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Abstract

Multiple freeze—thaw cycle tests were conducted on sandstone samples. The sandstone samples were examined using X-ray
diffraction (XRD) and nuclear magnetic resonance (NMR). The mineral content, porosity distribution, T, (transverse relaxa-
tion time) spectral distribution, spectral area, and nuclear magnetic resonance imaging (MRI) data for sandstone samples were
obtained, and the distribution and variation of the sample pores were analyzed. Uniaxial compression tests were performed
on samples that had undergone 0, 20, 40, and 80 freeze—thaw cycles, and the effects of freeze—thaw cycles on the mass,
compressive strength, and elastic modulus of the sample were analyzed. The damage evolution and strength degradation
characteristics of sandstone after freeze—thaw cycles were studied. As the number of freeze—thaw cycles increases, mineral
particle flaking and cracking appear on the rock surface, the uniaxial compressive strength and elastic modulus of rock sam-
ples decrease, and the typical stress—strain curve compaction stage corresponding to the deformation increases. According
to the NMR T, distribution, the pore size of rock samples increases after 80 freeze—thaw cycles, especially that of medium-
sized and small-sized pores. Meanwhile, the internal damage to the rock mass is a gradual process of cumulative fatigue
damage caused by freezing and thawing, and the microscopic damage evolution law during freeze—thaw cycles was revealed
using MRI. Based on plasticity theory and damage fracture mechanics theory, the sandstone damage propagation criterion
under freeze—thaw-loading action was deduced, and a sandstone freeze—thaw damage degradation model was established.

Keywords Freeze—thaw cycles - Nuclear magnetic resonance - Strength deterioration - Damage evolution - Porosity
distribution - Damage model

Introduction

As geotechnical engineering and construction in cold areas
gradually progresses, an increasing number of engineer-
ing problems are encountered, among which the effect of
freeze—thaw cycles on the mechanical properties of rock
masses constitutes one engineering research focus. Many
slopes, bridges and building foundations, culverts, and
tunnels face freeze—thaw problems (Liu et al. 2019a; Xu
et al. 2020; Wang et al. 2021b), especially in cold and high
altitude areas, where the hazard of freeze—thaw cycles to
engineering is more significant. The long-term durability of
rock under severe climatic conditions is a key determinant
of the stability of rockwork and natural stone as a building
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material. Several studies have shown functional damage
due to icing and frost damage in countries such as Austria,
Germany, Norway, China, and Japan (Kellerer-Pirklbauer
2017; Ishikawa and Kawabata 2016; Li et al. 2020; Park
et al. 2020; Lindner et al. 2021). The pore water in the rock
produces a freezing expansion force that expands the volume
of the water by approximately 9%, and this pressure gradu-
ally disappears when the ice melts. Frequent freeze—thaw
cycles of pore water inside the rock expand cracks and pores,
promoting the development of new microcracks (Park et al.
2015; Liu et al. 2020a, 2021a; Li et al. 2021); the continued
development of these microcracks may lead to geotechni-
cal damage. Freeze—thaw damage of rocks is an irreversible
deformation process caused by this cyclic freeze-expansion
pressure in alternating cold and warm climates, which may
lead to rapid strength degradation and pose a hazard to rock
works and buildings (Luo et al. 2015; Amin et al. 2016; Liu
et al. 2021b). An analysis of the pore structure deteriora-
tion characteristics of rocks under the action of freeze—thaw

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10064-022-02944-0&domain=pdf

445 Page 2 of 21

Bulletin of Engineering Geology and the Environment (2022) 81:445

cycles may help reveal the damage mechanism of rocks in
cold areas, which has significant value in construction pro-
jects in cold areas.

Scholars have conducted extensive research on the mechan-
ical properties of rocks in cold regions. These studies include
the freeze—thaw cycle temperature (Gao et al. 2019; Yuan
et al. 2021), number of freeze—thaw cycles (Wang et al. 2020b;
Guo et al. 2022), rock water content (Al-Omari et al. 2015;
Wang et al. 2021a), chemical environment (Li et al. 2019a;
Wang et al. 2020a), and other aspects. Momeni et al. (2016)
conducted long-term freeze—thaw experiments on granite to
determine its P-wave velocity, porosity, water absorption, dry
density, uniaxial compressive strength, and tensile strength.
The results showed that as the number of freeze—thaw cycles
increased, the uniaxial compressive strength, tensile strength,
dry density, and P-wave velocity decreased, while water
absorption and porosity increased. The aforementioned stud-
ies focus primarily on macroscopic damage in rocks. Liu et al.
(2020b) performed high-precision computed tomography (CT)
scans to study the mesoscopic structure and damage character-
istics of sandstone and clearly observed particle detachment,
crack sprouting, crack extension, and porosity increase due
to water volume expansion inside the rock. Sokhansefat et al.
(2020) investigated the role of critical saturation (DOS) and
void systems on crack expansion in Portland cement mor-
tars subjected to freeze—thaw cycles using X-ray scanning
and observed that cracks that appeared prior to freeze—thaw
cycles expanded and new cracks started at the slurry-aggregate
interface. Abdolghanizadeh et al. (2020) studied the effects
of freeze—thaw cycles and freezing temperature on the type I
and type II fracture toughness of the Lushan sandstone using
X-rays and found that the mode I and mode II fracture tough-
ness showed a nonlinear decreasing trend with the increase
in the number of freeze—thaw cycles. The type I and type II
fracture toughness of the Lushan sandstone showed a non-
linear decreasing trend with increasing freezing temperature
during freeze—thaw cycles. Su et al. (2021) conducted a series
of freeze—thaw cycling experiments and triaxial compres-
sional acoustic emission (AE) tests on granite samples using
the monitoring function of the AE technique and found that
the longitudinal wave velocity and peak intensity of acoustic
emission of granite showed a significant decreasing trend with
the increase in the number of freeze—thaw cycles. The peak
frequency distribution tended to change from high to low with
the increase in the number of freeze—thaw cycles. Zhou et al.
(2020) conducted scanning electron microscopy (SEM) tests
to study the evolution of the microstructure of sandstone at
the same location under freeze—thaw cycles and found that
the cycles caused significant grain exfoliation in the samples.
The nuclear magnetic resonance (NMR) technique has been
applied to experimental studies exploring the pore distribution
and internal structural features of rocks (Li et al. 2016; Li et al.
2019b; Liu et al. 2019b). In addition, the pore distribution
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characteristics of solid porous media have been visualized
using magnetic resonance imaging (MRI) (Liu et al. 2021c),
which is a useful method to study the fractal characteristics of
rock microstructures. Based on numerical simulation software,
Wang et al. (2019) developed an improved hybrid finite ele-
ment method (FEM) to study the stability of surrounding frac-
tured rocks. Meng et al. (2022) proposed a numerical model
based on the finite element-cohesive zone model (FEM-CZM)
method to investigate the fracture pattern and fracture charac-
teristics of mudstone in detail. The numerical results showed
that BPS, lamina face spacing, and location exert substantial
effects on the type I fracture characteristics of short transverse
specimens. Peng et al. (2019) used two methods to investigate
whether the initial microcrack damage produced under dif-
ferent loading conditions affected the simulation results. In
method 1, the numerical model was loaded vertically to differ-
ent stresses and then unloaded to a zero stress level. In method
2, different loading/unloading cycles were performed to pro-
duce numerical models with different levels of initial microc-
rack damage. Zhou et al. (2022) investigated the deformation
and damage laws of biaxial and triaxial tensile stress granite
material models using the numerical simulation software CAS-
Rock. The tensile strength of granite decreased with increasing
surrounding pressure. As shown in previous macroscopic or
microscopic studies, actual experiments, or numerical simula-
tions, the combination of macroscopic and microscopic results
is less, and the error is relatively large compared to the natural
state. Freeze—thaw cycling experiments are performed while
comprehensively considering macroscopic and microscopic
defects, with the simulated environment closer to natural con-
ditions. Using the nondestructive properties of NMR technol-
ogy, the same specimen can be tracked and examined during
freeze—thaw cycles to obtain a more accurate understanding of
the pattern of changes in the internal structure of the specimen.
In the present study, a series of freeze—thaw cycle
tests is conducted on sandstone samples, and NMR spec-
troscopy is used to measure the rock microstructure. The
microstructure and macroscopic characteristics of rock
samples after freeze—thaw cycles are studied. The results
of the mass, porosity, and T, distribution of rock during
freeze—thaw cycles are evaluated and discussed, and a
model of freeze—thaw degradation of rock mass based on
the change in the relative elastic modulus is established.

