and
prefabricated crack, the surface porosity is extracted from cross-
sections within the ROI 2. Data are extracted at intervals of 3 mm
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FIGURE 10
The proportion of the different-sized pores to the total pore volume (between line 215 and line 216).

starting from the bottom of the prefabricated crack, and the results
are as follows.

From Figure 12, it is noticeable that, before the initiation of F-
T cycles and after 5 F-T cycles, the surface porosity across different
sections remains essentially consistent. The porosity increases
with the number of F-T cycles, indicating similar deteriorating
characteristics in the overall rock mass structure during 5 F-T
process. However, starting from 10 F-T cycles, the porosity near the
prefabricated crack is slightly higher than that at a distance from
the crack. By 15 F-T cycles, pores near the prefabricated crack begin
to connect. At this point, the upper part at −6 mm exhibits higher
porosity, while the lower part has lower porosity, resulting in a
significant difference in porosity between the two locations. After
20 and 25 F-T cycles, the porosity pattern is similar to that at 15 F-T
cycles, with differences occurring at sections −15 mm and −22 mm,
respectively. After completing 30 F-T cycles, the selected area of
interest is essentially fully connected, and the porosity at various
locations shows no significant differences. The results indicate that
the presence of prefabricated crack has no significant impact on
samples during the early stages of F-T cycles. However, with an
increase in the number of F-T cycles, the bottom of the prefabricated
crack is initially damaged, and the crack gradually expands until
it penetrates the entire sample. In natural settings, the presence
of structural planes exacerbates the deteriorating characteristics of
rock masses during the F-T cycles.

4 Discussion

Cracks are an important geological structure influencing the
properties of rock masses (Chen et al., 2022). The deterioration
of rock masses through F-T effect is primarily attributed to the
expansion force generated from the phase transition of water to
ice within the fissures, leading to the expansion of these cracks
(Huang et al., 2021; Yu et al., 2023).

The F-T cycles have altered the pore distribution structure of the
sandstone. Before the F-T cycles, the samples exhibit good integrity,
withmineral particles tightly connected, fewer large pores, andmore
small pores (Liu et al., 2020). During the initial 5 F-T cycles, there
is a relatively slow growth rate in porosity, and the variation in the
porosity of large pores is minimal. This indicates that in the early
stages of F-T cycles, the inherent pores are primarily composed of
smaller ones, as shown in Figure 13A, and the frost heave pressure
onwatermolecules within the pores induced by F-T cycles is limited,
resulting in a restrained effect on pore expansion. At this stage,
the surface porosity at various cross-sections below the bottom of
the prefabricated crack is essentially consistent, suggesting that the
presence of the prefabricated crack hasminimal impact on the entire
sample. The overall internal changes are attributed to the initiation
and expansion of some small pores, as shown in Figure 13B. After
10 F-T cycles, the porosity near the bottomof the prefabricated crack
is slightly higher than that at locations further away from the crack
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FIGURE 11
Pore cumulative distribution curve (between line 225 and line 226).

bottom. This indicates that the prefabricated crack is beginning to
influence the pore distribution structure of the sample. At this stage,
due to the presence of the prefabricated crack, the phase transition
of water to ice around and at the bottom of the prefabricated crack
intensifies, accelerating the development of small pores.These small
pores interconnect, forming larger pores, as shown in Figure 13C.

After 15 F-T cycles, CT scan results reveal that the prefabricated
crack has begun to penetrate downward, with a crack extension
length reaching 6.2 mm. At this point, the overall porosity growth
rate accelerates, and there is an increase in presence of large pores.
The surface porosity from the bottom of the prefabricated crack
to 6.2 mm is nearly uniform, and they are significantly higher
than the porosity below 6.2 mm. The presence of the prefabricated
crack is now exerting a pronounced influence on the internal pore
distribution characteristics of sample. After 20 and 25 F-T cycles, the
crack continues to extend downward, reaching maximum extension
lengths of 16.3 mm and 22.7 mm, respectively. At these positions,
there is a considerable difference in porosity above and below the
crack extension.

