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In the Loess Plateau, seasonal freeze and thaw cause great damage to the mechanical behavior and microstructure of soil, which
leads to frequent geological disasters during winter and spring. To investigate the influence of freeze-thaw (FT) cycling (FTC) on
the shear strength and microstructure of intact loess, triaxial shear, nuclear magnetic resonance, and scanning electron mi-
croscope tests were carried out on soil samples after target FT cycles. The results indicate that the FTC has limited changes to the
soil stress-strain curve, but has a significant attenuation effect on the peak deviatoric stress. The peak deviatoric stress was
attenuated by FTC but changed insignificantly after ten cycles. The cohesive force decays exponentially with the number of FT
cycles, while the internal friction angle increases slightly. Moreover, under FTC, the T, hydrogen spectra of soil samples showed a
multimodal distribution, with the main peak appearing to have two obvious upward shifts that occurred at 6 and 10 FT cycles.
Indeed, a depolarization phenomenon related to the directional frequency of soil particles was observed, and the mass fractal
dimension of the pore network increased slightly. In an FT environment, the shear strength declines due to accumulated internal
microstructural damage. These findings contribute to a better understanding of the response of loess to FTC and provide novel

ideas for the prevention of frost damage in loess areas.

1. Introduction

Loess is a type of Aeolian Quaternary sediment with loose
structural features found between Western Europe and East
Asia and from North America to South America [1, 2]. It
covers 10% of the Earth’s continental surface [1, 3]. In China,
most of the loess is in seasonally frozen land areas. Seasonal
changes in temperature cause changes in the physical and
mechanical properties of soil, which is one of the crucial
causes of geology-related engineering disasters [4-7]. To
ensure the safety of construction and engineering opera-
tions, it is essential to understand the effects of freeze-thaw
(FT) cycling (FTC) on the physical and mechanical prop-
erties of loess.

A literature review shows that research on the influence
of FTC on soil physical properties has mainly focused on
parameters such as density, particle size distribution, and
permeability [8]. Under repeated FTC, different changes
occur to the pore characteristics of soils with different initial

densities. Loose soil becomes denser, and its porosity ratio
decreases, whereas dense soil becomes looser and its porosity
ratio increases [9, 10]. In terms of particle size, for both fine-
grained soils (e.g., clay) and coarse-grained soils (e.g., sand),
the FT effect decreases as the soil particle size increases [11].
Indeed, numerous studies have found increases in soil
permeability following FTC in different regions, including
Quebec, the Loess Plateau, and Hokkaido [12-14]. None-
theless, there remain some important physical properties of
natural loess in FT environments that have not been spe-
cifically studied, such as apparent integrity, dimension
changes, and water migration in conventional samples.
Research on the influence of FTC on the mechanical
properties of soil has mainly focused on stress-strain per-
formance, constitutive relationships, triaxial strength, and
compression modulus [15]. Most studies report that the
cohesion, compressive strength, and stiffness of soil atten-
uate to varying values as the number of FT cycles increases
[16, 17]. Due to differences in test materials and conditions,
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the mechanisms of change in soil shear strength properties
due to FTC have not been completely unified [8]. Under-
standing these properties is important to engineering in
seasonally frozen areas. In terms of shear strength param-
eters, several studies have reported that soil cohesion is
reduced after FTC, while the friction angle increases slightly
or does not change much [16, 18, 19].

In cold regions, geological disasters caused by FTC occur
frequently and their mechanical mechanisms have received
extensive attention [20, 21]. Practically, in freezing and
thawing environments, the fundamental causes of change in
the macroscopic mechanical properties of soil are changes to
its microstructure [7, 8, 17]. These include deterioration in
particle gradation, increases in porosity, and diminutions in
cementation strength [22, 23]. Many widely accepted
mechanisms have been proposed, such as the ice lens theory
and the capillary stress concept [24, 25]. At present, nu-
merous studies report that, under FTC, changes in the
physical and mechanical parameters of soils are inseparable
from their micro- and meso-scopic structure changes
[26, 27]. Therefore, the multiscale structural features of soils
subjected to FTC have also received attention. Computed
tomography (CT), scanning electron microscopy (SEM),
mercury intrusion porosimetry (MIP), and other technol-
ogies have been widely applied to the microscopic charac-
terization of soil and rock [17, 20, 21]. This has led to several
scholars adopting a range of image processing methods to
quantitatively study the microstructures of various soils
[26, 28-30]. However, the influences of the number of FT
cycles and associated variations in soil water content on the
soil microstructure (e.g., particles, pores, arrangement, and
cements) remain unclear.

