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The evolution of the rock pore structure is an important factor influencing rock mechanical properties in cold regions. To study the
mesoscopic evolution law of the rock pore structure under freeze-thaw weathering cycles, a freeze-thaw weathering cycle
experiment was performed on red sandstone from the cold region of western China with temperatures ranging from -20°C to
+20°C. The porosity, T2 spectral distribution, and magnetic resonance imaging (MRI) characteristics of the red sandstone after
0, 20, 40, 60, 80, 100, and 120 freeze-thaw weathering cycles were measured by the nondestructive detection technique nuclear
magnetic resonance (NMR). The results show that the porosity of sandstone decreases first and then increases with the increase
of the freeze-thaw weathering cycles and reaches the minimum at 60 of freeze-thaw weathering cycles. The evolution
characteristics of porosity can be divided into three stages, namely, the abrupt decrease in porosity, the slow decrease in
porosity, and the steady increase in porosity. The evolution characteristics of the T2 spectrum distribution, movable fluid
porosity (MFP), and MRI images in response to the freeze-thaw weathering process are positively correlated with the porosity.
Analysis of the experimental data reveals that the decrease in the porosity of the red sandstone is mainly governed by
mesopores, which is related to the water swelling phenomenon of montmorillonite. Hence, the pore connectivity decreases. As
the number of freeze-thaw cycles increases, the effect of the hydrophysical reaction on the porosity gradually disappears, and the
frost heaving effect caused by the water-ice phase transition gradually dominates the pore evolution law of red sandstone.

1. Introduction

Rock is a natural three-phase porous dielectric material
formed during a long geological process, and numerous
micropores, microcracks, and microdefects are contained
within [1–3]. In cold regions, the ever-changing climate
makes these natural microdefects of the rock mass vulnerable
to freeze-thaw weathering cycles and causes fatigue damage,
which changes the physical and mechanical properties of
the rock mass and imposes an important impact on rock
engineering [4–6]. When the temperature is lower than 0°C,
a certain volume of liquid water inside the rock freezes, which
will increase by approximately 9%, and a frost heaving force

is generated on the sidewalls of pores so that they expand.
With increasing temperature, the ice melts, and the pores
are replenished with liquid water [7]. Cold regions occupy a
large part of the human living environment. Currently, many
geotechnical projects are deeply affected by freeze-thaw
weathering disasters. Therefore, the experimental study of
the evolution of the rock microstructure under the condi-
tions of freeze-thaw weathering cycles has an important
practical significance to reveal the mechanism of rock dam-
age and guarantee rock engineering in cold regions.

Methods such as computed tomography (CT) [8–10],
scanning electron microscopy (SEM) [11], nuclear magnetic
resonance (NMR) [12–14], microseismic monitoring (MS)
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[15], and acoustic emission (AE) [16] have been adopted in
previous studies to clarify the relationship between pore
structure degradation and rock mechanical properties under
freeze-thaw cycles and to protect rock mechanical engineer-
ing. There are more and more reports on the use of NMR
technology to detect rock damage. For example, Liu [17,
18] studied the internal microstructure changes in rock
under the influence of the freeze-thaw treatment by the
NMR technique. He found that rock microstructure deterio-
rated under the influence of freeze-thaw cycles. With the
increase of freeze-thaw cycles, the volume of macropores in
the rock increased, while the volume of micropores showed
fluctuations. Hu [19, 20] obtained the T2 spectra of the
grouting materials by NMR technique, which reflected the
evolutionary relationship of the five microstructure of inter-
layer pores, gel pores, capillary pores, circular air holes, and
fractures with curing time. He also used NMR, SEM, and
fractal theory to establish the quantitative relationship of
microscopic characterization between the action of air-
entraining agents and cemented paste backfill pore structure.
Zhai [21] implemented NMR and SEM to analyze the pore
distribution characteristics of coal samples and found that
the freeze-thaw effect causes the development, penetration,
and expansion of the pores in the coal samples. Jia [22]
applied NMR technology to study the freezing process of
sandstone pore water and divided the whole process into four
stages: supercooling, rapid freezing, stable freezing, and
freezing cessation. The T2 spectrum distribution of rock is
obtained through NMR testing, including the pore informa-
tion and pore size distribution characteristics of the rock after
freeze-thaw weathering cycles [23]. The changes in the pore
structure reflect the degradation characteristics of the micro-
structure after the rock undergoes freeze-thaw weathering
cycles. When the frost heaving force is greater than the bind-
ing force between mineral particles, the porosity increases
sharply [13, 14]. Wang [24] used NMR and AE techniques
to study the failure mechanism of rocks under cyclic
mechanical loads and freeze-thaw weathering cycles. Their
results showed that the pores in rocks subjected to freeze-
thaw degradation deteriorated faster, and the strength of
rocks subjected to the combined treatment of cyclic loads
and freeze-thaw cycles was reduced by approximately 30%.