Experimental design

XRD experiment

The porosity of sandstone is relatively high, and the connec-
tivity of pores is good, suggesting that the material is more

suitable for laboratory experiments. The rock samples are
shown in Fig. 1. The red sandstone is brownish red, with a
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fine texture and uniform particle size distribution. According
to the results of X-ray diffraction (XRD) analysis (Fig. 2),
the main components are quartz and calcite, along with other
minor minerals, such as hematite, albite, and muscovite.

By comparing XRD patterns, the chemical formula of the
relevant mineral components was identified, and the percent-
age of mineral components of the sandstone sample was
calculated, as shown in Table 1.

NMR technology

Nuclei have magnetic moment and spin characteristics. In
reaction to an external magnetic field, these spinning and
magnetic nuclei will move in the direction of the external
magnetic field. The interaction between the nucleus and
the external magnetic field will generate a signal that is
detected using a special coil (Li 2012). The nucleus is
composed of charged protons and uncharged neutrons,
and when one or both of the number of neutrons and pro-
tons in the nucleus are odd, the nucleus will exhibit spin
characteristics and subsequently generate MRI signals. In
nature, many nuclei with spin characteristics have been
observed, among which hydrogen atoms have a proton,
and abundant hydrogen nuclei are present in nature with
high detection sensitivity and a large magnetic moment.
Therefore, NMR core detection is used to detect the
relaxation characteristics of hydrogen-containing fluids in
pores. The sample is placed into a specific magnetic field
and subjected to radio frequency pulses with a certain
frequency. The hydrogen proton will absorb the energy
of the radio frequency pulses and generate nuclear mag-
netic resonance. When the RF pulse ends, the hydrogen
proton will release the energy it has just absorbed, and a
specific coil is used to detect the energy released from

Fig. 1 Rock sample
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Fig.2 XRD pattern of red sandstone

hydrogen protons, which is known as an NMR signal.
Due to the different properties of the sample, the radio-
frequency pulse energy is released at different speeds,
which is reflected in different NMR signals. By detecting
different NMR signals, the change in the pore structure of
the rock can be directly determined.

T, is a time constant describing the decay of the trans-
verse component of magnetization. According to NMR
theory, the transverse relaxation rate of nuclear magnetic
resonance is calculated using the following equation
(Coates et al. 2007):

1 1 s D(yGTg)?
I, T, 1% 12

where T21 is the relaxation time of the fluid, p, is the trans-
verse surface relaxation strength, s is the pore surface area,
V is the pore volume, ’ivs is the transverse surface relaxation
rate, D is the diffusion coefficient, y is the gyromagnetic
ratio, G is the gradient of the magnetic field, T is the echo
time, and DG 6T, is the diffusion relaxation rate.

In the present study, only one type of fluid (water) is
present in the pores, and the volume relaxation is much

slower than that of the area; therefore, % is ignored. When
2

the magnetic field is even and the 7}, adopted is short, the
diffusion relaxation is also ignored. Therefore, Eq. (1) can
be simplified as follows:

Table 1 Percentages of minerals contained in the red sandstone sam-
ple

Mineral composition Quartz Albite Hematite Calcite Other

Mass percentage/%  67.805 17.339 3.869 9.960  1.027
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In Eq. (2), the rate of transverse relaxation depends on the
surface-to-volume ratio of the pores. Thus, the T, distribu-
tion indicates the pore size: the smaller the T, value is, the
smaller the pore size is, and the larger the T, value is, the
larger the pore size is.

Experimental procedures
Experiment preparation

Red sandstone collected from the cold region in western
China was used in this experiment. All samples were col-
lected from the same fresh rock to ensure the uniformity
of the samples and the comparability of the test data. Five
groups of freeze—thaw cycle tests, including 0, 20, 40, 60,
and 80 cycles, were conducted to study the physical charac-
teristics, porosity, NMR T, spectrum, and mechanical char-
acteristics of the rock masses after different freeze—thaw
cycles and to analyze the evolution of freeze—thaw damage
and strength degradation of the rock mass.

The core was removed from a large red sandstone block
using an automatic coring machine to ensure the representa-
tiveness and identity of the prepared rock samples and avoid
the effects of original defects inside the original rock. The
rock samples were prepared as cylinders with a diameter of
50 mm and a height of 100 mm. The roughness error of the
two ends of the sample was not greater than 0.05 mm. The
errors in height and diameter were within 0.3 mm. The main
test equipment included a TDS-300-type freeze—thaw test,
vacuum saturation device, air blast drying box, and NMR
test system, as shown in Fig. 3.

The mechanical parameters of the red sandstone used in
the experiment are shown in Table 2.

Freeze-thaw test

Changes in NMR-measured porosity, the T, spectrum, and
other physical properties and mechanical parameters of the
rock mass were obtained after 0-80 freeze—thaw cycles. The
specific test scheme is described below.

1. The height, diameter, quality, and porosity of the satu-
rated samples were tested.

2. The mass, surface features, diameter, height, and NMR
properties of the saturated sample were measured after
every 20 freeze—thaw cycles. The nuclear magnetic reso-
nance measurements included a porosity measurement,
T, spectral distribution, and T, spectral area change.
After 80 cycles, the freeze—thaw test was complete.

@ Springer

(c) Airblast drying box

(d) NMR test system

Fig.3 Main test equipment. a TDS-300 type freeze—thaw tester. b
Vacuum saturation device. ¢ Airblast drying box. d NMR test system

3. After a defined number of cycles (0/20/40/60/80 times),
a uniaxial compression mechanics test was performed to
obtain the corresponding physical parameters, and the
displacement control mode was adopted with a loading
rate of 0.2 mm/min.