The abovementioned studies provide guidance for fur-
ther understanding the physical-mechanical behavior and
mechanisms of microstructural damage evolution in loess in
seasonal FT regions. In general, however, there are very few
studies focusing on soil water content and numbers of FT
cycles that consider the complex nature of the climate and
topography of the Loess Plateau. There has been little ex-
ploration of the macromechanical response mechanism
related to the evolutionary characteristics of the micro-
structure of loess, which is urgently needed. Furthermore,
studies of soil microstructure have mostly been conducted
by methods that disturb the soil samples, making their re-
sults inconsistent. Recently, a nuclear magnetic resonance
(NMR) method with low disturbance and sensitive response
has been applied to the study of the pore characteristics of
rock and soil masses, which has produced better results than
previous methods (SEM and MIP) [29, 31, 32]. The NMR
relaxation characteristics can provide valuable information
on the natural loess structure in seasonal FT areas and are
expected to supplement existing knowledge of the perfor-
mance characteristics of soil structures during continuous
FTC in the Loess Plateau.

Against this background, this study conducted FT tests
on intact loess samples obtained from the Yan’an seasonal
FT region of China. Triaxial tests, NMR tests, and SEM were
used to determine the evolution in the macroscopic shear
strength and microstructure of intact loess samples with
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different water contents under the action of FTC. The po-
tential relationships and mechanisms related to the mac-
rostrength and microstructure of soil subjected to FTC are
then discussed.

2. Materials and Methods

2.1. Loess Sampling and Sample Preparation. The tested soil
studied is a loess obtained from a foundation pit (36° 38 19"
N, 109° 29’ 33" E) near Yan’an, Shaanxi province, China
(Figure 1). This collection point was chosen because FTC is
very common in this location during winter and spring, and
the soil type is the most common one involved in earthwork
in the Loess Plateau. Based on surface temperature infor-
mation of Yan’an area collected by previous scholars [33], a
sampling depth of 1.5-1.8 m was established as appropriate.
The tested soil was classified as Late Pleistocene (Q3) loess.
They were cut into cylinders of roughly 20 mm height and
10 mm diameter, then stored in a sample bucket and sealed
with cling-film and wax, placed in a wooden box with a
sponge, and transported to the laboratory. Following geo-
technical test standard [34], the basic physical characteristics
of the soil samples were tested (Table 1). According to the
Unified Soil Classification System (USCS), the loess was
classified as clay of low plasticity (CL). Before preparing the
intact loess samples, the spatial structure and mineral
composition of the soil were examined by SEM (JSM-6390A,
JEOL, Japan). It was found that the various group samples
had extremely uniform structures (Figure 2). This ensured
that the initial damage to the samples was homogeneous.
Investigations of the studied area showed that, during the
period of winter freezing and spring thawing, the change range
of water content of the soil was relatively large. This research
focuses on two common water contents (18% and 22%) of the
soil of this region. First, the collected intact soil blocks were
precut  into  dimensions of 5cmx5cmx10cm
(length x width x height). Next, the precut soil blocks were
weighed to estimate its initial water content, and then, they
were moistened until they reached the target water content and
finally placed into a humidor for 96 h to ensure the moisture
was evenly distributed. They were then cut into cylindrical
samples (76 mm in height and 38 mm in diameter) and sealed
with the plastic film to prevent water loss. Note that, during
cutting, the remaining residual soil was used to recheck the
water content, and the error was controlled within +0.1%. As
per retests done on the samples, the average dry density and
water content were 1.30 g/cm’ and 14.80%, respectively.

2.2. Experimental Design

2.2.1. Freeze/Thaw Tests. A high/low-temperature test de-
vice (RTP-175BU, Ruier test, China; Figure 3(a)) was used to
simulate the closed (no water supplement) FT environment.
The benefits of this FT scheme for clay have been widely
explained [16, 19, 22]. According to surface temperature data
collected at the meteorological station in the sampling area
by scholars [33], they observed that, in the past ten years, the
average temperature in Northern Shaanxi of the Loess
Plateau has changed from -20°C to 20°C. Hence, the FT
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FIGURe 1: Sampling site at Yan’an, Shaanxi Province, China.
TaBLE 1: Basic physical properties of the loess samples.
Natural Particle size distribution
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N (%) (%) (<0.002 mm)
(%) (%) (%) (%)
(%)

14.80 12111913‘%/ 1.05 31.20 20.60 2.71 16.35 53.15 15.76 14.74
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FIGURE 2: SEM images of the samples: (a) group a; (b) group b; (c) group c.
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FIGURE 3: Photographs of the apparatus used in the tests: (a) high/low temperature test chamber; (b) triaxial testing machine; (c) nuclear

magnetic resonance equipment; (d) scanning electron microscope.

