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To study the dynamic characteristics and mechanism of saturated loess after freeze-thaw cycles, a series of laboratory tests
including freeze-thaw cycle tests, dynamic triaxial tests, and scanning electron microscope tests of the saturated remolded loess
was conducted. The characteristics of the dynamic parameters of the saturated loess after different freeze-thaw cycles were
discussed. The characteristics of the microstructure parameters changes were analyzed. The evolution process and mechanism
of the microstructure of the remolded loess under freeze-thaw cycles were proposed. The results show that after different
freeze-thaw cycles, the dynamic stress-dynamic strain curves of the saturated remolded loess conform to the hyperbolic model;
however, the freeze-thaw cycle has a significant effect on the model parameter b. With the increase of freeze-thaw cycles, the
dynamic shear modulus of saturated remolded loess first decreases and then increases, while the damping ratio is opposite.
When saturated remolded loess experiences freeze-thaw cycles greater than four, its dynamic stability is better than that of
saturated soil without freeze-thaw cycles. The dynamic stability reaches its peak after seven freeze-thaw cycles and is equivalent
to that of saturated soil without freeze-thaw cycles after forty cycles. Combined with the results of the quantitative analysis of
microstructure images, with the increase of the freeze-thaw cycles, the number of large and medium particles in the soil
reduces, and the number of micros and small particles increases. The particle size tends to be uniform. The apparent porosity
increases rapidly and then decreases sharply and tends to be stable after 4 freeze-thaw cycles. The pore and particle fractal
dimensions continue to decrease. The probability of entropy increases first and then decreases. It is illustrated that the
saturated loess has mainly experienced three steps under freeze-thaw cycles: (1) fracture and expansion of original skeleton
cementation, (2) damage, crushing and aggregation of the particle, and (3) compaction and reorganization of soil structure.
Besides, the saturation condition significantly accelerates the evolution process of the internal structure of the soil under
freeze-thaw cycles. These lead to the strengthening effect of soil dynamic stiffness under long-term freeze-thaw cycles.

lead to strength deterioration of soil and causes the destruc-
tion of various engineering infrastructure [4-6]. The physi-

Loess is a kind of special soil formed in an arid climate,
which is widely distributed in seasonal frozen areas of Mid-
dle and Western China. Due to its special porous and weakly
cemented structure, it has a high risk of disaster under exter-
nal forces [1-3]. The freeze-thaw cycle as a special strong
weathering effect can significantly change the structure and
physical and mechanical properties of soil, which is easy to

cal and mechanical properties and structural behaviors of
the soil change due to cryogenic actions in the freeze-thaw
cycle. The interaction of confining pressure, freezing tem-
perature, and freeze-thaw cycles has a significant impact
on the strength of silty soil [7-12], as well as the nonlinear
dynamic parameters and characteristics of seismic engineer-
ing [13, 14]. The main reason that causes the variation of the
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static and kinetic behaviors of the soil during the freezing-
thaw cycle is the changes in microstructure. The freezing-
thaw condition causes the breaking and sliding of parti-
cles, as well as the rearrangement of the pore. However,
the structural damage of the soil trends to stable with
the increase of the freezing-thaw cycles [15-19].