Before freezing and thawing, all rock samples were
treated and saturated with water. After thawing, excess
water in the test box was drawn out automatically for freez-
ing. All instructions and parameters were preset through
the control panel at the front of the machine before the
freeze—thaw cycle test. The specific parameters were 360
min of freezing time, 360 min of melting time, 3 min of
water intake, and 4 min of pumping time. The cooling
slope was 0.5 °C. The target freezing temperature was —20
°C, and the target melting temperature was 20 °C. Through
real-time observations of the changes in parameters using
the secondary program controller, which is located at
the front end of the freezing and thawing test machine,
approximately 1.5 h was required for the temperature of
the freeze—thaw test chamber to decrease from room tem-
perature (20 °C) to -20 °C. Similarly, 1.5 h were required
for the freeze—thaw test chamber to heat from —20 to 20
°C. The total duration of a freeze—thaw cycle was 15 h.

Table 2 Basic physical parameters of the rock sample

Dry Saturated  Natural  Saturation Longitudinal Porosity
density density moisture moisture  wave velocity ny/%
palg-cm™p,/g-cm™3 content  content v,/m-s7!

wO/% wv/%
2.39 2.46 1.16 3.57 2962 5.35
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The temperature curve for the freezing and thawing cycles
is shown in Fig. 4.

According to the temperature change curve of the
freeze—thaw cycle, the freeze—thaw cycle is divided into four
stages: cooling stage, freezing stage, heating stage, and melt-
ing stage. The cooling and heating stages exhibit approxi-
mately parabolic changes. This property can be attributed to
the greater work required by the refrigerating compressor in
the cooling stage, when the temperature drops from normal
temperature to freezing temperature, and the temperature
decreases more slowly at the same time. Therefore, the tem-
perature decreases more rapidly in the early stage of cooling
and gradually slows after reaching the freezing point. In the
heating process, when the freezing stage is complete, the test
machine will automatically pour water into the freeze—thaw
test box. Consequently, the frozen rock sample melts rapidly,
and the temperature of the freeze—thaw test box increases. In
the heating stage, the temperature in the early stage increases
more rapidly. As the temperature of the rock approaches the
temperature of the water, the temperature of the test chamber
reaches equilibrium and then increases more slowly.

Correspondingly, the freeze—thaw damage and deforma-
tion characteristics of the rock at each stage are not consist-
ent. In Fig. 4, the cooling stage is divided into two phases:
the normal temperature is reduced to 0 °C, and the 0 °C
temperature is lowered to the target freezing temperature. As
the temperature decreases to the freezing point, the volume
of the skeleton particles inside the rock will shrink due to
the decrease in temperature, but since the temperature is
always higher than the freezing point temperature, no frost
heaving force will occur, and the deformation of the rock
will thus be small. In the latter phase, when the temperature
is lowered to a certain extent, the volume expands after the
rock is saturated due to certain defects in the rock. The larger
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Fig.4 Schematic of the temperature change in the freeze—thaw cycle

the pores inside the rock are, the higher the water content is
after the rock is saturated, and the more obvious the volume
expansion is after freezing. These effects can be attributed
to the expansion in the volume of water as it becomes ice
when the temperature is lower than the freezing point, and
the rock will undergo frost heaving damage. As the tempera-
ture of the rock decreases to —20 °C, the deformation rate
of the rock tends to gradually stabilize during the freezing
stage. After the freezing stage, the rock sample enters the
melting phase, which includes the two stages of heating and
melting. The heating stage also corresponds to two phases in
which the negative temperature increases to 0 °C, followed
by an increase from 0 °C to the target melting temperature.
As the temperature increases from —20 to 0 °C, the frost
heave deformation of the rock sample remains unchanged at
the initial stage. As the temperature increases further, dam-
age will occur between the rock particles, the volume of
the rock will expand, the ice inside the rock will melt, and
the frost heaving force will slowly disappear. During the
heating process from 0 °C to the target temperature, the ice
crystals inside the rock continuously melt to form water as
the temperature rises. The pressure of the ice on the rock fis-
sure wall decreases, the water penetrates through the pores
or capillary channels, and the damage increases with the
change in temperature. When the melting stage is complete,
a freeze—thaw cycle is complete, and the next freeze—thaw
cycle is performed. Repeated freeze—thaw cycles will induce
fatigue damage in the rock and eventually lead to rock dam-
age (Liu et al. 2020b).

Results

Macroscopic deterioration caused by freeze-thaw
cycles

Change in quality

The masses of the three rock samples G1-1-G1-3 were
measured after each freeze—thaw target was completed. The
average quality of the sample was compared with the quality
of the 0-cycle saturated sample after every 20 freeze—thaw
cycles to study the change in the quality of the sample after
different numbers of freeze—thaw cycles. The comparison
is shown in Table 3.

As shown in Table 3, the average mass of rock shows
an increasing trend before the 20 freeze—thaw cycles. After
20 freeze—thaw cycles, the quality of the samples generally
shows a decreasing trend. The reason is that the red sand-
stone is a medium hard rock. As the number of freeze—thaw
cycles increases, the top of the saturated rock alternates
between freezing and melting. When the rock is in the freez-
ing stage, the temperature of the outside of the rock is lower
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Table 3 Mass and mass change rate of sandstone samples after differ-
ent numbers of freeze—thaw cycles

Sample number Quality/g

Ocycle 20cycles 40 cycles 60 cycles 80 cycles

Gl-1 474.68 475.53 472.89 471.75 466.20

Gl1-2 478.66 472.89 476.54 475.01 470.75

Gl1-3 486.21 487.42 485.86 477.09 472.03

Average 479.85 480.32 478.43 476.05 469.66

Rate of 0 0.37 -0.32 -0.79 -2.12
change/%

than that inside when the temperature of the rock decreases
to —20 °C. There is a thin layer of unfrozen water film
between the mineral particles and the ice crystal. The water
film separates the rock mineral particles from the ice crystals
and continuously attracts the unfrozen water to the unfro-
zen water film. Therefore, tension is generated that acceler-
ates damage to the sand at the top of the rock. Before 20
freeze—thaw cycles, new microcracks occur at the top of the
rock due to freeze—thaw damage. When the rock is saturated,
water slowly migrates to the newly expanded microcracks,
and the rock volume increases. With the increase in the num-
ber of freeze—thaw cycles, the mineral particles inside the
rock will dislocate through the effects of the water—ice phase
change and ice-water phase change, and fragment or particle
shedding will occur at the top of the sample, decreasing the
quality of the rock sample.

Sandstone degradation

With the increase in the number of freeze—thaw cycles, the
samples showed different degrees of appearance damage
and deformation (as shown in Fig. 5). After 20 freeze—thaw
cycles, the mineral particles at the edge of the radial end
face of the rock sample become loose and frozen. A small
amount of mineral particles is observed at the bottom of
the test chamber. After 40 freeze—thaw cycles, the mineral
particles are peeled off at the edge of the end face of the rock
sample, and tiny pores appear in the sample. After 60 cycles,
the mineral particles are peeled off at the edge of the end of
the rock sample, and tiny pores are observed on the surface
of the sample. After 80 cycles, the spalling of the mineral
particles at the edge of the end face is accelerated, scattered
mineral particles are present in the freeze—thaw test box and
the saturated container, and the local area of the sample can
be crushed by hand.