Under the freeze-thaw weathering cycle effect, the change
in rock mechanical properties is caused by the deterioration
of the internal pore structure. Therefore, many researchers
[25–30] have conducted much research through indoor
experiments, numerical simulations, damage models, etc.
Jiang [31] studied the response mechanism of two kinds of
marble microstructures to the dynamic cyclic impact under
the condition of freeze-thaw weathering cycles, and he found
that under the cyclic dynamic impact, the two marble types
exhibited the same trend: the porosity gradually decreased,
the pore size continuously decreased, the pore structure
tightened, and the permeability weakened. Weng [32] et al.
studied the response mechanism of the rock microstructure
and dynamic mechanical behaviour to freeze-thaw weather-
ing cycles. Martins [33] studied the influence of freeze-thaw
weathering cycles on the physical and mechanical properties
of granite. Huang [34, 35] constructed a constitutive model

of rock damage under freeze-thaw and load conditions, as
well as the thermal-hydraulic-mechanical (THM) coupling
control equation of frozen rock under low-temperature con-
ditions, and achieved good prediction results.

Furthermore, the deterioration of the pore structure is an
important factor causing rock damage. Therefore, it is partic-
ularly important to accurately measure pores under freeze-
thaw weathering cycles. The pore measurement methods
implemented by researchers include mercury intrusion poro-
simetry (MIP) [36–38], oven-drying method [39, 40], and
NMR [13, 41]. MIP destroys the internal pore structure of
the rock and cannot be continuously observed. The oven-
drying method heats rock to temperatures above 100°C,
which may cause further rock damage. NMR is the only non-
destructive testing technique, which implies that no interfer-
ence damage occurs to the sample, and it can track pore
changes and has a certain degree of repeatability. In recent
years, NMR technology has been gradually applied for the
detection and damage identification of rock mesostructures.
It can realize multiscale and multiparameter synchronous
recognition, exhibits a high sensitivity to pore fluids, and
yields quantitative characteristics.

However, most researchers have focused on the macro-
mechanical behaviour of rocks after freeze-thaw weathering
cycles, and there are few studies specifically on the evolution
of the rock pore structure during freeze-thaw weathering
cycles. In this study, a series of freeze-thaw weathering cycle
experiments were conducted on red sandstone. The process
of freeze-thaw weathering damage of sandstone was mea-
sured by NMR technology. The porosity, T2 spectral distri-
bution, permeability, and MRI images of sandstone during
freeze-thaw weathering cycles were evaluated and discussed.
According to the experimental results, the evolution law
and reason for the pore structure and pore connectivity
changes in the red sandstone were analyzed and obtained.

2. Experimental Setup and Test Procedures

2.1. Rock Specimen Preparation. The rock samples were proc-
essed from the same coarse-grained red sandstone sampled
in the cold region of western China, which ensures the uni-
formity and integrity of the samples to the greatest extent.
The rock samples were prepared into standard cylindrical
samples with a height of 50mm and a diameter of 50mm,
with a height-diameter ratio of 1 : 1. X-ray fluorescence spec-
troscopy (XRF) was performed on the rock samples, and the
mineral composition is summarized in Table 1.

Before the experiment, the mass, initial porosity, and P-
wave velocity were measured to remove the more discrete
samples. The average mass of the remaining samples was
242.98 g, the average density was 2490.82 kg/m3, and the
average porosity was 6.31%.