scheme of freezing at —20°C and thawing at 20°C was ap-
propriate. For the freezing or thawing time of a single FTC,
no recognized standard has been proposed, and it is usually
set comprehensively based on research motivation, test
conditions, and engineering background. In previous
studies, when a closed (no water supplement) FT scheme was
adopted, it was generally considered that the response of the
soil structure and deformation characteristics to the FT effect
had reached a stable level after continuous freezing (or
thawing) for 12h [15]. Therefore, one FT cycle was deter-
mined to comprise —20°C for 12h and then 20°C for 12h.
The specific numbers of FT cycles tested were 0, 1, 3, 6, 10,
and 15 [17]. It is needed to explain that the greatest dete-
rioration in soil structure may occur in the initial FT cycles,
and after ten cycles, a new dynamic equilibrium generally
appears [16, 19]. Based on this, an upper limit of 15 and
specific numbers (0, 1, 3, 6, 10, and 15) of cycles were set.

2.2.2.  Measurement of Sample Water Migration.
Numerous studies have reported that, to analyze the in-
fluence of freeze-thaw cycles on the mechanical properties of
soil, attention must be paid to water migration [8, 17, 21].
Therefore, water migration (the cylindrical sample was
circularly cut into five equal parts in the radial direction and
dried separately, see Figure 4) in thawed samples were
evaluated.

2.2.3. Triaxial Shear Tests. The specimens used for triaxial
strength tests consisted of two groups with initial water
contents of 18% and 22%. Each group contained 12

i} Five-bisection ring

FIGURE 4: Schematic diagram of tests for sample dimensional
change and water migration.

specimens. Taking into account that consolidation will affect
the damage caused by FTC, in addition, the poorly per-
meable loess is difficult to drain in reality [17, 35], the
unconsolidated undrained (UU) scheme is adopted in our
triaxial strength test. Four triaxial samples with the same
water content and number of FT cycles were selected for UU
triaxial shear tests. A triaxial test apparatus (LO7010/5DYN,
Wille-Geotechnik, Germany; Figure 3(b)) was employed to
apply various confining pressures (50, 100, 150, and 200 kPa,
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as per the in situ condition). Triaxial shear tests were
conducted at a rate of 0.1 mm/min and terminated when the
axial strain reached 16% (according to China Soil Test
Standard [34]).

2.24. NMR Tests. After FT treatment, the samples were
divided into six groups; according to the number of FT
cycles, they had received and subjected to NMR testing. Each
group contained samples of two water contents (18% and
22%), which were saturated with distilled water in a vacuum.
Then, an NMR analyzer (Macromrl2-150h-i, Niumag
Technology, China; Figure 3(c)) was used to measure the
evolution and distribution of pores in the soil samples. It is
worth noting that ferromagnetic substances interfere with
the magnetic field of the NMR test instrument and affect the
test accuracy [29]. Hence, the specimens required for NMR
were compacted with correspondingly sized polyvinyl
chloride (PVC) sleeves instead of the traditional steel soil
sample molds. Moreover, it should be mentioned that the
saturated sample used here conforms to the principle of
NMR measuring pore structure in porous media, that is,
only pores filled with hydrogenous fluid can be inspected
[31]. The specific principles and methods are as follows.

When the porous materials are completely filled with
water, its NMR transverse relaxation time (T,) has a good
correspondence with the water-imparting pore size (d)
[36-38], as expressed by the following equation:

LSy (s
i_pz(v>pore —P2< d )) (1)

where p, represents the transverse relaxation rate (which, for
natural porous media, is 0-10um-s~' and for loess is
3.0 ym-s_l [39, 40]), S/V stands for the ratio of the surface
area to the volume of the pores in the sample, and Fj is the
pore shape factor (when using a cylindrical model for ap-
proximate analysis, Fg =2 [29, 31]). Generally, the loess
pores are divided into four categories according to their
average equivalent diameters [21]; i.e., micropores
(d<5pm), small pores (5<’d<10um), mesopores
(10°<°d <20 ym), and macropores (d >20 ym).

2.2.5. SEM Tests. Six groups of samples were observed by
SEM, which had experienced 0, 1, 3, 6, 10, or 15 FT cycles.
Each FT-cycle group contained samples of two water con-
tents. Each sample was dried by natural air (25°C, RH 50%,
14d), trimmed, and a relatively flat fresh section selected
from it. This was processed into a 1 cm’ cubic specimen and
sprayed with Pt to enhance its conductivity. Micrographs
were obtained by SEM (JSM-6390A, JEOL, Japan;
Figure 3(d)) to observe the microstructural characteristics of
each specimen. The particle and pore parameters contained
in the micrographs were measured by a particles (pores) and
cracks analysis system [26, 30, 41]. The particle orientation
frequency and fractal dimension of the pore network were
accurately estimated. The details are as follows.

