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Abstract: Wetting-induced soil deformation significantly impacts land stability and man-
agement on the Chinese Loess Plateau. This study analyzed silt soils from the Late Pleis-
tocene (1 m depth) and Middle Pleistocene (25 m depth) to investigate compression and
collapsible deformation during wetting. The compression in both soils progressed
through three stages: slow deformation under low pressure, accelerated deformation un-
der moderate pressure, and decelerated deformation under high pressure. Wetting inten-
sified the compression in the 1 m sample but reduced it in the 25 m sample, with the de-
formation becoming more sensitive to the initial water content under higher pressures.
Collapse tests showed contrasting behaviors: the 1 m sample exhibited collapsibility,
while the 25 m sample displayed expansiveness (a negative collapsibility coefficient). Mi-
crostructural analysis revealed that the 1 m sample with abundant macropores and over-
head structures had a lower structural stability than the 25 sample with more stable,
rounded micropores. The wetting-induced deformation was governed by the balance be-
tween clay mineral expansion and structural collapse, with collapsibility prevailing when
collapse dominated and expansiveness prevailing when expansion was predominant.
These findings provide valuable insights into soil-water interactions and support im-
proved land use and management strategies in the loess region.

Keywords: soil-water relationship; wetting-induced deformation; scanning electron
microscope; land stability

1. Introduction

Natural soils often undergo significant changes in their engineering properties due
to rainfall, irrigation, or rising groundwater levels [1-3]. Typically, soils exhibit high
strength at low water contents, but water infiltration rapidly reduces their strength, caus-
ing deformation and potential disasters [4,5]. Wetting-induced soil deformation has led
to numerous geotechnical issues, such as ground subsidence, slope instability, and road
collapses [6,7]. The occurrence of these issues not only incurs substantial economic losses
but also poses significant challenges to the sustainable development of regional
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economies [8]. Thus, understanding the processes of soil deformation under wetting con-
ditions and their underlying mechanisms is crucial for assessing land stability and en-
hancing land management strategies.

Loess, a loosely structured, silty soil, is extensively distributed across mid-latitude
regions globally, particularly on the Chinese Loess Plateau (CLP) [9,10]. Its water sensi-
tivity, stemming from its unique metastable structure, has been a key research focus in
soil science [11,12]. Current studies on wetting-induced deformation in loess mainly focus
on influencing factors [13], construction treatments [14], and predictive evaluations [15].
Factors influencing wetting-induced deformation in loess can be broadly categorized into
macroscopic and microscopic aspects. Macroscopic factors include the loading pressure,
initial water content, and compaction degree, while microscopic factors primarily involve
the pore size distribution, particle size distribution, and mineral composition [16-20]. For
unsaturated loess, the pressure exerts the most significant influence, followed by the com-
paction degree and initial water content. Under identical pressure, higher compaction and
a higher initial water content result in reduced wetting-induced deformation [18,21]. Mi-
croscopically, the pore and particle size distributions are strongly linked to the soil com-
paction and structural stability [22]. Variations at the microscopic level directly influence
the macroscopic differences in the wetting-induced deformation of loess.

The wetting-induced deformation in loess shows substantial variation across regions
and depths. Spatially, the intensity of the wetting deformation in loess increases with the
proximity to its source area [23]. For example, in the CLP, wetting-induced deformation
intensifies from the southeast to the northwest due to the higher coarse particle content
near the source, forming a metastable structure with abundant large pores [24,25]. These
microstructures and large pores provide the prerequisites and spatial foundation for the
wetting-induced deformation in loess [26]. While loess typically undergoes collapsible de-
formation upon wetting, some studies have reported expansive characteristics in loess
[27-29]. Vertically, high collapsibility is often observed in shallow Late Pleistocene (Qs3)
loess layers (Malan loess), while deeper Middle Pleistocene (Q2) loess layers (Lishi loess)
typically show greater stability [30]. These differences are closely linked to factors such as
the water content, mineral composition, and structural features [19,31,32]. However, most
of the existing research has focused on wetting deformation in shallow loess, with limited
attention to the differences in the wetting-induced deformation across loess layers from
different geological periods.