2.2. Experimental Facilities. As shown in Figure 1, the TDS-
300 freeze-thaw device manufactured by the Suzhou Don-
ghua Testing Instrument Co., Ltd., was used to simulate the
environmental and temperature changes in the cold region
where the rock was sourced from and conduct freeze-thaw
weathering cycle experiments on the rock samples.
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ATDYX-5B low-speed centrifuge was employed for sam-
ple centrifugation.

The AnimR-150 rock nuclear magnetic resonance imag-
ing analysis system manufactured by the Suzhou Neumay
Electronics Technology Co., Ltd., was adopted to conduct
NMR tests on the samples under the conditions of saturation
and centrifugation and obtain data including the porosity, T2
spectral distribution, and MRI images of the samples. The
magnetic field intensity range was 0:3 T ± 0:05 T.

All experiments were completed in the laboratory of the
School of Resources and Safety Engineering and Research
Center for Mining Engineering and Technology in Cold
Regions, Central South University, China.

2.3. Experimental Procedure. The experimental process is
shown in Figure 2. After preparing the samples, the following
tests were performed:

(1) Basic Measurement Test. The height and diameter of
the samples were measured, and the volume of the
samples was calculated to provide basic data for the
measurement of the porosity

(2) Freeze-Thaw Cycle Test. The samples were placed in
the TDS-300 freeze-thaw cycle device. According to
the climatic conditions of the rock source region,
the samples were set to freeze at -20°C for 4 h and

were thawed at 20°C for 4 h, i.e., every freeze-thaw
weathering cycle lasted 8 h. The NMR measurements
were performed every 20 freeze-thaw weathering
cycles. The samples were subjected to 0, 20, 40, 60,
80, 100, and 120 freeze-thaw weathering cycles

(3) NMR Test. After every 20 freeze-thaw weathering
cycles, the samples were taken out and further condi-
tioned in a vacuum saturation device. The samples
were dried via drainage for 240min and saturated
for 120min under a vacuum pressure of 0.1MPa
and then naturally saturated with distilled water for
24h to ensure that the pores inside the rock samples
were filled with water. Then, the saturated rock sam-
ples were dried, wrapped with plastic wrap, and
tested in the ANIMR-150 type NMR test system to
obtain the porosity, T2 spectrum distribution, MRI
images, and other information of the samples

(4) Centrifugation Test. After the NMR test on the satu-
rated samples was completed, the samples were cen-
trifuged in a TDYX-5B low-speed centrifuge at a
speed of 4000 r/min for 60min. Then, the NMR test
was performed again to obtain the micropore infor-
mation of the samples

(5) Steps (2)–(4) were repeated after completing the
NMR tests under saturation and centrifugation

Table 1: Mineral constituent elements of the red sandstone.

Mineral elements O Si C Al Na Mg K Ca Others

Content/% 65.74 12.14 9.55 4.01 3.20 2.81 0.33 0.54 1.68

Laboratory centrifuge

Sandstone
samples

Freeze ‑ thaw device

NMR testing system

Vacuum machine

Digital electronic
scales

Figure 1: Simple experimental procedure and experimental devices including digital electronic scales, vacuum machine, freeze-thaw device,
laboratory centrifuge, and nuclear magnetic resonance test system.
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conditions. When debris fell off the sample surface,
NMR tests were performed under the final saturation
and centrifugation conditions, after which the test
was completed

3. Experimental Results and Discussion

3.1. Porosity. The porosity is the ratio of the pore volume to
the total rock volume, a macroscopic physical quantity that
represents the microscopic structure and reflects the overall
state of discontinuous pores in the rock [42]. Therefore, it
represents the microscopic rock structure and damage.
NMR measures the porosity of saturated rock samples by
detecting the nuclear magnetic signal of the pore fluid. The
porosity of the samples obtained by NMR after every 20
freeze-thaw weathering cycles is plotted in Figure 3. The
porosity of the red sandstone shows an overall trend of first
decreasing and then increasing throughout the freeze-thaw

weathering cycles and reaches a minimum after 60 freeze-
thaw weathering cycles.