Referring to the parameter extraction methods described
in the published literature [30, 41], PCAS software was

utilized to segment the 500x magnification SEM images, as
shown in Figure 5(a). We then extracted geometric infor-
mation relevant to pores and particles through the automatic
tracking function (Figure 5(b)).

The degree of arrangement of soil granular structural
elements after FTC can be described in terms of the soil
particle directional frequency F; («), which is defined as [42]

Fi(a) = (%) x 100%, (2)

where m; represents the number of particles in a certain
azimuthal region, M is the total particle number, and «
denotes the angle of each location after dividing the range
0°-180" into # equal parts; hence, « = 180°/n. Here, n=12 and
a=15". In this study, we assumed that the directional dis-
tribution of particles in the range of 0°-360" was
symmetrical.

Fractal dimensions can effectively characterize the tor-
tuosity or complexity of a soil pore network. It is generally
believed that there are three fractal dimensions of a soil
structure, namely, the mass, spectrum, and surface [43].
Among them, the mass fractal dimension (also called the
box-counting fractal dimension [44]) is often used to de-
scribe the space-filling ability of an object [45]. Our study
evaluated the change in the mass fractal dimension of the
pore network of natural loess in an FT environment through
the box-counting method:

N(e) = G)Dm’m. (3)

Here, D represents the fractal dimension of the pore
network. A series of recorded data pairs are plotted in the log
(1/¢) against log {N (¢)} coordinate system, and the fractal
dimension is estimated by the slope of the curve.

3. Results

3.1. Effect of FT Cycles on Water Migration. The character-
istics of the water content relative change (the ratio of the
increment of water content measured in the thawed spec-
imen after a certain number of FT cycles to the initially water
content of the specimen before cycles) along the radial di-
rection after FTC of the samples are shown in Figure 6. From
Figure 6(a), within the first three cycles, the water redis-
tribution in various samples shows almost consistent, with
all having greater water contents in the surface layer than
inside. This means that the water that migrated to the surface
due to freezing could not fully migrate back during the
melting process. Taking the w =18% sample as an example,
the increase in surface water content occurred in the first 6
FT cycles, and the water content at each location no longer
changed significantly after 10 cycles (Figure 6(b)).

3.2. Effect of FT Cycles on the Mechanical Behavior of Samples

3.2.1. Stress-Strain Curves. Figure 7 shows the stress-strain
curves of the various specimens after several FT cycles. From
Figure 7(a), especially when not subject to FTC, the water
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FIGUure 5: SEM image processing: (a) binary processing; (b) microstructural identification.
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FIGURE 6: Radial water migration characteristics of samples with FTC: (a) influence of water content; (b) influence of FT cycles.

contents of samples increased and the stress-strain curves
evolved from a strong strain-hardening type to a weak
strain-hardening type (strain-hardening, i.e., the deviator
stress always increases with the increase of the axial strain
[15, 19]). After six FT cycles, the stress-strain curves of each
sample showed a strain-hardening trend and the hardening
amplitude did not change much with increases in water
content (Figure 7(a)). These results indicate that the shape of
the stress-strain curves of loess is more controlled by the
initial water content than by the FT cycles. When the
confining pressure level and water content were held con-
stant (0, =100kPa and w=18%), while the number of FT
cycles increased (Figure 7(b)), the shape of the stress-strain
curves was roughly similar under different confining pres-
sures; however, their peak values of deviator stress decrease
obviously. This means that FT'C has limited influence on the
shape of the loess stress-strain curve, but it has a significant
attenuation effect on the peak deviatoric stress of the soil.

Moreover, from Figure 7(c), when the water content and
FTC were held constant (w =18%, six cycles), with decreases
in confining pressure, the stress-strain curve gradually
transitioned from a strong strain-hardening type to a weak
strain-hardening type and, finally, approached an ideal
plastic type. It can be concluded that shape of the stress-
strain curve of soil is significantly controlled by the confining
pressures.