The constitutive relationships of collapsible soils and their wetting-induced defor-
mation mechanisms have been a major focus of geotechnical engineering research [33,34].
Studies on the constitutive models of collapsible soils began in the 1950s, emphasizing
volume changes induced by wetting in practical applications [35]. Early models relied on
incremental elastic predictions of volume changes in unsaturated soils [36,37]. As the un-
derstanding of wetting-induced swelling advanced, incremental, three-dimensional elas-
tic models were extended to collapsible soils [38]. However, wetting collapse causes irre-
versible soil damage, indicating that the deformation process aligns more closely with
elastoplastic behavior [39]. Elastoplastic constitutive models, such as the BExM [40] and
BBM [39], employ multiple yield surfaces to simulate and predict wetting deformation in
unsaturated collapsible soils. Despite their utility, these models are limited and cannot be
universally applied to both expansive and collapsible soils. To address these limitations,
Zhang and Riad [41] introduced a unified approach, the Modified State Surface Approach.
Over time, various numerical methods have been developed to simulate wetting-induced
deformation, including the critical state model employed by Komolvilas et al. [42] to ex-
amine the effects of the density and stress state. Advances in soil microstructure research
and quantification have highlighted its crucial role in wetting-induced deformation
[24,43]. Dual-structure (micro-/macro-)models have been proposed for expansive soils
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[44]. Metastable particle contacts and open pore structures are key conditions for collaps-
ible deformation [9,20,45]. Soils with high fine-grained contents exhibit more stable mi-
crostructures, which reduce wetting deformation [46]. Additionally, studies emphasize
the critical role of cementing materials, such as calcium carbonate, in wetting deformation.
Their dissolution during wetting accelerates structural damage and collapse [16,47]. Nev-
ertheless, the coupled effects of the microstructure and mineral composition on wetting-
induced deformation remain underexplored.

To address this gap, this study investigated loess samples from different geological
periods on the CLP, focusing on undisturbed samples subjected to consolidation—collapse
tests and microstructural analysis under varying initial water contents. The primary ob-
jectives were to (1) analyze the evolution of the deformation during wetting, (2) compare
the wetting-induced deformation differences across loess layers from different geological
periods, and (3) investigate how the microstructure and mineral composition influence
the collapsible deformation. The findings offer valuable insights into soil-water interac-
tions causing land degradation and hold significant scientific and practical relevance for
land use and sustainable management in loess regions.

2. Materials and Experimental Methods
2.1. Sampling Site and Materials

The silt soils were loess collected from Fuxian County, Yan'an City, Shaanxi Prov-
ince, China (Figure 1a). The terrain is a gently sloping plain that gradually declines from
northwest to southeast, with a slope gradient of less than 2%. The study area is covered
by thick loess deposits, primarily composed of Late Pleistocene (Qs) and Middle Pleisto-
cene (Q2) loess layers (Figure 1b). Typical Qs and Q2 soil samples (20 x 10 x 10 cm) were
collected at depths of 1 m and 25 m, respectively, for this study (Figure 1c). A mechanical
Luoyang shovel was employed to excavate a test pit to a depth of 25 m. At the two target
depths, 15 samples were extracted from the test pit walls by manually carving grooves.
The samples were immediately sealed with cling film to prevent moisture evaporation
and subsequently transported to the laboratory for further testing.

The basic physical properties of the samples were tested according to the Standard
for Geotechnical Testing Methods [48], with the results presented in Table 1. The samples
exhibited relatively high moisture contents; the 25 m sample had a lower void ratio and
greater compactness compared to the 1 m sample. The particle size distribution was ana-
lyzed using a laser particle size analyzer, as shown in Figure 2. The 1 m sample contained
23.23% clay particles (<5 um), 75.41% silt particles (5-75 um), and 1.36% sand particles
(>75 pm). The 25 m sample contained 21.28% clay particles, 77.14% silt particles, and 1.58%
sand particles. According to the Unified Soil Classification System, and based on the liquid
and plastic limits, both the 1 m and 25 m samples are classified as low-plasticity clays
(CLs).
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Figure 1. Sampling location and site photos: (a) geographical location of the sampling site, (b) site
topography and sampling depths, (c) collected rectangular soil samples.

Table 1. Statistical results of the basic physical properties of the soil samples.

Phvsical P ‘ Value
ysical Property 1m 25 m
Natural density, p (g/cm?) 1.64 1.80
Natural water content, w (%) 18.80 20.90
Dry density, ps (g/cm?) 1.35 1.49
Porosity, n 0.50 0.45
Void ratio, e 1.00 0.82

Atterberg limits

Plastic limit, wy (%) 15.40 19.40
Liquid limit, aw: (%) 29.50 29.20
Plasticity index, I 14.10 9.80

Soil classification CL CL
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Figure 2. Particle size distributions of samples.