According to Figure 3, the change in porosity could be
described as a three-stage process, namely, the first stage is
the abrupt decrease in porosity over 0-20 freeze-thaw weath-
ering cycles, the second stage is the slow decrease in porosity
over 20-60 freeze-thaw weathering cycles, and the third stage
is the steady increase in porosity over 60-80 freeze-thaw
weathering cycles. In the first stage, the average porosity of
the samples decreased from 6.306% to 5.524%, 12.4% lower
than the initial porosity. In the second stage, the sample
porosity decreased further by 0.19%, which is less than that
in the first stage. Moreover, the porosity reached its mini-
mum value and decreased by 15.47% over the initial porosity.
In the third stage, the porosity gradually increased from
5.331% to 5.828%, an increase of 9.34%.

Under the freezing effect, the pore water inside the rock
undergoes a phase change, the frost heaving force generated
by the water-ice phase change is applied to the inner walls
of the pores to promote their expansion and penetration,
and the pore water is replenished after the ice melts [7].
Freeze-thaw weathering cycles commonly increase the rock
porosity, but the experimental results reveal that the rock
porosity decreases, which indicates that the freeze-thaw
weathering process is not the only factor impacting the pore
change in this case of red sandstone. The change in porosity
is a qualitative characterization of the change in the pore
structure, which is caused by the change in the pore number
and size. Therefore, to better reveal the evolution characteris-
tics of the pore microstructure in the rock, further quantita-
tive analysis of the T2 spectrum distribution is necessary.

3.2. T2 Spectral Distribution by NMR. In rock NMRmeasure-
ments, T2 is the time constant describing the recovery pro-
cess of the 1H proton magnetization transverse component
of the pore fluid, which is obtained by inversion of the spin
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Figure 2: Experimental procedures.
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Figure 3: Change in the porosity of the red sandstone with the
freeze-thaw weathering cycles.
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echo series. The T2 spectrum distribution contains informa-
tion on the pore size and number, and the T2 value is posi-
tively correlated with the pore size, while the peak
amplitude is positively correlated with the pore number
[43]. As the 0 freeze-thaw weather cycle is shown in
Figure 4, the T2 spectrum distribution allows a further anal-
ysis of the causes of porosity change. The T2 value range of
the red sandstone is between 0.01 and 3000ms, which means
that the pore size range is relatively wide. The T2 spectrum
contains three peaks, and the amplitude of peaks 1 and 2 is
notably higher than that of peak 3, representing three pore
types, i.e., small, medium, and large pores, respectively. The
T2 spectrum distribution of sandstone is strongly correlated
with the change in porosity in response to freeze-thaw weath-
ering cycles. To analyze the relationship between the pore
structure evolution and porosity change, the T2 spectrum
distribution was divided into three stages according to the
porosity change, as shown in Figure 4.

In the first stage, the T2 spectrum changed greatly after
20 freeze-thaw cycles, indicating that the pore structure
evolved greatly. Peak 1 moved slightly to the left, and the
peak increased slightly. This phenomenon indicates that
some small pores are produced at this stage, and the small
pores increase slightly. Peak 2 decreased significantly, peak
area decreased, indicating that the number of pores
decreased sharply. The change in peak 3 was not large, but

it exhibited an increasing trend. This indicates that new
micropores are generated in the sandstone in response to
the freeze-thaw weathering cycles. However, a certain factor
inhibits the expansion of the pore size of primary pores by
the frost heaving force generated by the water-ice phase tran-
sition, which is the most significant for the medium pores
represented by peak 2.

In the second stage, the amplitude of peak 1 increased,
while peaks 2 and 3 changed little. This indicates that the sec-
ond stage is a transitional stage. The inhibition and frost
heave in the first stage are mutually exclusive. The pore struc-
ture greatly evolved, but the porosity did not change much,
and only a few pores were formed.

In the third stage, peaks 1, 2, and 3 all moved to the right
and tended to increase. This indicates that freeze-thaw
weathering gradually dominated, the number and pore size
of all pore types increased, and the internal cracks in the rock
expanded, among which the medium pores represented by
peak 2 were the most obvious.