The freeze-thaw cycle effect is mainly reflected as the
phase change and migration effects of water in the soil 20,
21]. The initial moisture content of the soil has a significant
impact on the physical and mechanical properties after the
freeze-thaw cycle [22-24]. The cohesion of intact loess and
remolded loess both decreased with the increase of the initial
moisture content, while there is no obvious change rule in
the internal friction angle in different freeze-thaw conditions
[25, 26]. It can be seen from many discussions of the freeze-
thaw cycles on the physical and mechanical properties and
mechanism of unsaturated soil and achieved fruitful results.
However, there are few researches on the physical and
mechanical properties and microcosmic mechanism of satu-
rated loess under the freeze-thaw cycle, especially for the
dynamic behaviors [27]. Affected by the engineering behav-
ior, groundwater, atmospheric rainfall, snowmelt, and the
strong water sensitivity of loess, it is easy to cause the mois-
ture content of unsaturated loess to increase sharply. The
moisture content of the foundation soil often deviates from
the initial design value and the dynamic features, resulting
in uneven frost deformation of the building, which makes
the foundation unable to operate normally or even damages
it. Therefore, in this paper, intact loess samples were sam-
pled in typical sites of Lanzhou City, which were located
in the seasonal frost region of the Loess Plateau. After the
sample was reshaped and saturated indoors, the high-low
temperature test chamber was used to simulate the freeze-
thaw cycle process to do different periods of freeze-thaw
cycle tests. Then, the dynamic triaxial test was carried out.
Combined with the results of the SEM microstructure test,
the dynamic characteristics and microstructure changes of
saturated loess affected by the freeze-thaw cycles were ana-
lyzed, which provides scientific evidence for frost heaving
of loess subgrade and improvement of freezing soil in
seasonal freezing areas and seismic damage prevention.

2. Samples and Testing Methods

2.1. Samples. The sample was collected from a loess site in
Heping Town of Lanzhou City, the capital of Gansu Prov-
ince in China. The loess soil was formed in the Late Pleisto-
cene, and we collected all samples at an embedded depth of
approximately 4.5m. The exploration well was excavated
manually in-site, and the original cube test block was taken
from the wall of the well. The basic physical properties of
loess samples were tested following the “Chinese standard
for test methods of earthworks” (GB/T 50123-2019) [28],
and the results are shown in Table 1 and Figure 1.

The maximum dry density of the tested loess was
1.71 g/cm®, and the optimum moisture content of the tested
loess was 18.4% through the proctor compaction test. The
moisture content of the prepared dry soil was modulated
to the optimal moisture content and cured for 24h, and
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TaBLE 1: Properties of loess samples.

Parameters Value
Density 136 g/cm’
Moisture 5.59%
Specific gravity 2.70
Plastic limit 15.9%
Liquid limit 24.1%
Plastic index 8.2
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FIGURE 1: Particle size distribution of loess samples.

the soil sample was put into a cylindrical mold with an
inside diameter of 50 mm. Figure 2(a) shows the sample
was prepared by static pressure at both ends, and the size
of the prepared sample was ®50mm x 100 mm.

2.2. Testing Equipment and Methods

2.2.1. Sample Saturation. The prepared cylindrical remold-
ing sample was put into the test cylinder, which was vacuu-
mized first and then injected with water to saturate the soil
sample. To ensure that the test sample is fully saturated,
the pumping time is set to 5 hours. After pumping, the water
inlet valve was opened. Due to the difference between the
inside and outside atmospheric pressure, the distilled water
automatically entered the saturation cylinder and the sample
was completely submerged and then let stand still for 24
hours (Figure 2(b)) to make the sample reach a saturated
state. The saturation degree of the soil sample after the test
was 0.98.

2.2.2. Freeze-Thaw Cycle Test. An LK-120G programmable
constant temperature and humidity test chambers were used
to do the freeze-thaw cycle test (Figure 2(c)). According to
the meteorology observational data of Lanzhou, the freezing
temperature of soil samples was set to -20°C, and the melting
temperature was set to 20°C. According to the test results of
Zhen et al. [29], the soil can be completely frozen after freez-
ing for 4 hours at -20°C. Therefore, in this freeze-thaw cycle
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FIGURE 2: Sample preparation and freeze-thaw cycle test: (a) static pressure at both ends to prepare samples; (b) saturation device; (c) freeze-

thaw cycle device; (d) sample after freeze-thaw cycle.

test, one freeze-thaw cycle is 12 hours, and the freeze-thaw
cycle is 6 hours, respectively. During the test, the soil is
frozen in multiple directions without adding water. Studies
have shown that freeze-thaw cycles have obvious effects on
soil in a short period of time, and the effects become stable
after a long period of time [30]. Therefore, four short-term
cycles of 1, 4, 7, and 10 are set, and only 40 long-term cycles
are set. The sample after freeze- thaw cycle test is shown in
Figure 2(d).