The mineral compositions of the soil samples were analyzed via X-ray diffraction
(XRD), with the results presented in Table 2. Quartz and feldspar were the dominant min-
erals, comprising 66.1% and 61.8% of the 1 m and 25 m samples, respectively. Clay min-
erals primarily consisted of illite, kaolinite, chlorite, and vermiculite, with illite being the
predominant component. Notably, the two samples exhibited significant differences and
a swap in the contents of calcite and illite. The 1 m sample contained 1.64 times more
calcite than the 25 m sample, whereas the 25 m sample contained 1.73 times more illite
than the 1 m sample. These differences directly influenced the wetting-induced defor-

mation characteristics of the soil samples.

Table 2. Statistical results of the mineral compositions of the soil samples.

Composition of Minerals Value (%)
1m 25 m
Quartz 49.40 45.40
Illite 10.80 18.70
Calcite 12.50 7.60
Feldspar 16.70 16.40
Chlorite 2.90 2.40
Kaolinite 5.80 5.60
Vermiculite 1.90 3.90

2.2. Sample Preparation

Undisturbed field soil samples were stripped of surface-disturbed loose soil before
being trimmed into ring samples with a diameter of 79.8 mm and a height of 20 mm (Fig-
ure 3a). To minimize sample variability in the test results, the mass difference between the
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large ring samples was controlled within + 5 g. Wetting—collapse tests were performed at
five initial water contents: natural, 24%, 27%, 30%, and saturated (Figure 3b). The amount
of water needed to adjust the initial water content was calculated using Equation (1), and
the samples were prepared via the water film transfer method. Distilled water was evenly
sprayed onto both surfaces of the samples using a syringe to minimize damage. Prepared
samples were sealed with plastic wrap and placed in a humidity chamber for at least 48 h
to ensure uniform moisture distribution before subsequent consolidation—collapse tests.

Wt—wWce m 1
100+w¢ ¢ (1)

m,, =

where mw represents the required mass of distilled water to be added (g), m. is the current
mass of the soil sample (g), and w. and w: denote the current water content and target
water content of the sample (%), respectively.
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Figure 3. Flowchart of consolidation—collapse tests and microstructure tests.

2.3. Consolidation—Collapse Test

The consolidation—collapse test was performed with the KTG-ZY fully automatic air
pressure consolidation device, manufactured by Beijing Luda Weiye Technology Co., Ltd.
in Beijing China (Figure 3b). The test employed a graded-loading method, with vertical
pressures incrementally set at 12.5, 25, 50, 100, 150, 200, 300, 400, 500, 600, 700, and 800
kPa. Deformation was considered stabilized when the vertical deformation rate dropped
below 0.01 mm/h, after which the next loading step was applied. To comprehensively
evaluate both compression and collapsible deformation, a double-oedometer test was uti-
lized. For each initial water content, two samples were tested: one underwent continuous
stepwise loading until the deformation stabilized, while the other was submerged after
the first loading step to achieve equilibrium for collapsible deformation, followed by the
subsequent loading steps (Figure 4).
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Figure 4. Schematic diagram of the calculation method for soil collapsable deformation (collapsibil-

ity coefficient) using the double-oedometer test.

The collapsibility coefficient was used to evaluate the collapsible deformation of the
soil, and the calculation formula is as follows:

hyp—hps
5, = " @

where 6s represents the collapsibility coefficient under a specific pressure level, while ho,
hps, and hpy denote the initial height of the sample, the vertical compression under the spe-
cific pressure, and the vertical compression after water infiltration under the same pres-
sure, respectively (mm). The collapsibility degree of soil can be classified based on the
collapsibility coefficient into non-collapsibility (6s < 0.015), weak collapsibility (0.015 < 6s <
0.03), moderate collapsibility (0.03 < 6s < 0.07), and strong collapsibility (6s > 0.07) [48].

2.4. Microstructure Test and Quantitative Analysis

The undisturbed soil samples were placed in a dry, ventilated area for natural air
drying over 48 h, after which they were sealed for preservation to facilitate the subsequent
SEM analysis of the microstructure. Cylindrical subsamples with a diameter of approxi-
mately 1 cm and a height of 2 cm were extracted from the dried, undisturbed soil at 1 m
and 25 m depths, and their surfaces were treated with resin for solidification. To prepare
for observation, the cylindrical samples were manually broken 1-2 h prior to testing to
obtain fresh fracture surfaces. Microstructural images of the specimens were acquired us-
ing an FEI Quanta 400 FEG (FEI, Oregon, USA) field emission scanning electron micro-
scope after spraying gold on the surfaces of the fresh fractures (Figure 3c).