There is some effect on the sandstone used in this study
that is contrary to the water-ice phase transition during the
freeze-thaw weathering process, according to the variation
characteristics of the three stages of the T2 spectrum. The
effect is obvious in the first stage and has a great influence
on the medium pores represented by peak 2. After 60
freeze-thaw weathering cycles, the frost heave caused by
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water-ice phase transition plays an important role in the evo-
lution of the pore structure.

3.3. Pore Size. NMR reflects the internal structure of rocks by
detecting the nuclear magnetic signals of the pore fluids.
When the rock sample is completely saturated and placed
in a uniform magnetic field with a short echo time, NMR
relaxation occurs mainly at the solid-liquid interface inside
the rock, which is approximately equal to the surface relaxa-
tion of the pore fluid. The surface relaxation rate is indepen-
dent of the temperature and pressure and related to the
specific surface area (the ratio of the pore surface area to
the pore volume) [44], which is expressed as

1
T2

≈ ρ2
S
V

� �
, ð1Þ

where 1/T2 is the relaxation rate (ms-1) and ρ2 is the trans-
verse surface relaxation rate of the rock (μm∙ms-1). It has
been found that the value range of ρ2 in different rocks is
notably different, even for similar rocks, and its value is
closely related to the mineral composition and content [45].
Shumskayte [46] obtained ρ2 values for red sandstone
between 0.003 and 0.006m/ms, and ρ2 = 0:005μm/ms was
selected from the lithology comparison. In addition, S/V is
the specific surface area (μm-1).

Assuming that all pores have simple shapes, the rela-
tion between the pore radius and pore specific surface area
is as follows:

FS

RP
=

S
V
, ð2Þ

where Rp is the pore radius (μm) and FS is the pore shape
factor (dimensionless). The value of FS is closely related to
the pore shape. For spherical pores, FS = 3, while for
columnar holes

FS = 2 + 1
β
, ð3Þ

where β is the height-diameter ratio, and β > 1. Moreover,
the discussion of the cylindrical pore shape factor is mean-
ingless. The relationship between FS and the height-
diameter ratio is shown in Figure 5. The value of FS is
between 2 and 3. The higher the height-diameter ratio is,
the closer FS is to 2. For the pores inside the rock, the
height-diameter ratio is not very high, and the shape is
close to an ellipsoid. Therefore, FS is set to 2.4 in this
paper.

According to equations (1) to (3), the following can be
obtained:

RP = 0:012T2: ð4Þ

According to equation (4), the T2 spectrum curve can be
transformed into the pore size distribution curve. To deter-
mine which pore types contribute to the reduction in poros-

ity in the red sandstone, it is necessary to study the
classification of pores.

At present, researchers have not established a unified
standard for the classification of the pore size and have pro-
posed different classification methods. Among them, Xiao
[47] divided pores into two types: large pores (Rp ≥ 50μm)
and small pores (Rp < 50μm). Yang [48] partitioned pores
into small pores (Rp < 0:1μm), medium pores
(0:1 μm< Rp < 1 μm) and large pores (Rp ≥ 1μm). Li [7]
divided pores into micropores (Rp < 0:1μm), small pores
(0:1 μm ≤ Rp < 1 μm), medium pores (1 μm ≤ Rp < 10 μm),
and large pores (Rp ≥ 10μm). In this paper, the red sandstone
pore size is divided into four types, namely, micropores
(0 < Rp < 25 nm), minipores (25 nm < Rp < 50 nm), meso-
pores (50 nm < Rp < 1000 nm), and macropores (Rp > 1μm)
with reference to equation (4) and previous classification
methods, as shown in Figure 6.