3.2.2. Failure Strength. We further examined the charac-
teristics of the obtained stress-strain curves and recorded the
maximum deviator stress of each curve. As per [46-48], for
the fully-hardened curve, the deviator stress at which the
sample strain reached 15% was taken as the failure strength.
The curves of failure strength evolution with FTC for each
sample in 100kPa confining pressure are collated in Fig-
ure 8. Generally, the failure strength of the various samples
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deteriorated significantly with FTC. Over all FT cycles, the
general trends in the failure strength curves for various
samples were similar and can be roughly divided into the
following three stages: (i) sudden decrease, (ii) slow de-
crease, and (iii) equilibrium. Quantitative analysis shows
that, after all FT cycles, the losses in failure strength (dif-
ference from the initial value divided by the initial value) of
samples with initial water contents of 18% and 22% were
26.47% and 23.30%, respectively. Furthermore, it should be
noted that, in the sample with the high-water content
(w=22%), after undergoing three FT cycles, the failure
strength decayed to a stable level, while the samples with less
water required six FT cycles to reach stability. It can be
concluded that, in the initial three FT cycles, the

deterioration in failure strength was more significant with
increases in the initial water content. However, during the
entire FTC process, the attenuation of the failure strength of
the samples with low initial water content is more
significant.

3.2.3. Shear Strength Parameters. Based on the total stress
method [30, 34], the variation of shear strength parameters
with freeze-thaw cycles is obtained, as shown in Figure 9. As
the number of FT cycles increased, the cohesion of the
specimens decreased exponentially. For the low-water
content samples (w =18%), the attenuation of cohesion was
embodied in the first six FT cycles, while the high-water



350

Advances in Materials Science and Engineering

325
A
300 -

275

Failure strength (kPa)

250 ~

225 T T

03=100 kPa

0 2 4 6

8 10 12 14

Number of freeze-thaw cycles

—o— w=18%
—a— w=22%

FIGURE 8: Evolution in the failure strength of samples with FTC (05 = 100 kPa).

60 2
o
55 - I
| 21
50 - L
5 ! <
& 45 ] $ y=-129¢00721507  R=0973 | 20
4 :
= =]
3 i L )
£ % 19 £
© 4] © y=27.19¢ 0904433054 R*=0982 | &
\ @
® 18
30 - o
25 T T T T T T T T T T T T T T 17
012345678 9101112131415

Number of freeze-thaw cycles

© Friction angle experimental data
—— Friction angle crave fit

¢ Friction angle experimental data
—— Friction angle crave fit

(a)

50 21
q
45 >
10 20
5] > 0.197: Y
Ay —_ -0.197x.
2 5 | & V=231e77420.689 I %;0
E 19 &
£ 30 2 R
S 4 y=22.85¢0827%424.509  R"=0.998 3
h N L =
25 e 18
20 A -
15 A e e e LA S p s 17
01234567 8 9101112131415

Number of freeze-thaw cycles

@ Friction angle experimental data
—— Friction angle crave fit

¢ Friction angle experimental data
—— Friction angle crave fit

(®)
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content samples (w=22%) only required three cycles. Ad-
ditionally, in specimens with higher initial water content
(w=22%), the overall cohesion attenuation amplitude
(47.21%) was weaker than in specimens with low water
content (w=18% and 49.64%). However, in the initial three
FT cycles, the sample with high water content (w =22%) had
aloss of cohesion of up to 45.28%, while the sample with low
water content (w =18%) had a loss of cohesion of 34.85%. In
terms of internal friction angle, there was a slight
strengthening trend over the whole cycling process, but the
increase amplitude generally remained <3°. This implies that,
in the FT environment, cohesion is lost more rapidly at
higher soil water contents and fewer FT cycles are required
for the strength to decay to stability. This trend is consistent

with the abovementioned trend in failure strength deteri-
oration. Hence, it can be speculated that the decrease in the
failure strength of loess is mainly due to the loss of cohesion,
with the change in the internal friction angle being a sec-
ondary factor.

3.3. Effect of FT Cycles on the Microstructural Damage of
Samples

3.3.1. NMR Test Results. NMR tests were performed on
specimens after different numbers of FT cycles. This ob-
tained the relationship between the amount of pore water
inside the specimens (NMR signal amplitude) and the
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number of cycles. The test results for the specimen with an
initial water content w = 18% are clearly plotted in Figure 10.
The T, distribution curves of the specimen after different
numbers of cycles show multimodality, with one main peak
and two secondary peaks. As the number of FT cycles in-
creased, the main and secondary peaks enhanced in in-
tensity. Nonetheless, the main peak increased much more
than the secondary peak. Furthermore, there were two
significant upward shifts in the main peak; the first in the
sixth cycle and the other in the tenth. The amplitude of a
sample’s NMR signal is proportional to the pore volume
[29, 31]. Based on this, further analysis showed that the pore
content increased most significantly during cycles 36, less
so in cycles 1-3, and least during 6—-10 FT cycles (Figure 11).