The microstructural parameters of the pores in the electron microscope images were
extracted using Avizo 2019 software to quantitatively analyze the differences in the pore
structures between the two soil samples. The details of each parameter are as follows:

The equivalent pore diameter (EqD) is used to represent the pore size, and it is calcu-
lated as follows:
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v = (4" ®

where A represents the pore area.
The pore orientation is assessed using orientation probability entropy (Hn), with the
calculation formula as follows:

H, = — Z?:l P;logy P; 4)

where Pi represents the pore area proportion in a certain orientation zone, n represents
the number of orientation zones (in this study, n = 18). Hn takes values ranging from 0 to
1; the larger the value, the more disordered the pore arrangement [49].

The pore morphology is comprehensively described using the roundness, elongation,
and fractal dimension (Dy), and the calculation methods are as follows:

Roundness = % (5)
Elongation = % (6)
LnPe = ~Dp X LnA +c )

where A represents the pore area, Pe is the pore perimeter, W and L denote the short and
long axes of the pore, respectively, and c is the fitting constant. Both the roundness and
elongation range from 0 to 1, where larger roundness values indicate a more circular shape,
and smaller elongation values signify a more elongated shape. A larger Dr corresponds to
greater complexity in the pore morphology [50].

3. Results

3.1. Compression Characteristics

Overall, the strain observed in the 1 m samples was generally greater than that in the
25 m samples, reflecting higher compressibility (Figure 5a,c). The axial strain (¢) exhibited
a non-linear increase with the rising vertical pressure (p). The &-p curves for the 1 m and
25 m samples can be categorized into three stages: (1) slow deformation at low pressures
(p <50 kPa), (2) accelerated deformation at intermediate pressures (50 < p <400 kPa), and
(3) decelerating deformation at high pressures (p > 400 kPa). At low pressures, the e-p
curves for the loess samples with varying water contents remained relatively close. As the
pressure increased, the curves diverged, highlighting that the compressive deformation
became more sensitive to water content variations at higher pressures.

With the increasing initial water content, the two sets of samples displayed con-
trasting trends. For the 1 m sample under the natural water content, the strain increased
at the slowest rate with the pressure, reaching 19.87% at 800 kPa. As the initial water con-
tent rose, the strain gradually increased, reaching 23.81% at saturation under 800 kPa. For
the 25 m sample under the natural water content, the strain increased at the fastest rate
with the pressure, reaching 16.09% at 800 kPa. As the initial water content rose, the strain
gradually decreased, reaching 11.61% at saturation under 800 kPa. This indicates that the
initial water content affected the compressive strength of the soil differently at the two
depths. Under identical initial water contents, the strain exhibited a more pronounced
increase with the pressure for the 1 m sample. For instance, at an initial water content of
27%, when the pressure rose from 0 to 800 kPa, the strain in the 1 m and 25 m samples
reached 22.12% and 13.14%, respectively. This demonstrates that the 1 m sample was more
pressure-sensitive compared to the 25 m sample.

Under identical vertical pressures, the strain increased with the initial water content
(wo) for the 1 m samples but decreased for the 25 m samples (Figure 5b,d). Under low-
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pressure conditions (p < 50 kPa), the strain for both samples remained relatively stable as
the water content increased. For instance, at 50 kPa, when the water content rose from
natural levels to saturation, the strain in the 1 m sample increased by only 1.11%, while
the strain in the 25 m sample decreased by 0.18%. This indicates that under low-pressure
conditions, variations in the water content exerted a minimal influence on the consolida-
tion deformation of the samples. As the pressure increases, the ¢-wo curve steepens signif-
icantly, though the trends for the two depths are opposite. At 800 kPa, as the initial water
content rose from 24% to 30%, the strain in the 1 m sample increased from 21.25% to
22.92%, whereas the strain in the 25 m sample decreased from 14.04% to 11.65%. This
demonstrates that during wetting, the compressive deformation response to variations in
the water content differed for the two samples, with the 1 m sample showing a more pro-
nounced response.
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Figure 5. Consolidation compression test results of soil samples: (a,c) the relationship between the
axial strain and vertical pressure for the 1 m and 25 m samples, respectively; (b,d) the relationship

between the axial strain and initial water content for the 1 m and 25 m samples, respectively.