By tracking and recording the apparent changes in
each group of samples in the freeze—thaw cycle test, the
freeze—thaw damage degradation mode of the rock mass
appears as the spalling of mineral particles: in the freezing
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Fig.5 Apparent changes in the sample during freeze—thaw cycles

stage, the surface of the rock reaches the freezing point first.
Due to the volume expansion of the water—ice phase change,
a frost heaving force is generated. As the temperature grad-
ually decreases to the target freezing temperature of —20
°C, the low temperature is transmitted from the surface of
the rock to the inside of the rock. Due to the driving force
of the condensing potential, free water will migrate to the
freezing edge, resulting in an increase in the ice volume.
In the melting stage, the outside of the rock first reaches
the freezing point temperature, and the external water will
undergo the opposite process, moving from the outside to
the inside. Repeated freezing and thawing will weaken the
bonding force of the cemented particles in the rock struc-
ture, and the microcracks will increase. At the same time,
phenomena such as scattering, peeling, and softening of the
mineral particles will occur on the surface of the sample.
These phenomena will become increasingly obvious as the
number of cycles increases.

NMR characteristics
NMRT, spectral curve distribution

Through NMR analysis of rock samples, the pore structure
characteristics of sandstone are characterized by measuring
and analyzing the T, spectrum distribution. The T, spectral
distribution reflects the pore size of the sandstone: the smaller
the T, value is, the smaller the pore size is, and the larger the
T, value is, the larger the pore size is. At the same time, the
change in the T, spectrum distribution before and after freez-
ing and thawing reflects the change in pores. Transversely, the
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left and right movement of the curve represents the decrease
and increase in pore size, respectively. Vertically, the increase
and decrease in the amplitude of the curve represent the
increase and decrease in the number of pores, respectively.
Different pore sizes are divided by referring to similar
studies to quantify the variation in various types of pore
sizes. In the literature (Zhou et al. 2015), the T, spectral
curve of marble is divided into different pore types accord-
ing to the T, values of different spectral peaks. The first peak
is a small pore, and the peak corresponding to the largest T,
value is a large pore. Li et al. (2014) and Yao et al. (2010)
also proposed similar pore division methods for T, spec-
trum peak values. According to the analysis of the NMR T,
spectrum of sandstone, the T, spectrum contains three peaks
with distribution times of 0.5-2, 8—12, and more than 100
ms. The three peaks correspond to micropores and transition
pores (< 100 nm), mesopores (100-1000 nm), and macropo-
res or microcracks. Figure 6 shows a typical T, spectrum
distribution and pore size distribution of sandstone.

The different types of apertures were quantified. The cal-
culation boundary of different aperture types is based on the
lowest point between the peaks, namely the end time point
of the first peak and the start time node of the second peak
for T, spectrum accumulation statistics. The critical point
of the second spectrum peak is the same as that of the third

spectrum peak.

Fig.6 NMR analysis of the
pore size distribution

Table 4 Change in the porosity of samples after different numbers of

freeze—thaw cycles

Sample number  Porosity/%

Ocycles 20cycles 40cycles 80 cycles
Gl-1 5.284 5.98 6.206 6.456
G1-2 5.35 5.666 6.453 6.661
G1-3 5.366 5.968 6.192 6.431
Average 5.347 5.871 6.197 6.446

Change in porosity

Table 4 shows the results from the tracking test of three
rock samples in the control group, including the porosity of
each rock sample and the average porosity of the three rock
samples after different numbers of freeze—thaw cycles. At
the same time, the porosity test results obtained after dif-
ferent numbers of freeze—thaw cycles are shown in Fig. 7
to visually depict the change in porosity. As the number
of freeze—thaw cycles increases, the porosity of each sam-
ple increases gradually, but the rate of increase in porosity
decreases. According to the previous T, spectrum analysis,
as the number of freeze—thaw cycles increases, new small
pores are generated, the size and number of small pores in
the rock mass increase, and the size of large pores increases.
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Fig.7 Change in the porosity of samples after different numbers of
freeze—thaw cycles

The increases in pore size and number correspond to the
increase in sandstone porosity.

We quantitatively studied the change in porosity of sand-
stone before and after freezing and thawing by analyzing
the changes in different pores. The NMR data for sandstone
are shown in Table 5, which includes the total porosity of
the sample and the effective porosity of the corresponding
pore type.

The data in the table above were further quantitatively
compared and analyzed to specifically study the damage,
deterioration, and the change in pore sizes of the rock sample
before and after freeze—thaw cycles.

Figure 8 shows the variation in various types of pores in
sandstone before and after freezing and thawing. Figure 8a
shows an increasing trend in the porosity of micropores
with the increase in the number of freeze—thaw cycles.
The porosity of mesopores increases during the first 40
cycles and decreases from cycle 40 to 80. The porosity of
the macropores or microcracks increases with the number
of freeze—thaw cycles. Figure 8b shows that the propor-
tion of micropores in the total pores initially decreases and

then increases with the number of freeze—thaw cycles. The
porosity mesopores show the opposite trend. As the num-
ber of freeze—thaw cycles increases, the proportion first
increases and then decreases. The proportion of macropo-
res or microfractures has no obvious trend, and it shows
an increasing trend in porosity.

The small pores inside the sandstone begin to expand
into medium or larger pores after the first round of
freeze—thaw cycles (20 times), and the mineral particles
on the surface of the sandstone begin to peel off after the
second round of freeze—thaw cycles (40 times). At the end
of the freeze—thaw experiment, the radial end face of the
sandstone obviously peels off. Combined with the analysis
of the apparent degradation of sandstone during the freez-
ing and thawing process, many micropores are produced
when the various pores expand.

In summary, the damage to sandstone caused by
freeze—thaw cycles is manifested mainly in the change in
pore structure: as each type of pore expands and becomes
larger, many new micropores are produced. The increase
in the overall porosity of the rock is due mainly to the
increase in medium or larger pores. The T, spectrum curve
shows that the peaks change slightly after freezing and
thawing, which also indicates that the change in the pore
structure inside the sandstone is attributed to the change
in not only the pore structure size but also the number of
pores.

Analysis of the T, spectral area

The T, spectral area refers to the closed area surrounded
by the transverse relaxation time T, distribution curve of
the NMR and the abscissa, and its size is proportional to
the volume of the fluid in the sandstone. When the rock is
saturated, the T, spectral area can be used to characterize
the volume of pores within the rock. Therefore, the change
in the area of the T, spectrum before and after freezing and
thawing reflects the change in the pore volume of the rock
(Zhang and Xiao 2006). Accordingly, the first peak in the
T, spectrum of sandstone is regarded as micropores, the
second peak is regarded as mesopores, and the third peak is
regarded as macropores or microcracks. Figure 9 shows the

Table 5 Distribution and proportions of different pores in sandstone after different numbers of freeze—thaw cycles

Sample number Number Total porosity/% Small pores/% Medium pores/% Large pores/% Proportion/%
of cycles -
Small pores Medium pores Large pores
0 5.350 4.036 1.232 0.082 75.45 23.03 1.53
G1-2 20 5.666 4.096 1.450 0.120 72.29 25.58 2.12
40 6.453 4.751 1.578 0.124 73.63 24.46 1.91
80 6.661 5.128 1.312 0.221 76.99 19.70 3.31
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change in the T, spectral area of the sandstone after several
freeze—thaw cycles. The variation in each peak area of the
T, spectrum curve is shown in Table 6.

The distribution of signal amplitudes in the T, spectrum
in Fig. 9 shows that as the number of freeze—thaw cycles
increases, the T, spectrum distribution shows two trends.