2.2.3. Dynamic Triaxial Test. A dynamic triaxial and
torsional shear testing system typed WEF-12440 was used
for the dynamic triaxial test, as shown in Figure 3(a). After
completing the freeze-thaw cycle of the soil sample in the
LK-120G test box, according to the standard for soil test
method (GB/T 50123-2019), the isotropic consolidation
mode was adopted to consolidate the samples; the confining
pressure in the triaxial tests of this study is uniformly

200kPa, as shown in Figure 3(b). After the consolidation
of the samples was stable, the dynamic triaxial test was
carried out by the method of multiloads on one sample.
The test was carried out under the condition of consolidated
undrained, and the cyclic load was constant-amplitude sinu-
soid load with the frequency of 1 Hz [27], and each stage was
loaded 10 times for a total of 10 levels. The minimum axial
pressure of each specimen is 5kPa. For the specimens under
the freeze-thaw cycles of 0, 1, 4, 7, 10, and 40, the maximum
axial pressure in the triaxial tests is 35kPa, 32 kPa, 38 kPa,
39kPa, 36 kPa, and 36 kPa, respectively.

2.2.4. SEM Test. The sample after the freeze-thaw cycle is
fully freeze-dried with a vacuum freeze-drying apparatus,
and the soil sample is gently broken by hand after standing
at room temperature. The smooth natural surface was
selected. The bottom of the selected sample was ground flat
and thin with sandpaper, and the sample was prepared into
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FIGURE 3: Dynamic triaxial test and scanning electron microscope test: (a) WF-12440 dynamic triaxial-torsion shear test system; (b) Test

Bench; (c) KYKY2800B-scanning electron microscope.

a square sheet of 10 mm x 10 mm x 2 mm finally. Then, the
section was fixed on the sample holder with conductive glue
and put into the ion sputtering equipment for spray gold,
making the surface of the sample conductive and easy to
image. Then, the scanning electron microscope test was car-
ried out using an equipment typed KYKY-2800B, as shown
in Figure 3(c). The multiple shooting was 50, 100, 200,
400, 500, and 800 times, respectively. To ensure that micro-
structure images have a high accuracy, including enough
information, 6 to 8 photos were taken at each magnification.

2.2.5. Acquirement of Microstructural Parameters. The
acquirement of the microstructural parameters of the soil
relies on the Pores and cracks analysis system (PCAS) [31].
The system can pick up basic microstructural parameters
such as the apparent porosity, pore number, and average
pore area and statistical calculation parameters such as pore
probability entropy, average form coeflicient, and fractal
dimension through binary processing and vectorization
treatment of SEM images.

3. Experiment Results and Analyses

3.1. Dynamic Stress-Dynamic Strain Curves. According to
the dynamic triaxial test, the o; ~ &; curves of the saturated
loess after different freeze-thaw cycles are drawn and shown
in Figure 4.

It can be seen from Figure 4 that the relationship of
0,4~ ¢, still obeys the Hardin-Drnevich hyperbolic model
[32] after the saturated loess undergoes multiple freeze-
thaw cycles, and the dynamic strain increases nonlinearly
with the increase of dynamic stress. After one freeze-thaw
cycle, the dynamic strain is significantly larger than that
of the unfreeze-thaw remolded loess under the condition of
the same dynamic stress, the o; ~&; curve drops, and the
strain weakens. After 4 freeze-thaw cycles, the dynamic strain
is greatly reduced compared with the dynamic strain after 1
cycle and is smaller than the dynamic strain after the
unfreeze-thaw cycle under the condition of the same
dynamic stress. The o, ~ ¢; curve rises significantly. After 4
cycles, the dynamic strain decreases with the increase of
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FIGURE 4: 04 ~ ¢, curves of saturated loess after freeze-thaw cycles.