The point where the e-Igp curve’s rate of decrease sharply accelerates (yield point)
corresponds to the vertical pressure, termed the structural yield stress (Psy) [51], and is
closely linked to the soil structural characteristics. The structural yield stress indirectly
reflects how the soil microstructure affects its compressive behavior. Like the e-p curves,
the e-lgp curves are divided into three stages: (1) a slow decrease under low pressure, (2)
yielding at intermediate pressure, and (3) a rapid decrease under high pressure. The divi-
sion points of the curves at varying water contents differ and are associated with the struc-
tural yield stresses of the samples (Figure 6).

During the first stage, when the vertical pressure is below the structural yield stress,
the soil structure remains stable, and the void ratio decreases gradually. In the second
stage, as the vertical pressure nears and then surpasses the yield stress, the soil structure
starts collapsing, leading to an accelerated reduction in the void ratio. In the third stage,
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intensified structural collapse results in a pronounced reduction in the void ratio. With
increasing initial water contents, the 1 m curve cluster exhibits a shorter first stage and an
extended third stage (Figure 6a). Conversely, the 25 m curve cluster displays shortened
durations for both the first and third stages (Figure 6b). This occurred because the higher
initial water content reduced the structural yield stresses of both soil layers, shifting the
yield point to the left.

Opverall, the void ratio of all the samples decreases as the pressure increases, indicat-
ing enhanced soil compaction. The initial water content exerts a significant influence on
the compression of loess pores. Under identical pressure conditions, the void ratio of the
1 m sample decreases with the increasing initial water content, whereas the 25 m sample
exhibits the opposite trend. For instance, at 800 kPa, as the water content transitions from
natural to saturation, the void ratio of the 1 m sample reduces from 0.56 to 0.49, whereas
the void ratio of the 25 m sample rises from 0.52 to 0.60. This indicates that, under constant
pressure, structural collapse intensified for the 1 m sample with the increasing water con-
tent, whereas for the 25 m sample, it diminished. Compared to the 25 m sample, the 1 m
sample exhibits a larger initial void ratio, indicating greater available space for compres-
sion within the soil. At the same initial water content, the 1 m sample demonstrates greater
compressibility. For instance, at an initial water content of 27%, as the pressure reaches
800 kPa, the void ratios of the 1 m and 25 m samples reduce by 0.43 and 0.24, respectively.
This finding suggests that the soil structure of the 1 m sample is more pressure-sensitive,
making it more susceptible to collapse and compaction under loading.
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Figure 6. e-lgp curve clusters for (a) 1 m and (b) 25 m soil samples under different initial water
contents.

Linear fitting was conducted on the gradual and steep decline segments of the e-1gp
curves, with the intersection of the two lines corresponding to the vertical pressure, de-
fined as the structural yield stress (Psy). A schematic illustration of the calculation is pre-
sented in Figure 7a. The calculated Ps, values for the 1 m and 25 m samples at varying
initial water contents are shown in Figure 7b. The Py of the soil decreased with the in-
creasing initial water contents, with the 1 m sample exhibiting a more pronounced reduc-
tion. This indicates that the Ps of the 1 m sample was more sensitive to variations in the
water content. The relationship between the wo and Psy for the 1 m and 25 m samples can
be modeled using power functions, as represented in Equations (8) and (9).

Py, = 1393.13w,7 192 (8)

Py, = 485.65w,705 )
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stress and initial water content.

3.2. Collapsibility Results

In their natural state, the curves of both samples exhibit distinctly opposite trends
(Figure 8). The collapsibility coefficient of the 1 m sample initially increases with the pres-
sure up to a specific point and then decreases. A similar trend is observed for the 25 m
sample, where the coefficient increases and then decreases with the pressure. The collaps-
ibility coefficient values for the two soil layers display opposite signs: positive for the 1 m
sample throughout the test pressure range and negative for the 25 m sample. This obser-
vation indicates that with the increasing pressure, the 1 m sample exhibited collapsible
behavior, whereas the 25 m sample displayed expansive characteristics. For the 1 m sam-
ple, the initial collapse pressure in its natural state was 53 kPa, and a maximum collapsi-
bility coefficient of 0.722 was observed at 200 kPa, indicating strong collapsibility. Con-
versely, the 25 m sample achieved its minimum collapsibility coefficient of —0.049 at 600
kPa.