As shown in Figure 6, the pores in the red sandstone are
mainly micro- and mesopores, and the content of these two
types of pores accounts for approximately 85% of the total
porosity. There is no obvious change in the content of micro-
and minipores with the freeze-thaw weathering cycles. In
addition, the content of meso- and macropores first
decreased and then increased with increasing freeze-thaw
weathering cycles, revealing a consistency with the change
in the red sandstone porosity. Figure 6 shows that after 20
freeze-thaw weathering cycles, the content of mesopores is
greatly reduced, and the porosity is reduced by 0.84%,
accounting for 25.73% of the content of mesopores. Over
20-60 freeze-thaw weathering cycles, the content of meso-
pores continued to decrease, and the rate of decrease had rel-
atively decelerated, reaching a minimum after 60 freeze-thaw
weathering cycles. Subsequently, as the number of freeze-
thaw weathering cycles continued to increase, the content
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of mesopores gradually increased, and the growth rate
remained relatively stable. The evolution trend of the macro-
pore content is basically the same as that of the mesopores,
but the change range is not large. Therefore, it could be
inferred that the change in the porosity of the red sandstone
is mainly due to the change in the pore content of meso- and
macropores, among which the mesopores play a major role.

3.4. Pore Connectivity. Under the effect of pore fluid surface
tension, the water in small pores does not flow, while in large
pores, it flows freely. In the NMR test, the pore radius is pro-
portional to the T2 value. Therefore, there is a T2 value that
divides the pore fluid into bound fluid and free fluid, which
is called the T2cutoff value [31].

The T2cutoff value divides the rock sample porosity into
the bound fluid index (BVI) and free fluid index (FFI) by
dividing the T2 spectrum distribution. Therefore, the deter-
mination of the T2cutoff value is particularly important for
pore division purposes. In this paper, centrifuge technology
is applied to determine the T2cutoff value, i.e., the samples
are subjected to NMR testing at 100% saturation and
bound-water saturation.

As shown in Figure 7, for the same rock samples, a hori-
zontal line is plotted from the centrifugal porosity accumula-
tion curve to the 100% saturated porosity accumulation
curve, and a vertical line is then drawn from the intersection
point to the T2 axis. The T2 value at the intersection point is
the T2cutoff value.

According to the method shown in Figure 7, the T2cutoff
value of the samples over every 20 freeze-thaw weathering
cycles was obtained, and the irreducible fluid porosity
(IFP), movable fluid porosity (MFP), BVI, FFI and other
parameters of the samples were calculated, as summarized
in Table 2.

Moreover, the permeability represents the fluid transfer-
ability of porous media, which is an intuitive representation

of the pore connectivity. Studies have shown that the
Timur-Coates model exhibits a good universality in different
rock core tests. The relationship between the permeability
and T2 value is expressed as equation (5):

K = Φ

C

� �m

×
FFI
BVI

� �n

, ð5Þ

where K is the permeability, Φ is the porosity, and m,
n, and C are Timur-Coates model parameters. Scholars
have performed many experiments to determine the
values of these model parameters. Based on previous
studies, this paper assigns empirical values of 4, 2,
and 10 to m, n, and C, respectively [31]. To directly
reflect the characteristics of the pore connectivity with
the freeze-thaw weathering cycles, the changes in poros-
ity, IFP, MFP, T2cutoff value, and permeability are plot-
ted in Figures 8 and 9.

As shown in Figure 8, after 120 freeze-thaw weathering
cycles, the T2cutoff value of the red sandstone decreased from
4.4 to 2.13ms, indicating that there were factors that
impacted the pore size and pore connectivity, thus reducing
the T2cutoff value by 51.59%. However, it is difficult to reflect
the evolution of the red sandstone pore structure from the
change in the T2cutoff value. Fortunately, IFP and MFP
obtained by the T2cutoff value could more clearly reflect the
change in the pore structure.

The changes in porosity, IFP, and MFP with the
freeze-thaw weathering cycles are shown in Figure 8. It
can be clearly seen that there exists a strong correlation
between Δporosity and ΔMFP, which shows that the
change in the red sandstone porosity is primarily caused
by the change in the movable fluid porosity. Before 60
freeze-thaw weathering cycles, the amount of change in
MFP was slightly larger than that in the porosity, and
the amplitude of change tended to remain consistent.
After 60 freeze-thaw weathering cycles, the amount of
change in MFP gradually decreased. This occurred due
to the decrease in the T2cutoff value, which represents the
increase in the pore size range of MFP.