cycles under the same dynamic stress, and the structural sta-
bility is significantly enhanced under external dynamics.
After 7 cycles, the 0, ~ g; curve continues to rise. After 10
cycles, the 0, ~ ¢; curve decreases compared with the o, ~
g, curve after 7 cycles, but it is still higher than the o, ~ ¢,
curve of unfreeze-thaw saturated loess. The o, ~¢; curve
after 40 cycles is between the o, ~ ¢, curve after 10 cycles
and the o, ~ ¢, curve after 4 cycles. It can be seen that after
the saturated remolded loess undergoes freeze-thaw cycle,
the dynamic stability of the soil structure decreases first and
then increases significantly, reaches a peak after 7 freeze-
thaw cycles, and then gradually decreases after 10 cycles.

The hyperbolic model proposed by Hardin and Drne-
vich is shown in

7

0= (1)

Ca+be,

The definition of dynamic elastic modulus is shown in

04

(2)

€4

According to formula (1) and formula (2),

=a+ bey, (3)

|~

where o is the axial dynamic stress, ¢, is the axial dynamic
strain, E; is the dynamic elastic modulus, a is the reciprocal
1/E; of the corresponding dynamic elastic modulus when
e; =0, that is, the reciprocal of the initial dynamic elastic
modulus E; ., and b is the slope of the 1/E; ~¢; curve,
as shown in Figure 5, which represents the reciprocal of
the maximum dynamic stress amplitude o ...

The parameters a and b and the correlation coefficient
R of testing curves are shown in Table 2. It can be seen
from Table 2 that the 1/E ~ ¢, curve has a good linear fit-
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FIGURE 5: 1/E ~ ¢, curves of saturated loess after freeze-thaw cycles.

ting relationship and the freeze-thaw effect has an obvious
influence on the parameter a of the hyperbolic model of
saturated remolded loess. The maximum dynamic elastic
modulus first decreases and then increases with the increase
of freeze-thaw cycles, and the parameter b changes little
before 10 freeze-thaw cycles, indicating that the slope of
the 1/E~¢e,; curve changes little and decreases after 40
cycles.

3.2. Dynamic Shear Modulus and Damping Ratio. Formula
(4) shows the relations between the dynamic shear modulus
G, and dynamic elastic modulus E;. Formula (5) shows the
relation between the dynamic shear strain y, and dynamic
strain &;:

Gy = %’ (4)
Va=(1+ue,, (5)

where y is Poisson’s ratio.

The damping ratio D of soil is calculated by the dynamic
stress-dynamic strain hysteresis curve [32, 33], as shown in
Figure 6 and formula (6). Where AF is the area bounded
by the hysteretic curve, F is the area of the triangle AOB.

D=, (6)

According to formulas (4) and (5), the dynamic shear
modulus, dynamic shear strain, and damping ratio are calcu-
lated. The G; ~y, curve and D ~y, curve are shown in
Figures 7 and 8.

The dynamic shear modulus is an important parameter
to represent the ability of soil to resist shear deformation.
As shown in Figure 7, the dynamic shear modulus of the
saturated loess decreases nonlinearly with the increase of
dynamic shear strain after different freeze-thaw cycles. After
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TasLE 2: Hyperbolic model parameters.

Parameters
Cycles R b R
0 0.0020 0.01714 0.995
1 0.00221 0.01743 0.990
4 0.00145 0.01731 0.995
7 0.00131 01747 0.990
10 0.00171 0.01767 0.985
40 0.00167 0.01664 0.994
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FIGURE 6: Calculation method of the damping ratio D.