The collapsibility coefficient-pressure curves for the 1 m sample under varying initial
water contents exhibit similar characteristics. The coefficient increases gradually with the
pressure below 50 kPa, rises rapidly between 50 and 200 kPa, and then either decreases
slowly or levels off beyond 200 kPa. As the initial water content increases, the slope of the
curve during the rapid-increase phase decreases significantly. The starting collapse pres-
sure rises with the increasing water content, corresponding to pressures of 60, 93, and 115
kPa for water contents of 24%, 27%, and 30%, respectively. The saturated samples do not
exhibit collapsibility within the tested pressure range. Below 50 kPa, the curves are rela-
tively concentrated, gradually dispersing as the pressure increases, which suggests that
the collapsibility coefficient becomes more sensitive to water content variations under
higher-pressure conditions.

The collapsibility coefficient-pressure curves for the 25 m sample at varying initial
water contents exhibit similar characteristics, though contrasting with those of the 1 m
sample. The curves display three distinct phases: a slow decrease, a rapid decrease, and a
slow increase or leveling off as the pressure rises. With increasing initial water contents,
the rapid decrease phase becomes shorter, and the slope diminishes. At all pressures and
water contents, the collapsibility coefficient for the 25 m sample remains negative, indi-
cating expansive behavior. Like the 1 m sample, the collapsibility coefficient of the 25 m
sample is more responsive to water content variations under high-pressure conditions.



Land 2025, 14, 312 12 of 23

—
S
=

—=— )=18.8% —o— 0=24% —A— »=27%] | (b)
—v—0=30% —*—0=37.01%

o

)

3
T

|
g o
o =)
— S

o
=
X

o
=
2

0.04

|
<
=
el

—— ©=20.90%

—O0— 0=24%

| —— 0=27%
—v— ©=30%
—— 0=30.21%

Collapsible coefficient, ds
Collapsible coefficient, Js

o
o
¥
f=3
=}
B

|
o
S
[y
T

L L L L 1 1 1
400 600 800 0 200 400 600 800
Vertical pressure, p (kPa)

1
0 200
Vertical pressure, p (kPa)

Figure 8. Relationship between collapsibility coefficient and vertical pressure for samples with dif-
ferent initial water contents: (a) 1 m sample and (b) 25 m sample.

Figure 9 illustrates that the collapsibility coefficient is governed by the combined ef-
fects of the initial water content and pressure. For the 1 m sample, the initial water content
negatively influenced the collapsibility coefficient, whereas the effect of the pressure was
more nuanced. Pressures below 200 kPa positively affected the collapsibility coefficient,
whereas pressures above 200 kPa exhibited either minimal positive or negative effects
(Figure 8a). Under the combined influence of the pressure and initial water content, the
collapsibility grade of the 1 m sample transitioned from non-collapsibility to weak, mod-
erate, and strong collapsibility (Figure 9a).

For the 25 m sample, the initial water content positively influenced the collapsibility
coefficient, causing the coefficient to gradually increase and the expansive behavior to
weaken as the water content rose. A critical pressure exists where the impact of the pres-
sure on the collapsibility coefficient transitions. At lower pressures, the pressure nega-
tively affected the collapsibility coefficient; however, beyond the critical pressure, its effect

became either positive or negligible. For the natural moisture content, the critical pressure
was 600 kPa, gradually decreasing with the rising initial water content (Figure 8b). Across

the tested water contents and pressures, the 25 m sample consistently exhibited non-col-
lapsible behavior (Figure 9b).
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Figure 9. Collapsibility coefficient surfaces for soil samples under different initial water contents:
(a) 1 m sample and (b) 25 m sample.
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3.3. Qualitative Analysis of Microstructure

As shown in Figure 10, significant differences in the particle packing, pore character-
istics, and cementation features are closely linked to macroscopic deformation behaviors.
The microstructure of the 1 m sample is characterized by loose packing and weak particle
cementation. Numerous point and edge contacts between the particles result in unstable
overhead structures and overhead pores (pores exceeding the maximum particle diameter
of the surrounding particles). The primary pore types in the 1 m sample are overhead
pores and inter-aggregate pores (with diameters between the smallest and largest particle
diameters of the surrounding particles). These structures create the spatial capacity for
macro-deformations, including compression and collapsibility. These metastable micro-
structures make particles susceptible to slippage, rotation, and rearrangement under ex-
ternal loads or moisture infiltration, leading to reduced compressive strength and in-
creased collapsibility. During moisture increase, the dissolution of the cementing materi-
als (e.g., calcite) further destabilizes the microstructure, significantly amplifying the soil
collapsibility.