First, as the number of freeze—thaw cycles increases, a
left-right movement of the curve appears in the lateral direc-
tion, reflecting a decrease in the pore size of the micropores
and an increase in the pore size of the macropores or micro-
cracks. Second, the amplitude of the spectral peak curve
changes, which is manifested as the upward movement of
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Table 6 T, spectral area and proportion of peaks after different numbers of freeze—thaw cycles

Sample number Number of Total area of First peak Second peak Third peak Proportion/%
cycles spectral peaks - -
First peak Second peak Third peak
0 47246.49 34766.68 11413.33 1066.49 73.59 24.16 2.26
G1-2 20 54375.14 38701.69 14519.26 1154.20 71.18 26.70 2.12
40 61121.44 43237.94 16733.85 1215.57 70.74 27.38 1.99
80 68577.25 49746.77 17517.30 1313.18 72.54 25.54 1.91

the curve, especially the upward movement of the amplitude
of the peak point, indicating that the number of pores is
increasing, which is consistent with the NMR T, spectrum
curve distribution.

As shown in Fig. 10, the spectral area of the sandstone
samples changes with the number of freeze—thaw cycles.
In general, as the number of freeze—thaw cycles increases,
the spectral area increases continuously, indicating that the
degree of freeze—thaw damage to the rock mass increases
with the increase in the number of freeze—thaw cycles.

The NMR relaxation time T, represents the pore size within
the rock, where a small T, value represents micropores and
a large T, value represents large pores. The NMR results for
different rocks are different, as reflected mainly in the differ-
ence in the shape of the T, distribution curve. The amplitude
of the T, spectral signal is related to the pore structure inside
the rock. The larger the T, amplitude is, the greater the number

Fig. 10 T, spectral area of sand-
stone after different numbers of
freeze—thaw cycles
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of pores in the rock is. Therefore, in the NMR T, distribution,
the spectral area enclosed by the signal amplitude and the T,
spectrum represents different pore numbers, and the change
in amplitude can be used as a measure of the damage to the
pore structure. The growth rate of spectral area D, is defined to
represent the rate of change in the pore quantity of sandstone
per unit volume during freeze—thaw cycles:

AS=S,-S, ?3)
AS
D, = 5 x 100% )

a

where S, is the spectral area before freezing and thawing,
S, is the spectral area after freezing and thawing, and AS is
the change in the spectral area of the corresponding interval
before and after freezing and thawing.

—l— The total area of spectral peak
—@— The first peak

—&— The second peak

—W— The third peak
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Figure 11 shows the change in the spectral area of vari-
ous types of pores in the rock sample at different numbers
of freeze—thaw cycles. Based on the number of pores before
the freeze—thaw cycle, the changes in the types of pores after
the cycle were quantitated. The trend of the full pore spec-
tral area and the micropore spectral area of the sandstone
samples after freezing and thawing shows that the rate of
change in the early stage is relatively fast and gradually sta-
bilizes in the later stage, and the whole process shows con-
tinuous growth. Based on the mutual relationship between
the growth rates of different types of pores, microcracks
inside the rock continuously develop, and micropores are
continuously generated. Some of the micropores expand into
mesopores and macropores during the freezing and thawing
process. Micropores and mesopores play important roles in
increasing the number of large pores.

The damage to large pores or microcracks in sandstone
always increases, and the increase is relatively slow in the
later period. The damage mechanism may be explained by
the joint action of hydrostatic pressure theory and fractional
ice theory. During freeze—thaw cycles, the water inside the
sandstone migrates to the icy surface. Repeated freezing and
thawing processes cause the shedding of mineral particles
from the surface of the sandstone and the peeling of the sur-
face, leading to intensified damage and increased numbers
of macropores or microcracks. The saturated fractures are
under two stress states during freeze—thaw cycles, namely

Fig. 11 Growth rates of T, 60

the frost heave tensile stress and the overall volume expan-
sion force generated by the frost heave inside the rock.

The aforementioned analysis of the T, spectra shows that
under the effect of freezing and thawing cycles, the T, spec-
trum moves left and right in the horizontal direction, indicat-
ing that the pore structure changes gradually as micropores
gradually expand into mesopores or macropores, accompa-
nied by the formation of new, small pores. The overall poros-
ity increases; after the freeze—thaw cycle, the peak value of
the T, spectra increases, indicating that the various pores in
the rock change in both size and quantity.

MRI analysis of microstructural damage

MRI was used to visually observe the evolution of internal
pore damage in the rock. The characteristics of the chang-
ing internal pore structure of the rock mass after different
freeze—thaw cycles are used to explain the freeze—thaw dam-
age process in the rock through the change in the pore dis-
tribution indicated by the MRI results.

The experiment used the NMR imaging core device to
study the internal pore size distribution of the rock mass after
different freeze—thaw cycles, obtaining two-dimensional
images of 3 different position planes in the axial direction
(cross section) and radial direction (coronal plane) of the
rock sample. The saturated core is detected using NMR after
freezing and thawing, the water signal in the rock sample is
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recorded, and the signal is processed and analyzed (see the
principle of nuclear MRI for the specific analysis process) to
show the damage and degradation of the rock sample induced
by the freeze—thaw cycles.

1. Selection of core imaging slices

MRI cuts the rock core in any direction to obtain the
pore distribution and size in the slice at the correspond-
ing position. This experiment is divided into core cross
section (a) and coronal plane imaging (b). The pore
distribution in different sections is analyzed. A sche-
matic of the position of the specific section is shown in
Fig. 12. The slice thickness h of the core cross section
is measured as 15 mm for the length of the fracture, and
the interval d is measured as 10 mm. We referred to the
coordinate orientation of the MRI machine to ensure
that the sample was placed in the proper orientation.
This approach facilitates the comparative analysis of
MRI data after freezing and thawing, and the degree of
pore damage in the cross section of the sandstone after
different freezing and thawing conditions is directly and
clearly obtained from the appearance. The coronal imag-
ing layer thickness h and the layer spacing d are both 10
mm. The sample was placed in the carrier, oriented, and
labeled to ensure that it was in the same position every
time.

2. Experimental results

MRI imaging was performed on each group of track-
ing test samples after different numbers of freeze—thaw
cycles. According to the test results, one sample in each
group was selected for a comparative analysis of MRI
data before and after freezing and thawing. The change
in the MRI image directly reflects the degree of dam-
age to the internal pores of the rock mass caused by the
freeze—thaw cycle.

Figure 13 shows the MRI results for sample G1-1 after
different numbers of freeze—thaw cycles. For the rock
sample with 0 freeze—thaw cycles, the white spots in
the figure are relatively small, the brightness is uneven,
the number of pores in the cross section is small, mainly

small-sized pores are observed, and the rock contains
mainly bound water. The spot brightness in Sect. 1 of the
picture is greater than that in other areas, indicating that
this part may contain initial microcrack damage. The
darker area in the picture indicates that the rock structure
is dense. After 20 freeze—thaw cycles, the white spots
inside the rock sample become increasingly brighter, and
the original macropores or microcracks become brighter.
The bright spots in the other images are also brighter and
more numerous than the 0-cycle MRI results. After 40
freeze—thaw cycles, the brightness of the rock sample
image increases. The size and shape of the pores are
clearly visible, and the bright spots on the edge continue
to brighten. These changes are related to the degrada-
tion of sandstone. As the number of freeze—thaw cycles
increases, the sample exhibits particle exfoliation along
the radial end surface and an increase in bright spots
after imaging. After 80 freeze—thaw cycles, the white
spots inside the rock become increasingly brighter, and
the distribution becomes increasingly uniform. The area
becomes increasingly larger, and the pores are directly
connected to one piece. The degree of damage is wors-
ened. The coronal images of different slices also show
that the process of freeze—thaw damage to the fractured
rock mass entails the continuous evolution of small-
sized pores into large-sized pores, accompanied by the
generation of new small pores.