the saturated remolded loess undergoes one freeze-thaw
cycle, the dynamic shear modulus decreases, due to the
volume expansion of water after freezing, the cementation
between the particles is destroyed, the skeleton is unstable,
and the structural stability is reduced. After 4 freeze-thaw
cycles, the dynamic shear modulus of saturated loess
increases significantly and reaches the maximum after 7
freeze-thaw cycles, which indicates that when the number
of freeze-thaw cycles increases from 1 to 7, the stability of
soil structure is significantly improved and the resistance
capacity to deformation is improved; that is to say, the
frost-heaving stress and water migration force have a certain
compaction effect on the soil, reducing the deformation
space of the particle skeleton, resulting in the obvious
increase of dynamic shear modulus. After the saturated loess
undergoes 10 and 40 freeze-thaw cycles, its dynamic shear
modulus decreases compared with that of 7 cycles, but it is
still greater than the dynamic shear modulus of remolded
loess and under the same dynamic strain level. The differ-
ence between the dynamic elastic modulus of saturated loess
with 10 freeze-thaw cycles and 40 freeze-thaw cycles is small,
indicating that after long-term freeze-thaw cycles, the
dynamic shear modulus of saturated loess tends to be stable
and the dynamic stability of the soil is enhanced compared
with saturated loess without freezing and thawing.
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FIGURE 8: Damping ratio-dynamic shear strain curves after freeze-
thaw cycles.

The damping ratio of the soil reflects the property of
energy loss due to the internal resistance of the soil under
dynamic load, representing the influence of the viscosity of
the soil on its dynamic constitutive relationship. It can be
seen from Figure 8 that the damping ratio of saturated loess
increases nonlinearly with the increase of dynamic shear
strain after the freeze-thaw cycle. When the dynamic shear
strain is less than 0.1%, the damping ratio increases rapidly,
and when the dynamic shear strain is more than 0.1%, the
damping ratio increases gently. The number of freeze-thaw
cycles has a significant effect on the damping ratio of satu-
rated loess. Because of the increase in the pore size of the
soil, after one freeze-thaw cycle, the particle connections
tend to loosen, the probability of friction between particles
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FIGURE 9: SEM image before and after freeze-thaw cycles (200x).

increases, the energy consumption increases, and the damp-
ing increases significantly compared with that of unfreeze-
thaw remolded loess. With the increase of the number of
freeze-thaw cycles, the damping ratio continued to decrease
from 1 freeze-thaw cycle to 7 freeze-thaw cycles and
increased after 10 cycles. After 40 freeze-thaw cycles, the
damping ratio increases again and tends to be stable gener-
ally, but it is still smaller than the damping ratio of
unfreeze-thaw saturated loess and saturated loess after 4
freeze-thaw cycles under the condition of the same dynamic
strain, indicating that the freeze-thaw cycle makes the satu-
rated loess grain refinement and aggregation, the frictional
energy consumption between particles becomes weakened,
and the whole structure of the soil develops towards homog-
enization and densification.

3.3. Microstructure. The SEM images with a magnification of
200 times are selected for qualitative analysis, as shown in
Figure 9. The PCAS was used to process SEM images with
a magnification of 500 times, the quantitative parameters
of microstructure were extracted, and the microstructure
changes of saturated loess after different freeze-thaw cycles
were analyzed.

As shown in Figure 9, the unfrozen remolded loess
particles are large, with close arrangement and connection
among the particles, with few pores and mainly small pores.
There are natural microcracks and microcracks in the parti-
cles, and liquid water fills the pores after back pressure satu-
ration. After one freeze-thaw cycle of saturated soil, the soil
structure changed significantly, the macropores increased,
and the contact relationship between particles changed from
surface-to-surface contact to point-to-surface contact, the
connection was loose, and the soil structure was destroyed.
After four cycles, the number of pores decreased obviously,
the particles reaggregated, and the soil structure became
dense again. After seven and ten freeze-thaw cycles, the
small particles increased, but the soil structure did not
change obviously. After forty freeze-thaw cycles, a stable
structure similar to that of remolded soil can be seen.

Using the Feret diameter to represent the average
diameter h of particles [31]. According to the study of
Mu et al. [18], h <5 um was defined as microparticles, 5 ym

<h<10um was defined as small particles, 10um <h <
20 um was defined as medium particles, and h > 20 yum was
defined as large particles. The ratio of the pore area to the
area of the SEM photograph representing the change of
particle size and porosity was obtained by statistical analysis,
as shown in Figures 10 and 11.