In contrast, the 25 m sample exhibits a denser particle arrangement, with the micro-
structure characterized by a stable, interlocking structure. The degree of particle cemen-
tation is higher, with face bonding as the dominant mode. The predominant pore types
are inter-aggregate and intra-aggregate pores (pores smaller than the smallest particle di-
ameter of the surrounding particles), while overhead pores are rare. Stable particle con-
tacts enhance the structural stability, contributing to higher compressive strength and
lower collapsibility in the samples. The reduction in the overhead pore content com-
presses collapse-prone spaces, resulting in non-collapsibility at the macroscopic level.

(b)

S5m

Note P1, overhead pores; P2, inter-aggregate pores; P3, intra-aggregate pores.
C1, point contact; C2, edge contact; C3, face bonding.
B1, weak cementation; B2, strong cementation.
S1, overhead structure; S2, interlocking structure.

Figure 10. Microstructural characteristics of samples under SEM: (a) 1 m and (b) 25 m.

3.4. Quantitative Analysis of Microstructure
3.4.1. Pore Size Distribution

To quantify the microstructural differences between the two samples, the pore size
distributions (equivalent pore diameters) were extracted from the SEM images, as shown
in Figure 11. The violin plot of the 1 m sample’s pore size distribution reveals a broad
range, indicative of a loose pore structure and dispersed distribution. This implies the
presence of various pore types, including overhead and inter-aggregate pores. The aver-
age and maximum pore sizes of the 1 m sample are 2.77 pm and 62.50 um, respectively.
In contrast, the 25 m sample’s pore size distribution is more concentrated, dominated by
pores smaller than 10 um. The average and maximum pore sizes of the 25 m sample are
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1.12 um and 33.57 um, respectively. The 1 m sample contains significantly larger pores
compared to the 25 m sample, particularly those exceeding 10 pum in diameter. Larger
pores facilitate water infiltration and structural collapse, enhancing compression and wet-
ting-induced deformation. Conversely, the smaller pores in the 25 m sample contribute to
reduced deformation under wet conditions and greater structural stability.

60

T
I
i
|
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40

30

Equivalent pore diameter (um)

_10 1 1
Im 25m

Figure 11. Comparison of pore size distributions between the two soil samples.

Based on Lei’s [52] classification, the pores were categorized according to their diam-
eter into micropores (<2 pm), small pores (2-8 pm), mesopores (8-32 pm), and macropores
(>32 pm). The distributions of these four types of pores in the 1 m and 25 m samples are
shown in Figure 12. It is evident that the 25 m sample has significantly fewer macropores
and mesopores, with poorer pore connectivity, indicating a denser soil structure.

Macropore Mesopore -

I vicropore

Figure 12. Distributions of four types of microstructural pores in soil sample images: (a) 1 m and (b)
25 m.

Both samples are dominated by micropores and small pores, constituting 92.7% and
98.9% of the total pore counts for the 1 m and 25 m samples, respectively (Figure 13). For
the pore area, macropores and mesopores dominate the 1 m sample, accounting for
85.13% of the total area, whereas mesopores and small pores dominate in the 25 m sample,
occupying 76.82% of the total area.

Differences in the pore numbers and areas between the two samples are primarily
attributed to variations in the macropores, mesopores, and micropores, with small pores
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[ 25m

showing minimal variation. The 1 m sample contains 1627 pores, whereas the 25 m sample
has 4827. The 25 m sample has higher numbers of micropores and small pores compared
to the 1 m sample, with micropores being particularly abundant. In contrast, the 1 m sam-
ple exhibits a greater abundance of macropores and mesopores. Regarding the pore area,
the 1 m sample displays larger areas of macropores, mesopores, and small pores relative
to the 25 m sample, with the macropore area surpassing that of the 25 m sample by a factor
of 20. Conversely, the micropore area in the 25 m sample is 2.7 times greater than that in

the 1 m sample.

19,075

arodosay  daodoxdepy

17,745

axododrpy  daod jrewrg

4,000

(a)

160

180

3,000

Area proportion (%) o & o =

2,000 1,000 0 0 4,000 8,000 12,000 16,000 20,000
Number Area (um?)

Figure 13. Statistical results of differences in four types of microstructural pores between two soil

samples.