The changes in Δporosity, ΔMFP, and T2cutoff value indi-
cate that the pore size changed during the freeze-thaw weath-
ering process. The permeability is largely determined by the
pore throat size, which is closely related to the pore size, so
the permeability is a better indicator of the pore connectivity.
As shown in Figure 9, after 20 freeze-thaw weathering cycles,
the permeability suddenly decreased by 68.93%, from 0.285
to 0.089mD. Combined with the previous analysis of the
porosity, this may be due to the larger pores becoming par-
tially blocked, reducing the pore throat size and porosity.
During the process from 60 to 120 freeze-thaw weathering
cycles, the permeability increased by 211.54%. This occurs
due to the clogging effect gradually decreasing, and at the
same time, under the effect of frost heave, the pore throat size
and pore size gradually increasing.

3.5. Water-Rock Interactions. The samples are recovered
from the frozen state to the thawed state through the water
phase in this experiment. When water enters the pores and
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Table 2: Average pore connectivity parameters calculated.

Freeze-thaw cycles 0 20 40 60 80 100 120

Porosity (%) 6.516 5.660 5.482 5.475 5.688 5.695 5.803

IFP (%) 2.681 2.845 2.841 2.706 2.623 2.364 2.313

MFP (%) 3.835 2.815 2.641 2.769 3.065 3.331 3.490

BVI (%) 41.147 50.269 51.827 49.432 46.116 41.503 39.859

FFI (%) 58.853 49.731 48.173 50.568 53.884 58.497 60.141

T2cutoff 4.4 4.2 3.74 3.2 2.77 2.4 2.13
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Figure 8: The change in the pore connectivity parameters with the
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cracks in the samples, water-rock interactions (including
hydrophysical and hydrochemical effects) will change the
rock physical and mechanical properties [41]. Hydrophysi-
cal effects alter the rock physical and mechanical proper-
ties by changing the interconnection between mineral
particles and their physical occurrence through their water
absorption and water solubility. Hydrochemical effects
alter the mineral composition and microstructure through
chemical corrosion, thus changing the rock physical and
mechanical properties, such as the particle size, mineral
properties, and crack morphology. Hydrochemical effects
are more pronounced in acidic and alkaline solutions but
less likely in neutral solutions. This experiment was per-
formed with distilled water. Therefore, water-rock interac-
tions mainly affect the microscopic characteristics of the
rock through hydrochemical effects.

XRD analysis of this kind of red sandstone shows that
the mineral composition mainly includes quartz, feldspar,
chlorite, calcite, and clay minerals. Among them, montmo-
rillonite among the clay minerals belongs to the strongly
hydrophilic clay minerals, whose volume increases by
more than 600% after water absorption. The water-rock
interaction reaction is shown in equation (6).

Na, Cað Þ0:33 Al, Mgð Þ2 Si4O10ð Þ OHð Þ2 + nH2O
⟶ Na, Cað Þ0:33 Al, Mgð Þ2 Si4O10ð Þ OHð Þ2∙nH2O:

ð6Þ

Rock is a porous medium. In the freeze-thaw process, liq-
uid water penetrates the rock along the microgaps between the
interfaces of particles and the microcracks in the rock. The
montmorillonite near rock fractures and pores absorbs water,
and the expanded volume occupies part of the pore space.
Therefore, the porosity detected by NMR decreases. Accord-
ing to the pore size classification results, the expanded volume
of montmorillonite mostly occupies the pore space of the
mesopores, and this hydrophysical effect largely occurs in
the first 20 freeze-thaw weathering cycles.

3.6. Magnetic Resonance Imaging (MRI). The MRI module of
the NMR testing system detects the hydrogen atom distribu-
tion of water in saturated rock samples and projects the
detection information of a certain layer thickness on a hori-
zontal plane to reflect the pore information of the rock in
the form of two-dimensional images.