It can be seen from Figures 10 and 11 that after one
cycle, the number of large and medium particles decreases
slightly, the number of micro- and small particles increases
slightly, and the apparent porosity increases sharply, indicat-
ing that the soil skeleton is deformed by compressing and
the pore is expanded during one cycle. There are no obvious
damage and cracking in the large and medium particles, and
the freeze-thaw action only causes the frost movement of the
soil. The microstructure is presented as the number of pores
increases, the size increases, the structure is loose, and frost
heave occurs. After four freeze-thaw cycles, the number of
large and medium particles decreases significantly, the num-
ber of micro- and small particles increases, and the porosity
decreases significantly; after four cycles, the original struc-
ture of the remolded loess is completely destroyed and the
microcracks and microfissure of soil particles expand and
penetrate, the structure of large particles is damaged and
broken, the broken particles fall and fill in the pores, and
the large pores are filled and closed. It can be seen that from
the SEM photo with a magnification of 200 times after 4
cycles, the surface of large particles is attached with broken
micro- and small particles, the surface is rough, the size of
soil particles tends to be uniform, and the compactness of
soil increases, manifesting that the soil particles are gathered
at this stage and the structure develops towards stability.
After 7 cycles, the porosity decreases and the number of
large particles still decreases, but the number of medium
particles increases, and the number of microparticles slightly
decreases, illustrating that after 7 cycles, the micro- and
small particles agglomerate occurs due to the frost heaving
pressure, water migration force, and van der Waals force,
the particle volume and bonding strength increase, and the
integrity of soil increases. After 10 cycles, the porosity
increases slightly, large and medium particles continue to
break, and the number of micro- and small particles
increases compared with that after 7 cycles. After 40 cycles,
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the soil structure changes little, the uniformity of particle
size reaches the best, the connection between particles is
close, and the soil structure is stable. Compared with the
unfreeze-thaw remolded soil, the density of soil structure is
similar, and the particles are mainly surface-to-surface
contact. However, after 40 cycles, the particles are smaller
and more uniform and the integrity is better.

The micromechanical morphology of pores is an
important aspect that affects the loess structure. The frac-
tal dimension of pores can quantitatively describe the
complexity of pores [34]. The changes of fractal dimension
of soil pores and particles after freeze-thaw cycles are
shown in Figure 12. The saturated loess undergoes differ-
ent numbers of freeze-thaw cycles; the fractal dimensions
of particles and pores both show a decreasing trend, of
which the pores are faster than that of the particles. Under
the action of force in the freeze-thaw cycle, the irregular
edges and corners of soil particles are easy to be cut off,
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the roundness of the particles increases, the surface undula-
tion degree decreases, the particle shape tends to be regular,
and the complexity of pore shape formed by particle frame-
work decreases. After freeze-thaw cycles, the simplification
of particle and pore shape makes the particles have better
connection, and the structural integrity and stability are
enhanced [25].

The probability entropy (H,,) can reflect the orientation
of loess particles and pores arrangement. The larger the
probability entropy is, the worse the orderliness and orienta-
tion of the pores arrangement are. The range of H,, is (0~1).
The orientation arrangement is stronger when the Hm is
smaller [35]. The change of probability entropy of saturated
loess pores and particles after different numbers of freeze-
thaw cycles is shown in Figure 13.

As shown in Figure 13, With the increase of freeze-thaw
cycles, the probability entropy of particles and pores first
increases and then decreases. After one freeze-thaw cycle
and four freeze-thaw cycles, the probability entropy of pores
and particles is the largest, respectively. After one freeze-
thaw cycle, the original arrangement of pores and particles
is destroyed, the arrangement direction is disordered, and
the structure is disordered. With the increase of cycle times,
due to the reorganization of soil structure, the number of
pores is reduced and the water migration channel is gradu-
ally stable, the arrangement of particles and pores tends to
be oriented, the probability entropy decreases, and the sta-
bility of soil is enhanced.