Figure 12 shows the pore size distribution of the spec-
imen with an initial water content w=18%. Overall, with
increasing numbers of FT cycles, the volumes of pores of
each size show different degrees of variation during the
initial stages of FTC and then enter a dynamic stabilization
trend. Among them, the small pores and macropores exhibit
increasing trends, and the macropore volume increases
most. The mesopores and micropores show decreasing
trends, with mesopores decreasing more; however, the
volumes of mesopores and small pores are always highest.
This seems to indicate that when a specimen is subjected to
FTC, the internal micro- and small-sized pores are con-
tinuously converted to medium- and macro-sized pores, the
internal penetration fissures increase in size, and specimen
damage increases continuously. However, the soil pores tend
toward a mutual feedback equilibrium state after a certain
number of FT cycles. Similar findings have also been re-
ported in other studies, most of which used CT or MIP
[19-21, 41, 46)].

3.3.2. SEM Test Results. To comprehensively discern the
microstructural variations occurring in soil samples with
FTC, representative SEM micrographs (w=18% and
w =22%) at 1000x magnification were inspected (Figure 13
and 14). The skeleton structure of the natural specimens (i.e.,
before FTC) was mainly embedded and bridge-shaped, with
mostly face-to-face contacts that were relatively firm. After
six FT cycles, the morphology of the soil particles became
significantly fragmented with mostly edge-to-face or point-
to-face intergranular contact forms arranged in the form of
overhead structures into wider through-pores. By com-
parison, with ten FT cycles, the particle morphology became
increasingly fragmented and stacked disorderedly around
other particles and pores. The soil fabric was altered sig-
nificantly, with few soil particles still having cement between
them, and the connections between particles were mostly
point-to-edge or point-to-point. Furthermore, after ten FT
cycles, the total number of pores in the field of view in-
creased and initial structural degradation was observed. The
soil particles were arranged loosely, and the contact forms
were mostly point-to-point. Comparing Figures 13 and 14, it
can be seen that the initial structure of the low water content
sample was stronger. That is, the contours of the particles
and pores are more complete. Especially, without freezing
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sample (w=18%) in an FT environment.

and thawing, the boundaries between particles and pores are
vivid. For samples with high water content, even in the
natural state, the proportion of broken particles in the field
of view is relatively high, and the boundaries between
particles and holes are relatively blurred. These observations
imply that samples with high water content have lower initial
structural strength and require less frost-heave stress and
water migration potential to degrade.

Based on equation (2) and the extracted geometric pa-
rameters of the particles, a rose diagram of the directional
frequency of each group of specimens was calculated, as
depicted in Figure 15. With increasing FT cycles, the particle
directional frequency of specimens decreased and homog-
enized at all angles. In the natural state (i.e., before FTC), the
directional frequency of the soil particles was in a high-
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frequency range and, after six cycles, transformed into a  that FTC will cause particle-oriented “depolarization” effects
relatively small and uniform state. Interestingly, the content ~ (as defined by Hattab and Fleureau [49]). Comparing
of particles near certain polar angles (i.e., 0°, 90°, 180°, and Figure 15(a) and 15(b), it can be seen that the increase in soil
270°) showed a negative trend, which also seems to indicate ~ water content has a certain influence on particle orientation
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FIGURE 15: Rose diagram of the particle orientation frequency distribution of samples subjected to FT cycling: (a) w =18% and (b) w=22%.

characteristics in a FT environment. It can be observed that
the particle distributions in the dominant intervals (30°-90°,
120°-165°, 210°-255°, and 300°-345°) are higher than those in
low water content samples, and the distributions in the polar
angle region are lower. This is probably because samples with
higher water contents have more significant particle ag-
gregation and dispersion behavior under FTC.

Based on equation (3) and the measured pore geometry
parameters, we calculated the mass fractal dimension dis-
tribution of the pore network after FT'C in each group of
samples (Figure 16). It shows that the fractal dimensions
increased with the number of FT cycles and always fluctu-
ated. It can be seen from Figure 16 that the mass fractal
dimension range of the natural loess pore network is ba-
sically 2.56 to 2.81 for FT environments. The literature [50]
reports that the pore network mass fractal dimension of silty
clay loam varies from 2.81 to 2.86 over six FT cycles. In
addition, it is worth noting that the mass fractal dimension
of the pore network continued to increase with FTC. This
increase was embodied within the first three to six FT cycles.
Subsequently, the mass fractal dimension tended toward
equilibrium, which implies that, with increasing FTC, the
degree of irregularity of the pore network continues to
increase. Besides, when the frost heaving potential generated
by the FTC weakens toward a certain critical value, the pore
complication process is suppressed and a corresponding
transition to an equilibrium state occurs. Indeed, it was also
found that, under the same number of FT cycles, samples
with a high initial water content had a higher final mass
fractal dimension of the pore network, and the number of
cycles required to increase to equilibrium was fewer.