Figure 14 shows the coronal images for sandstone sam-
ple G1-1 after different numbers of freeze—thaw cycles.
The more freeze—thaw cycles there are, the more white
spots inside the rock there are and the larger the area is.
Eventually, white spots on the ends and edges increase
significantly, the brightness increases, and local dam-
age occurs. In the 0-cycle image, the white spots are less
bright, exhibit an uneven distribution, and contain few
pores. After 20 freeze—thaw cycles, the brightness of the
white spots on the coronal image gradually increases,
and their distribution is denser. After 40 freeze—thaw
cycles, the brightness of the white spots grows increas-
ingly stronger, and the white spots in local areas increase

Fig. 12 Schematic of the core Layer thickness (h) Layer spacing (d)

imaging slice

t t

Slice 1 Slice 2

(a)Slice at the position of the rock core cross section (b)Slice at the coronal position of the rock core
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Fig. 13 Cross-sectional MRI
results for sample G1-1 before
and after freezing and thawing

Slicel

20cycle

40cycle

80cycle

significantly. This result may be due to the increase in
the number of freeze—thaw cycles. Freezing and thawing
generate holes in the rock surface with incremental ends,
leading to the exfoliation of mineral particles on the end
face of the rock and an increasing number of micropores.
After 80 freeze—thaw cycles, the white spots at the end
of the rock become increasingly concentrated, brightness
significantly increases, and deterioration at the end of the
rock increases substantially, with obvious spalling and an
increasing number of small pores. A longitudinal compar-
ative analysis shows that with the increase in the number
of freeze—thaw cycles, the brightness area of white spots
increases, and the pores inside the rock increase.

A comprehensive analysis of the pore evolution of
the cross-sectional and coronal NMR imaging results
shows that with the progress of the freeze—thaw cycle,

Slice2 Slice3

small pores in the sandstone samples continue to expand
into large pores or microcracks. Simultaneously, with
the initiation of small pores, obvious particle exfoliation
and deterioration occur at the end of the sample, and
the outer surface of the sample shows the generation of
microholes. The experimental results are directly related
to the failure mode of the sandstone appearance, and the
results are also consistent.
Discussion and analysis

According to the MRI analysis of typical samples,
MRI intuitively reflects the process underlying the
change in the internal porosity of the rock sample before
and after freezing and thawing. Before freezing and
thawing, the internal pore structure of the rock is rela-
tively complete, and the distribution of white dots in the
initial NMR image is relatively scattered. This pattern
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Fig. 14 Sagittal MRI results for
sample G1-1 before and after
freezing and thawing

Slicel Slice2 Slice3
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corresponds to the large proportion of small pores ana-
lyzed in the T, spectrum distribution of the rock NMR.
After the freezing and thawing cycle begins, the MRI
results shows an increasing number of scattered white
spots that are brighter with an increasing uniform dis-
tribution, and the corresponding rock porosity increases
with the number of freeze—thaw cycles. When the degree
of freeze—thaw damage further deteriorates the sample,
the white areas in the different sections of the sample
are further brightened and enlarged, indicating that the
small pores in the rock body continue to evolve into
large pores or large cracks after repeated freezing and
thawing cycles. The microcracks further penetrate and
propagate, and the whole process is accompanied by the
generation of small pores. The changes in MRI results
are consistent with the change in the core NMR T, spec-
trum distribution.

A comparative analysis of the rock cross-sectional
imaging results and the coronal imaging results revealed
that the cross-sectional MRI result is partially deformed.
The processed image is not a standard circle but slightly
deformed because the sandstone sample contains a small
amount of ferromagnetic substances (based on an XRF
analysis of the sandstone sample, the iron content is
approximately 3%), the magnetic field is more sensitive
to iron, and not all natural cores can be directly imaged
using NMR. Certain differences in the MRI results for
the same sample are observed after the same number
of freeze—thaw cycles. The signal distribution of the
obvious cross section is more obvious, and the white
dot distribution is brighter because the MRI results are
related to the positioning and gradient field. The basic

@ Springer

principle of MRI has been discussed in detail. Under
certain gradient field strength and selected layer thick-
ness conditions, the pulse width is fixed, the cross sec-
tion layer thickness is 15 mm, and the coronal plane
layer thickness is 10 mm. The layer selection gradient
is not substantially different from the coronal plane, the
pulse width between the two is obviously different, and
the received signal also differs. At the same time, due
to the inconsistency in the signal quantities of the three
slices of the coronal plane, coronal imaging is based on
a section in the radial direction, and the result of NMR
imaging is an accumulation of all the signal quantities,
including the thickness of the selected slice. The cylin-
der is a curved surface projection. Based on the center
plane, the MRI results show that slice 2 is the widest
(diameter width), and the signal is the strongest. Slices
1 and 3 have narrow widths, relatively few white spots,
and a small number of pores.

According to the distribution characteristics of the
NMR T, spectrum and the characteristics of the sand-
stone pore distribution, the approximate distribution
times of the three T, spectrum peaks are 0.5-2, 8-12, and
more than 100 ms. These spectrum peaks correspond to
micropores and transition pores (< 100 nm), mesopores
(100-1000 nm), and macropores or microcracks, respec-
tively. The changes in the effective pores and spectral
areas of each spectral peak in the rock samples after dif-
ferent numbers of freeze—thaw cycles were also exam-
ined. The micropore T, spectral area of each group of
samples increases approximately linearly. The growth
rate of the mesoporous T, spectral area changes rapidly
in the early stage but is relatively flat in the later stage.
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Variation in mechanical parameters
Stress-strain curve after freeze—thaw cycling

Figure 15 shows the typical stress—strain curve of sandstone
after freezing and thawing.

As shown in Fig. 15, the stress—strain curve of the uni-
axial compression experiment of sandstone after freezing
and thawing includes six stages.

1. A pore compaction stage: This stage is the initial stage
of sample loading, the curve shows an upward concave
shape, and the initial stage of deformation shows a sig-
nificant nonlinear feature. With the increase in the axial
load, the pores gradually close and become compact.
In this process, the slope of the curve increases with
increasing strain. As the number of freeze—thaw cycles
increases, the compaction stage of the rock is prolonged.

2. AB elastic deformation stage: After the curve passes
point A, the curve maintains an approximately linear
change under the action of axial stress, and the slope
remains basically unchanged. The deformation charac-
teristic of this stage is the recoverable elastic deforma-
tion. As the number of freeze—thaw cycles increases, the
slope of this stage decreases, and the elastic modulus
also decreases.