4. Discussion

Based on the above analysis results after several freeze-thaw
cycles, the dynamic performance of saturated loess is stron-
ger than that of unfreeze-thaw remolded loess in a closed
environment without water recharge, and the soil structure
is more stable and denser.
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Freeze-thaw action is a kind of strong weathering. The
transformation process from water to ice strongly changes
the structure of soil and destroys the connection and
arrangement of original particles. At the same time, in the
process of freezing, the surface layer of the soil is first frozen
by cold, then the binding water film has frozen cracks, the
temperature gradient and electric field gradient are gener-
ated inside, and the water migration force reacts on the soil
structure, which causes further damage. In addition, as a
high dispersibility multimineral aggregate, the deformation
of each individual mineral in the soil is different in the pro-
cess of temperature change, which shows the anisotropy of
thermal and physical properties of soil skeleton [36, 37].
Therefore, after the freeze-thaw cycle, the saturated loess
first shows the expansion of pores, the dispersed particles,
and disordered arrangement, and the whole structural stabil-
ity decreases, and its dynamic stability decays to a certain
extent.

After many freeze-thaw cycles tested on soil, soil particle
split only occurs in the relatively coarse particle size under
the freeze-thaw action, whereas fine particles will agglom-
erate due to the effect of the electric double layer [38].
Based on the powder-sized microscopic analysis of the
overburden soil after multiple freeze-thaw cycles, the pow-
der is an aggregate with fine sand as the core and the
aggregate is wrapped by clay particles; the aggregation
process of soil particles is an associated product of the
splitting process during freeze-thaw cycles [36]. Therefore,
after the freeze-thaw cycle, the larger particles in the soil
develop to smaller particle size because of fracturing, and
the micro- and small particles develop to larger particle
size because of agglomeration, which leads to the enrichment
of soil particles in a certain size eventually. After the destruc-
tion of the soil structure, the particles of saturated loess are
damaged and cracked. Under the action of van der Waals
force and hydrogen bond, the particles are condensed and
agglomerated, the water migration causes the dehydration

of soil particles, the wedging action of ice interlayer causes
the compaction of soil, and at the same time, a recrystalliza-
tion process of minerals may happen under the substantial
stress, comparing with the “cold hammer welding,” the
strength of particle cementation increases. In this paper, the
compaction cementation is the most obvious in seven
freeze-thaw cycles, and the dynamic stability of soil is the
strongest at this time. After more than 7 freeze-thaw cycles,
the particle breakage and agglomeration of the soil continue
to develop during the continuous freeze-thaw process.
Although the dynamic stability of the soil is weakened to
some extent, it is still larger than that of the remolded loess
overall. Because of the action of remodeling and saturation,
the initial structure of loess is completely destroyed, and the
freeze-thaw action leads to the increase of micro- and small
particles in the soil. The agglomeration and cementation
caused by the electric double layer play a major role to make
the connection between fine particles closer and the struc-
tural strength stronger, which leads to the weakening of the
dynamic vulnerability of loess after long-term freeze-thaw
cycles. In addition, existing studies also have the situation
that the mechanical strength of the soil increases after the
freeze-thaw cycle. Liu et al. [39] found that under the action
of freeze-thaw cycle, the mechanical properties of silty clay
with low water content were weakened, and when the water
content increased to the plastic limit, the freeze-thaw cycle
effect was strengthened; Hu et al. believed that due to water
redistribution after the freezing-thawing cycle, the mechani-
cal strength in the region where the water content decreased
increased, and the mechanical strength in the region where
the water content increased decreased, the strength variation
amplitude of the two regions is different, which will cause the
change of the overall failure strength of the soil. The mechan-
ical strength of the soil may be strengthened, weakened, or
unchanged, and the high water content is conducive to the
strengthening effect. Dong et al. [11] believed that water loss
in soil after freezing-thawing cycle would cause strengthen-
ing phenomenon. Qi et al. and Song et al. [40, 41] found that
freezing-thawing cycles have both strengthening and weak-
ening effects on soils with different dry bulk densities; they
believe that this is caused by the overconsolidation effect of
negative pore water pressure on soil during freezing. Oztas
and Fayetorbay [42] found that when the freeze-thaw cycle
increased from 3 to 6 times, the mechanical properties of soil
with high water content strengthened. Viklander [43] found
that the cohesion and early consolidation pressure of soils
with low density increased after the freeze-thaw cycle. Zhao
[44] found that aeolian soil has a self-healing effect under
the action of freeze-thaw cycles. After a long period of
freeze-thaw cycles, the structure and mechanical strength of
aeolian soil are similar to those before freeze-thaw cycles.
Similarly, in this paper, after 40 freeze-thaw cycles, the struc-
ture of saturated loess is similar to that of dynamic shear
modulus and unfrozen freeze-thaw. It can be seen that two
opposite effects, deterioration and strengthening, may occur
in the mechanical properties of soil after freezing-thawing
cycle [45]. The reason for this difference and the variation
law of both with water content have not been agreed; further
research is needed.
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FIGURE 14: Schematic diagram of microstructure changes under the action of freezing and thawing of saturated loess.