4. Discussion

4.1. Evolution Mechanism of Loess Apparent Physical Prop-
erties Subjected to FTC. The complete FT process of soil
involves an internal and external temperature difference.
When freezing, the outer layer of the sample freezes first,
namely, the temperature of the outer layer is lower than the
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FIGURE 16: Mass fractal dimension of the soil pore network with FT
cycling.

inside, causing the moisture inside the soil to migrate to the
surface. The opposite is true when thawing, but the water
that has migrated to the surface of the soil cannot be
completely returned. It is generally believed that the
moisture in the soil has a tendency to migrate to the freezing
front under FT conditions [25, 51]. In other words, the
amount of water migration is related to the temperature
gradient and residence time of the freezing front at that
location. Then, combined with the radial water content
distributions of the tested samples (Figure 6), it can be
determined that when the temperature gradient is constant,
the greater increment of the water migration of the sample
surface is associated with the longer residence time of
freezing front at that location (i.e., a more slowly advancing
freezing front). Another potential explanation is that the
water migration potential in the soil depends on the tem-
perature gradient, which is inversely proportional to the heat
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conduction distance [13, 33]. The side area of the cylindrical
samples used in the study was much larger than that of the
top and bottom areas. In a closed FT environment, the radial
distribution of moisture in a sample is much more uneven
than that in the axial direction. Moreover, the moisture on
the surface of a sample cannot fully migrate back to the
interior during the thawing process, and the water content of
the surface increases after several FT cycles (Figure 6).

4.2. Mechanism of Shear Strength Degradation of Loess Sub-
jected to FTC. The main reason for the attenuation in the
failure strength of specimens was the repeated frost-heave
stress and migration potential caused by FTC [8, 21]. The
frost-heave stress has a squeezing effect on the micro-
structure of soil, which weakens the cementation between
particles upon which soil cohesion is largely dependent
[17, 29] and significantly reduces cohesion. A similar point
was made in an investigation [52], which reported that soil
cohesion is attenuated more rapidly at higher water contents
under FTC. Our results similarly indicate that samples with
higher water content (w=22%) required fewer FT cycles
(three cycles) for their cohesion to drop to a plateau. Based
on this, it can be further speculated that samples with high
initial water contents have poor structural strength and
relatively low initial cohesion; hence, fewer FT cycles are
required to decay to stability. Therefore, in seasonally frozen
loess areas, attention should be paid to soil drainage to
reduce the soil water content and limit deterioration in soil
strength due to FTC. Secondly, in seasonally frozen soil areas
of the Loess Plateau, the mechanical index of soil after ten FT
cycles may be considered the reference value for engineering
design. In addition, during FTC, the internal aggregates of
soil are continuously broken and metastable particles with
more contact points (improved interlocking properties) are
formed after being interspersed (the expansion of the water
as it becomes ice). Meanwhile, the migration of water caused
by the migration potential scours the surface (decreased
antislipping properties) of the soil particles. Due to the
friction angle mainly represents the antislipping and
interlocking properties between the soil particles [29, 30].
The internal friction angle shows a slight increase and tends
to equilibrium under these two mechanisms (Figure 9).

4.3. Mechanism of Microstructural Damage of Loess Subjected
to FTC. The macroscopic strength of loess is governed by
microstructure characteristics [30, 38, 41]. Under the action
of FTC, the water inside soil freezes into ice and the soil
volume tends to expand (especially when the soil moisture is
high, the volume of ice crystals will be larger than the critical
expansion space inside the soil), which has a destructive
effect on the soil’s original skeleton [53]. The ice lens causes
the pores to expand or interpenetrate and evolve into slightly
larger pores. This deduction is supported by the NMR test
results. After several FT cycles, the T, hydrogen spectrum
shifted significantly upward and shifted to the right, which
means that the content and size of the pores increased
(Figure 15). Similar behavior was observed by Zhou and
Tang [54] in a study of muddy soil via MIP, which showed

Advances in Materials Science and Engineering

that most of the pores turned into macropores and mi-
cropores at lower temperatures (<—20°C). Under the action
of repeated FTC, the freezing-expansion and melting-
shrinkage of soil particles become irreversible. Both cause
detachment of the large skeleton aggregates, which have a
complicated arrangement (Figures 13 and 14). This pro-
motes the migration of capillary water and enhances the
scouring effect on the edges of particles and the inner walls of
pores. This effect directly causes particles near the polar
angle to rotate (Figure 15), the fractal dimension of pore
network to fluctuate slightly in the first FT cycles (Figure 16),
and the content of pores to increase (Figure 10). In sub-
sequent FTC, the destruction of the soil skeleton by the ice
lens reaches a bottleneck (in a closed system, no water is
supplied), although the agglomerating effect of soil particles
is more marked. Simultaneously, some loose particles be-
come more sensitive and rapidly interpenetrating, which
makes the pore morphology more complex and increases the
fractal dimensions of pore network (Figure 16). Combining
the NMR and SEM results, it is easy to see that, as the volume
of macropores increases, the fractal dimension of the pore
network increases slightly. These findings corroborate those
of Peyton et al. [55] and Luo et al. [56], who both reported a
positive correlation between macropore volume and fractal
dimension of the pore network in agricultural soils based on
CT scanning.