The rock sample is divided into three slices or detection
layers, i.e., upper, middle, and lower layers, with a slice thick-
ness of 10mm and a slice spacing of 5mm. Coronal imaging
is applied, and the imaging results are shown in Figure 10.
The black part of Figure 10 represents the absence of pores
or the sample matrix. The projection of all the pores in the
detection layer on the same horizontal plane forms bright
or dark spots in the images, which represent the pore size
and pore distribution. As shown in the legend, the closer
the spot colour is to blue, the lower the degree of pore super-
position in the slice detection space is, and the smaller the
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(a) Images of the upper slice
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(b) Images of the middle slice
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(c) Images of the lower slice

Figure 10: MRI images of the red sandstone during the freeze-thaw weathering process.
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spot is, the smaller the pore size is. Correspondingly, the
larger the corresponding parameter of the spot colour is,
the denser the pore distribution is in the slice detection space,
and the larger the spot is, the larger the pore size is.

According to the MRI images shown in Figure 10, in
the initial state, the internal pore distribution of the red
sandstone is scattered, with both small and large pores,
which is consistent with the results of the T2 spectrum
distribution, indicating that the experimental data are
reasonable.

After 0-20 freeze-thaw weathering cycles, the green spots
in theMRI images were greatly reduced, and there were more
dark blue small spots, indicating that the original larger pores
of this sandstone suddenly decreased. This likely occurred
because the montmorillonite in the pores expanded with
water absorption, and the original larger pores provided
space for the expanded volume.

After 20-60 freeze-thaw weathering cycles, the number of
green and blue spots in the MRI images decreased slightly,
and the number of blue spots slightly increased, but the over-
all change was not notable, indicating that during this pro-
cess, micropore initiation occurred, and a small number of
the large pores shrank.

After 60-120 freeze-thaw weathering cycles, the spots in
the images gradually brightened, which occurred because
the water absorption process of montmorillonite reached sat-
uration, and the effect of the frost heaving force continuously
developed, thereby connecting and expanding the pores,
which was also the main reason for the increased porosity
in this process.

After 60 freeze-thaw cycles, the spots in the images
gradually brightened, which occurred because the water
absorption process of montmorillonite reached saturation,
the effect of the frost heaving force continuously devel-
oped, connected and expanded the pores, and the pore
size gradually increased, which was also the main reason
for the increased porosity in this process. After the com-
pletion of 120 freeze-thaw weathering cycles, debris was
found in the freeze-thaw device, which was the result of
montmorillonite falling off after absorbing water during
the process, thus accelerating the deterioration of the rock
physical and mechanical properties.

4. Conclusions

In this study, the porosity, T2 spectrum, and MRI in the
freeze-thaw weathering cycles of red sandstone were
obtained by NMR technology. The evolution rules of pore
size, pore type, permeability, and pore connectivity were ana-
lyzed. The experimental phenomena were discussed, and the
following conclusions were obtained:

(1) The porosity evolution of this red sandstone can be
divided into three stages, namely, the abrupt
decrease in porosity over 0-20 freeze-thaw weather-
ing cycles, the slow decrease in porosity over 20-60
freeze-thaw weathering cycles, and the steady
increase in porosity over 60-120 freeze-thaw

weathering cycles, which does not always increase
nonlinearly.

(2) The changes in the T2 spectrum distribution, pore
size, MRI images, and permeability were positively
correlated with the porosity during the freeze-
thaw weathering process. Furthermore, the change
in the porosity of the red sandstone was basically
consistent with that of MFP, and the abrupt
decrease in the porosity mainly originated from
the decrease in the mesopores ranging from 50
to 100nm

(3) The evolution of the pore structure of this red
sandstone is the result of the hydrophysical effects
caused by water absorption expansion of montmo-
rillonite and the frost heaving caused by the water-
ice phase transition, and these two effects are
mutually exclusive. The influence of the above
hydrophysical effects only occurred in the early
stage of the experiment, and the frost heaving
effects dominated the evolution of the pore struc-
ture during the continuous freeze-thaw weathering
cycles in the late stage

The research results of this paper have a certain reference
value to better understand the pore structure evolution of red
sandstone in cold regions and its physical and mechanical
properties across various scales and have a certain guiding
significance for sandstone engineering in cold regions. It
should be pointed out that the pore structure evolution of
red sandstone is influenced by many factors, such as the tem-
perature, confining pressure, chemical environment, and
multiscale coupling effect, which deserve a more in-depth
study.
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