It can be seen from the above analysis that the structural
change of saturated remolded loess under freeze-thaw cycle
mainly goes through three stages, as shown in Figure 14.
The first stage is the frost heaving deformation failure of
the soil skeleton. It is mainly about that during the first
freeze-thaw cycle, the variation characteristics of the micro-
structure are cementation fracture between particles, expan-
sion of pores, and complete destruction of the original
structure. The dynamic properties are strain weakening,
dynamic shear modulus decreasing, and damping ratio
increasing. The second stage is the damage and rupture of
large and medium particles, and this stage is mainly
between 1 and 4 freeze-thaw cycles. The variation charac-
teristics of microstructure are that the large and medium
particles decrease significantly, the roundness of the particle
improves, the degree of particle homogenization increases,
the damping ratio decreases, the dynamic shear modulus
increases significantly, the influence of freeze-thaw cycles
on soil changes from weakening to strengthening, and the
dynamic characteristics are significantly enhanced com-
pared with those of unfreeze-thaw soil. The third stage is
the compaction and reorganization of soil structure. The
typical performance is that after seven freeze-thaw cycles,
the characteristics of the microstructure are micro- and fine
particles that agglomerate to medium particles, the soil
structure is uniform and dense, and the integrity is signifi-
cantly increased [46, 47]. The dynamic characteristics of
this stage reach the best.

5. Conclusion

This work provides the dynamic behaviors of the saturated
compacted loess after freezing-thaw cycles and correlative
characteristics of microstructures. Based on these results,
several conclusions could be drawn as follows:

(1) After the saturated remolded loess undergoes one
freeze-thaw cycle, the soil strain weakens and the
damping ratio increases. After four freeze-thaw
cycles, the soil strain strengthens. After seven
freeze-thaw cycles, the dynamic shear modulus
reaches the maximum and the damping ratio is the
minimum. The dynamic performance of saturated
remolded loess is enhanced after multiple freeze-
thaw cycles

(2) The influence of freeze-thaw cycles on the structure
of saturated remolded loess is obvious. With the
increase of the number of freeze-thaw cycles, the
number of large and medium particles decreases,
the number of micro- and small particles increases,
the apparent porosity decreases, the component
develops towards homogenization, the shape com-
plexity of pores and particles decreases, the arrange-
ment tends to be neat, and the integrity of soil
structure increases

(3) The structural changes of saturated loess under
freeze-thaw cycles are affected by destruction and
agglomeration, which can be divided into three
stages: fracture and expansion of skeleton cementa-
tion, damage, crushing and aggregation of the parti-
cles and compaction and reorganization of soil
structure. Besides, the saturation significantly accel-
erates the influence of freeze-thaw cycles on the
structure of soil
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