The macroscopic mechanical properties and micro-
structural evolution mechanisms of loess subject to FTC are
complex and are a hotspot of research into soil mechanics
problems in cold regions. Some studies have employed MIP
to reveal the soil pore evolution mechanism [20, 39, 57, 58].
The present study quantitatively used low-disturbance ob-
servations (NMR and SEM) to explore the evolutions in soil
mechanical properties and microstructure under FT con-
ditions. The microstructural evolution process in loess
samples in an FT environment was abstracted from Figure 13
to create Figure 17. Combined with the above test results, the
general mechanism of deterioration in the mechanical
properties of loess in an FT environment is summarized as
follows.

In an FT environment, repeated frost-heave stress and
migration potential are generated in the soil. Among them,
frost-heave stress extrusion destroys the interparticle cou-
pling effect, causing some unstable particles to gradually
exfoliate and causing interparticle distances to increase.
Meanwhile, water migration caused by a temperature gra-
dient causes the finer granules in the soil to penetrate the
larger pores (Figure 11). Further, the orientation of the
particles becomes uneven, and the fractal dimension of the
pore network also increases (Figure 16). In a continuously
FTC environment, soil cohesion exhibits a distinct attenu-
ation trend and soil strength characteristics are gradually
degraded. In summary, a dialectical analysis of the potential
relationship between macroscale and microscale effects
suggests that the macroscopic degradation of soil is an
external manifestation of accumulated internal micro-
structural fatigue. Hence, irreversible internal microstruc-
tural damage is the potential mechanism of macroscopic
degradation in soil.
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FIGURE 17: Schematic diagram of the microstructural evolution of loess with FT cycling.

5. Conclusions

In the present study, FT tests were performed on intact loess
specimens with different water contents. The specimens
were then tested by triaxial apparatus, NMR, and SEM. The
potential relationships between FTC and soil physical-me-
chanical behavior and microstructural characteristics and
their mechanisms were then discussed. The following
conclusions are drawn.

(1) The FTC has a significant attenuation effect on the
peak deviatoric stress of loess, but it has limited
influence on the shape of the stress-strain curve.
Compared with the FTC, the confining pressure has
a more significant influence on the shape of the loess
stress-strain curve.

(2) Deterioration in soil strength mainly occurred
during the first six FT cycles and became balanced
after ten cycles. The lower the soil water content, the
greater the loss in failure strength caused over the
entire FT process; however, during the initial FTC
(first three cycles), samples with higher water con-
tents had more severe losses of failure strength. The
cohesion of natural loess decayed exponentially with
increases in FTC but stabilized after 3-6 cycles. The
sample with low water content (w =18%) had a more
significant loss of cohesive force (49.64%) and re-
quired more FTC (six cycles) for attenuation to
equilibrium than the sample with high water content
(w=22%). The internal friction angle was slightly
strengthened with increases in FT cycles (by about
2°).

(3) Under FTC, the T, hydrogen spectra of the soil
samples showed a multimodal distribution. The
main peaks showed two significant upward shifts
after 6 and 10 cycles, respectively, and then stabi-
lized. That is, the increase in sample pore volume
mainly occurred during the first ten cycles. With
increasing FTC, the finer pores gradually evolved
into slightly larger pores and the soil pore volume
and size increased. Among them, the volumes of
macropores and small pores increased, with that of
macropores being more conspicuous. The volumes
of mesopores and micropores decreased, with that of
mesopores being more significant.

(4) As the number of FT cycles increases, the original
embedded and bridge structures of the soil collapse

and the intergranular connection mode gradually
changes from face-to-face to point-face or point-
edge. Under FTC, the orientation frequency of
particles is depolarized; that is, the overall soil
structure is isotropic and the worst orientations are
at the local polar angles of 0°, 90°, 180°, and 270°. For
a given number of FT cycles, soil with higher water
content has a greater increase in the pore network
mass fractal dimension.

(5) Under the action of FTC, the water phase in loess
changes repeatedly, causing fluctuations in the water
migration potential and frost-heave stress that cause
irreversible damage to the soil microstructure (pore
coarsening, particle breakage, and cementation
dissolution). This is the potential mechanism of
strength reduction in loess.
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