3. BC microfracture initiation stage: After elastic defor-
mation reaches point B, stress concentration at the end
of the fracture with increasing axial load leads to the
generation of new cracks, and a turning point appears
on the curve. This stage has a relatively short duration,
and the deformation process is irreversible.
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Fig. 15 Stress—strain curve for the uniaxial compression of sandstone
after freezing and thawing

4. CD microcrack stable expansion stage: New microcracks
or micropores in the rock expand stably under compres-
sive stress until the rock sample is destroyed. This stage
is nonlinear and is categorized as plastic deformation.

5. DE progressive failure stage: The stress concentration
effect caused by the axial load is significant at this stage.
The weak part of the rock is first destroyed, the stress
is redistributed, and the slope of the curve changes sig-
nificantly until the maximum compressive strength is
reached and the rock is completely destroyed.

6. EF postfailure stage: After the sample reaches the maxi-
mum compressive strength, the rock is completely bro-
ken, and a macroscopic fracture surface appears. The
stress—strain curve falls rapidly. After point F, the stress—
strain curve tends to be horizontal, which corresponds
to the residual strength stage of the rock.

The aforementioned stages are all reflected in the
stress—strain curve of sandstone, which well describes the
process underlying the change in the stress—strain curve of
sandstone after freeze—thaw cycles.

Stress—strain curves after different numbers of freeze-thaw
cycles

Repeated freeze—thaw cycles cause fatigue damage to the
rock mass. At the micro level, freeze—thaw cycles are char-
acterized by changes in pores. At the macro level, the most
direct effect is the weakening of mechanical strength. Both
of these aspects are reflected by two important mechani-
cal parameters of rock deformation and strength. The
stress—strain curves of the samples after different numbers
of freeze—thaw cycles are obtained from the test results, as
shown in Fig. 16. In the figure, A, B, C and D represent 0,
20, 40, and 80 cycles, respectively.

1. As shown in Fig. 16, the strength of the rock samples
decreases with increasing numbers of freeze—thaw
cycles. The strength of the rock sample in the early
stage of freeze—thaw cycles (20 cycles) is slightly lower
than that in the unfrozen-thawed state, indicating a small
degree of damage to the rock sample in the early stage
of freezing and thawing. After 80 freeze—thaw cycles,
the uniaxial compressive strength of the rock sample
decreases significantly. Thus, the rock sample seriously
deteriorates due to freeze—thaw damage.

2. In the pore compaction stage, the length of the strain
interval corresponding to each curve differs. As the
number of freeze—thaw cycles increases, the change in
the sample in the compaction stage becomes increas-
ingly obvious, showing that the compaction stage is pro-
longed, while the elastic deformation stage is shorter.
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Fig. 16 Stress—strain curves for different numbers of freeze—thaw cycles

The rock undergoes uniaxial compression after different
numbers of freeze—thaw cycles. Repeated freeze—thaw
cycles will increase the number of micropores in the
rock. The more freeze—thaw cycles that occur, the more
obvious the development of micropores. During the uni-
axial compression test under the loading of axial stress,
the micropores in the rock close, and the axial strain of
the rock sample increases accordingly. However, when
the rock sample reaches the elastic stage, because the
initial fracture is relatively developed, elastic deforma-
tion occurs under very small stresses, and the corre-
sponding elastic deformation range shortens.

3. As the number of freeze—thaw cycles increases, the
failure mode of the rock sample changes. Before and
in the early stage of freeze—thaw cycling, the failure of
the sample shows obvious brittle failure. After reaching
peak stress, damage occurs suddenly. With the increase
in the number of freeze—thaw cycles, the slope of the
stress—strain curve becomes relatively gentle, and the
postpeak stage shows a certain plastic deformation,
which is a form of ductile failure, indicating that the
brittleness of the sandstone is reduced and the plasticity
is enhanced after freeze—thaw cycles.

4. The elastic modulus of the rock sample and the linear
section on the stress—strain curve show a decreasing
trend with increasing numbers of freeze—thaw cycles.

Relationship between the number of freeze-thaw cycles
and the elastic modulus of sandstone

As shown in Fig. 17, the elastic modulus of sandstone

decreases with the increase in the number of freeze—thaw
cycles, and the rate of the decrease gradually accelerates.
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Fig. 17 Relationship between the elastic modulus of sandstone and the
number of freeze—thaw cycles

Discussion

Attenuation of the mechanical properties
of sandstone undergoing freezing and thawing
cycles

Constitutive relation of rock damage during freeze-thaw
cycles with loading

Under static loading, the material is assumed to be subjected
to force F before freezing and thawing, causing a certain
amount of damage. The initial section area of the rock is A,
the area after freeze—thaw damage is A, the effective area
is A = A — A*, the total stress is ¢ = F /A, and the effective
stress is ¢ = F/A. The effective area of rock damage after
freeze—thaw cycles remains unchanged, according to the
strain equivalent principle proposed by Professor Lemaitre
(Lemaitre and Dufailly 1987). Under uniaxial loading, the
strain caused by the total stress on the damaged material is
equivalent to the strain caused by the effective stress on the
nondestructive material, namely:

e=c/E=6/E (5)

where E is the elastic modulus of the unfrozen rock and E
is the effective elastic modulus of the rock after freezing
and thawing.

A rock mass is a complex geological material that con-
tains many macroscopic and mesoscopic defects. The elas-
tic modulus of rock is very difficult to obtain during the
actual measurement process. Therefore, according to the
strain equivalent principle proposed by Zhang et al. (2003),
the material is subjected to the force F, and the damage is
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expanded. If any two of the damage states occur, the strain
caused by the effective stress of the material in the first dam-
age state acting on the second damage state is equivalent to
the strain caused by the effective stress of the material in the
second damage state acting on the first damage state. The
specific equation is:

F=0¢ xA =6 xA" (6)

where ¢’ is the effective stress in the first damage state; A’
is the effective bearing area in the first damage state; ¢ is
the effective stress in the second damage state; and A” is the
effective bearing area in the second damage state.

The principle of strain equivalence after promotion is:

€= O'//EH — O_///E/ (7)

where E and E” are the elastic moduli of two different dam-
age states.

Therefore, according to Formula (7), the damage to rocks
before and after freeze—thaw cycling is defined as the first
and second damage states, respectively:

o0yAy =0,A, ®
D, =1 4,
n = AO (9)

where o, is the effective stress before the rock is frozen and
thawed, MPa; A, is the effective bearing area before the rock is
frozen and thawed, m?; o, 1s the effective stress after the rock is
frozen and thawed, MPa; A, is the effective bearing area after
the rock is frozen and thawed, m?; and D, is the damage vari-
able after the rock has undergone freeze—thaw cycles.

From Egs. (8) and (9), the constitutive relation between
the elastic modulus and the freeze—thaw damage to rock
materials in two states is written as follows according to the
generalized strain equivalence principle:

E,=Ey1-D,) (10)

0, = EO(1 _Dn)gn (11

The extended principle of strain equivalence is used
again, and the constitutive relationship between damage to
rock undergoing freeze—thaw cycling and loading is obtained
as follows:

oc=Ey1-D,) (12)
In the formula:
D,=D+D,—-DD, (13)

where D, is the cumulative damage variable for the rock
freeze—thaw load.

Equation (13) shows that under the combined action of
freeze—thaw cycles and loading, the degree of damage to
rocks becomes increasingly serious and has obvious non-
linear characteristics. The coupling effect of freeze—thaw
cycles and load reduces the cumulative damage to rocks.