After 30 F-T cycles, the proportion of large pores in the sample’s
pore volume increases from 1.71% to 12.17%, while the proportion
of mesopores increases from 4.12% to 8.67%. At this point in
ROI 2, the prefabricated crack has fully penetrated, with slightly
higher surface porosity near the bottom of the prefabricated crack.
The porosity across various cross-sections shows little difference.
Throughout the entire F-T cycle process, the downward extension
of the prefabricated crack has not only lengthened but also widened,
as depicted in Figure 14.

The prefabricated crack significantly influences the pore
distribution characteristics of the sample, primarily due to the F-T
process and the resulting freeze expansionpressure generated during
the ice-water phase transition within the pores (Huang et al., 2018).
The sandstone comprises large, medium, and small pores, which
are interconnected at different scales and randomly distributed, as
shown in Figure 15A. Due to curvature effects (Huang et al., 2020),
the initial temperature drops lead to the freezing of larger pores.
During the freezing process, the expansion of water in these larger
pores forces unfrozen water into smaller pores, increasing the water
pressure. When this pressure exceeds the tensile strength of the
rock, pore expansion occurs. As the cooling continues, unfrozen
water in the smaller pores begins to freeze, further triggering pore
expansion. This process enlarges the original pores, resulting in the
formation of larger ones, and they start to interconnect.This process
repeats continuously with the periodic F-T cycles (Jia et al., 2020).
In samples with a prefabricated crack, the crack acts as the largest
pore. During a freezing process, as water in the prefabricated crack
begins to freeze, frost heave pressure rapidly increases. This induces
water migration in prefabricated crack, alters the permeation field
around the crack, and forces unfrozen water into the connected
smaller pores with the lowest tensile strength, the freezing of these
small pores leads to expansion and increased volume. Once frost
heave pressure surpasses the minimum tensile strength of the rock,
prefabricated crack begins to extend and connect, causing further
volume increase in the crack and subsequently reducing the frost
heave pressure. The frost heave pressure and the minimum tensile
strength of the rock remain in dynamic equilibrium. When the
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FIGURE 12
Surface porosity under prefabricated crack (between line 235 and line 236).

FIGURE 13
Pores evolution in initial stage, mid stage and late stage of F-T cycles (between line 271 and line 272).

crack water completely freezes, and no further changes in the frost
heave pressure occur, the extension of prefabricated crack halts, as
shown in Figure 15B. Through repeated F-T cycles, pores gradually
interconnect, and the prefabricated crack gradually extends until
full penetration, as shown in Figure 15C.

5 Conclusion

This study conducted CT scans on sandstone samples with
prefabricated crack subjected to F-T cycles, examining the evolution
of surface morphology under F-T conditions. Concurrently,

Frontiers in Earth Science 11 frontiersin.org

https://doi.org/10.3389/feart.2024.1394731
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Zhang et al. 10.3389/feart.2024.1394731

FIGURE 14
The extension of prefabricated crack with F-T cycles in ROI 2 (between line 286 and line 287).

FIGURE 15
The influence of prefabricated cracks on pores evolution in initial stage, mid stage and late stage of F-T cycles (between line 308 and line 309).
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a statistical analysis was performed on porosity and crack
length to gain an in-depth understanding of pore structure and
expansion characteristics of the sandstone samples. The following
conclusions were drawn:

(1) During F-T cycles, there is a notable increase in the quantity of
pores within the sandstone, accompanied by an enlargement of
pore diameters. Additionally, as the cycles progress, the pores
start to interconnect.

(2) The impact of F-T cycles on large pores is notably significant.
Without F-T cycles, small pores constitute 47.9% of the total
pore volume, mesopores account for 36.82%, and large pores
have the smallest proportion at 15.28%. After 30 F-T cycles,
the proportion of large pores increases to 38.72%, while the
proportion of mesopores decreases to 27.58%, and small pores
decrease to 33.7%.

(3) During 15 F-T cycles, changes occur in the internal pores of
samples, but the prefabricated crack does not begin to extend.
After 15 F-T cycles, the prefabricated crack starts to extend
downward and becomes essentially fully connected after 30 F-
T cycles.

(4) Prefabricated crack has a significant influence on the
distribution of pores during F-T cycles. Porosity is higher
near the prefabricated crack, and as F-T cycles progress,
the prefabricated crack starts to penetrate, leading to higher
porosity within the penetrated length compared to other parts.
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