Analysis of mechanical strength degradation

Figure 18 shows the relationship between the peak strength
loss rate of sandstone and the number of freeze—thaw cycles.
The rate of the loss in the sandstone peak strength is cal-
culated using the following equation:
Fy— F(n)

n= F—O x 100% (14)

where F is the uniaxial compressive strength of sandstone
before freeze—thaw cycling, MPa, and F(n) is the uniaxial
compressive strength of sandstone after n freeze—thaw
cycles, MPa.

Figure 18 shows that the loss rate of the uniaxial com-
pressive strength of sandstone increases with increasing
numbers of freeze—thaw cycles, indicating that the uniaxial
compressive strength of sandstone is related to the number
of freeze—thaw cycles. In the first 20 freeze—thaw cycles,
the rate of sample strength loss is small, whereas the loss
rate significantly increases after 20 cycles. The reason is
that sandstone is a porous rock. During freezing in the satu-
rated state, the water—ice phase transformation will expand
the volume and produce the frost heaving force. During
the cooling process, the temperature of the rock is trans-
ferred from the outside to the inside. Due to the existence of
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Fig. 18 Relationship between the peak strength loss rate of sandstone
and the number of freeze—thaw cycles
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the condensing potential energy, the water inside the rock
migrates to the surface of the rock. During the melting pro-
cess, the migration of temperature and moisture shows the
opposite pattern. Repeated freezing and thawing will cause
the bonds between the mineral particles on the surface of the
rock to decrease, and flaking of the surface mineral particles
occurs. As the number of freeze—thaw cycles increases, the
strength and elastic modulus of the rock are substantially
reduced.

Model of sandstone strength degradation after freezing
and thawing

1. Establishment of a sandstone strength degradation
model after freezing and thawing based on changes in
the relative elastic modulus
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We assumed that the peak strength of sandstone after
n freeze—thaw cycles is F(n), which is a differentiable
function, and the peak strength of sandstone without
freeze—thaw cycles is F,. Then, from n to (n + An)
freeze—thaw cycles, the peak strength loss rate of sand-
stone is:

F(n) — F(n+ An)
% = alAn (a > 0) (15)

This formula is transformed as follows:

dF(n)
dn

= aF(n) (16)

The integral of Eq. (16) is calculated as follows:

—— = exp(an) (17)
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Fig. 19 Relationship between the relative residual peak strength and relative elastic modulus of sandstone after freeze—thaw cycles

@ Springer



Bulletin of Engineering Geology and the Environment (2022) 81:445

Page 190f21 445

As the number of freeze—thaw cycles increases, the
elastic modulus of sandstone gradually decreases (as
shown in Fig. 17), similar to the peak strength. Corre-
spondingly, the loss rate of the elastic modulus of sand-
stone is also proportional to the number of freeze—thaw
cycles. We assumed that the uniaxial compressive elastic
modulus of sandstone after n freezing—thawing cycles
is E,(n), which is a continuous differentiable function,
and the elastic modulus of unfreeze—thaw is E,. Then,
from n to (n + An) freeze—thaw cycles, the loss rate of
the uniaxial compressive elastic modulus of sandstone
is calculated as follows:

En - E(n+An)
E

n

= fAn(f > 0) (18)

This formula is transformed as follows:

dE,
= pE, (19)
dn

The integral of Eq. (19) is calculated using the follow-
ing formula:

E

E—’; = exp(fn) (20)
The following equation is obtained by combining Eqs.

(19) and (20):

F E a/ﬂ
= <E—> @1
0 0

Let E? = E, /Ey¢ = a/f be the conversion coefficient
of the relative peak strength and relative elastic modulus
of sandstone. The correction factor A is introduced to
correct the equation. Then, the aforementioned equation
becomes:

F(n
% = AE)? (22)

Equation (22) shows that the relative peak strength
and relative elastic modulus of sandstone undergoing
freeze—thaw cycles obey the power function relation-
ship. As the uniaxial compression peak strength loss rate
and the elastic modulus are not completely proportional
to the number of freeze—thaw cycles, the model shown
above should be fitted and corrected according to the
relevant data to obtain specific values for A and ¢.
Fitting relationship between the relative residual peak
strength and relative elastic modulus of sandstone after
freeze—thaw cycles

According to the aforementioned derivation, the
power function model y = ax?, which is consistent with
the model, is selected to fit the variation in the relative

residual peak strength and relative elastic modulus of
sandstone after freeze—thaw cycles. The fitting results
are shown in Fig. 19. The figure shows a good corre-
lation between the relative residual peak strength and
the relative elastic modulus of sandstone. Therefore,
the residual peak strength is evaluated according to the
relative elastic modulus of sandstone after freeze—thaw
cycles. The fitting parameters A, ¢, and R? of the sand-
stone relative peak strength and relative elastic modulus
after freeze—thaw cycles are 1.0025, 1.0909, and 0.992,
respectively.

Conclusions

Studying the deterioration of rock masses during
freeze—thaw cycles is important to obtain a deeper under-
standing of rock engineering failure mechanisms in cold
regions. The microscopic damage evolution law after
freeze—thaw cycles was revealed using NMR, and several
conclusions were drawn from the results.

1. With the increase in the number of freeze—thaw cycles,
the mass of the rock sample initially appears to increase.
As the number of freeze—thaw cycles increases, the
appearance of the rock sample shows different degrees
of mineral particle spalling, the quality of the rock sam-
ple decreases, and the deterioration damage caused by
freezing and thawing is aggravated.

2. With the increase in the number of freeze—thaw cycles,
the T, spectral area of the micropores of the sample
increases approximately linearly. The T, spectral area
growth rate of the mesopores changes rapidly in the
early stage and is relatively mild in the later stage. The
growth rate of macropores or microcracks is fast in the
early stage and relatively stable in the later stage. The
micropores continue to expand into large pores as the
number of freeze—thaw cycles increases, while new
small pores are continuously generated, and rock dam-
age becomes increasingly serious.

3. The uniaxial compressive stress—strain curve is approxi-
mately divided into six stages. As the number of freeze—
thaw cycles increases, the deformation at each stage
differs. The compressive strength and elastic modu-
lus of sandstone are reduced to different extents. The
frost resistance coefficient of sandstone decreases, but
the deformation of the compaction stage of the typical
stress—strain curve increases.

4. The changes in the NMR imaging results are consist-
ent with the changes in the NMR T, spectrum distri-
bution. The whole process manifests as the generation
and development of microcracks, the intensified expan-
sion of microcracks, the generation and development of
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macropores, the expansion and penetration of macropo-
res, and finally, rock damage.

5. 5. Freeze—thaw cycles exert a certain effect on exac-
erbating damage to the rock mass. With the increase
in the number of freeze—thaw cycles, the uniaxial com-
pressive strength and elastic modulus of the rock mass
are continuously reduced. The loss rate of the uniaxial
compressive peak strength of the rock mass under the
influence of freeze—thaw cycles is related to the loss
rate of the elastic modulus. The relationship between
the relative residual uniaxial compressive peak strength
and the relative elastic modulus is derived as follows:
F(n)/Fy = A(E")?. The data are fitted through experi-
ments, producing a high surface fitting degree.

Funding This study received funding from a project (52004327) sup-
ported by the National Natural Science Foundation of China.
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