3.4.2. Pore Orientation Angle

The pore orientation angle in this study was defined by the long-axis direction of the
pores, ranging from 0° to 180°. Pores were divided into 18 groups at 10° intervals, with
their distribution characteristics illustrated in Figure 14. The pore orientation angles in
both the 1 m and 25 m samples appear relatively randomly and exhibit weak orderliness.
The 1 m sample exhibits a peak pore area proportion of 14.77% within the range of [100°,
110°], whereas the 25 m sample peaks at 12.43% in the range of [160°, 170°].

The Hn values for the 1 m and 25 m soil samples are 0.9359 and 0.9390, respectively,
suggesting slightly greater orderliness in the former. Aligned pore directions promote the
development of microcracks and permeation channels during water infiltration. Conse-
quently, the 1 m soil sample exhibits higher water sensitivity and enhanced collapsibility.

100 80 (b) 100 80

20 160

' ;0180 Area proportion (% o - o0 —_

Figure 14. Statistical results of pore orientation angle distribution: (a) 1 m and (b) 25 m.

3.4.3. Pore Morphology Characteristics

The roundness values predominantly range from 0.55 to 0.90, comprising 52.84% and
57.70% of the pores in the 1 m and 25 m samples, respectively (Figure 15). The average
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roundness value is 0.648 for the 25 m sample, marginally higher than the 0.617 for the 1 m
sample. The elongation values are primarily distributed between 0.30 and 0.80, with aver-
ages of 0.522 for the 1 m sample and 0.576 for the 25 m sample. The fractal dimension (Dy)
indicates that the 25 m sample exhibits slightly greater morphological complexity than the
1 m sample. These findings imply that the pores in the 25 m sample are more circular,
facilitating stress dispersion and enhancing structural stability and compressive re-

sistance.
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Figure 15. Statistical results of pore morphology parameter distribution: (a) 1 m and (b) 25 m.

4. Discussion
4.1. Mechanisms of Difference in Mechanical Properties

Soil compressibility and collapsibility are influenced by both internal and external
factors [53]. Influencing factors include external conditions, such as the water content and
loading, alongside intrinsic properties, including the mineral composition and micro-
structure [54]. Carbonate minerals like calcite commonly act as primary cementing agents
between soil particles [55]. These minerals, however, are susceptible to dissolution or sof-
tening upon exposure to external moisture, causing structural collapse. Clay minerals like
illite and montmorillonite exhibit water absorption and swelling characteristics, affecting
both microstructural changes and macroscopic deformation during wetting. Porous and
loose microstructures, from a microstructural perspective, create the spatial foundation
for compression and collapsibility. Macropores and overhead structures are widely rec-
ognized as critical factors contributing to collapsibility [30]. This section explores the
mechanisms underlying the mechanical property differences between the 1 m and 25 m
soil samples, emphasizing their mineral compositions and microstructures.

In the natural state, the 1 m soil sample exhibited loosely packed particles, forming a
metastable microstructure characterized by large overhead and inter-aggregate pores. In
contrast, the 25 m sample featured more tightly arranged particles, with pores mainly
composed of smaller inter-aggregate and intra-aggregate pores (Figures 10, 12, 13, and
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16a). Under vertical loading or pressure, the deformation differences between the two
soils were largely governed by their microstructural characteristics, particularly their pore
structures. Macropores and mesopores are more susceptible to compression compared to
small and micropores. Differences in their microstructural stabilities, particularly in their
abundances of overhead pores and macropores, resulted in the 1 m sample exhibiting
more pronounced compressive deformation compared to that of the 25 m sample (Figures
5, 6,10, 12, and 16b).
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Figure 16. Schematic diagram of the mechanisms underlying wetting deformation differences be-
tween the two soil samples under the coupled effects of their microstructures and mineral compo-
sitions: (a) initial microstructures, (b) microstructures after compressive deformation, (c¢) micro-

structures after wetting deformation.

During wetting, the deformation differences between the two layers were governed
by the interplay of their mineral compositions and microstructures, with the soil structure
experiencing further collapse upon submersion. The dissolution of cementing materials,
such as calcite, between particles accelerates structural breakdown in the soil. Due to its
higher calcite content, the 1 m sample exhibited faster structural yielding and failure
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(Figure 7). Certain clay minerals, such as illite, expand during water absorption, partially
inhibiting structural collapse or even inducing expansion. The differences in the wetting-
induced deformation between the two samples were primarily determined by the balance
between clay mineral swelling-induced expansion and structural collapse. Notably, while
the grain size distributions of the two soil samples largely overlap, the contents of calcite
and illite exhibit a significant exchange (Figure 2, Table 2). In loess, illite and calcite mainly
occur as fine particles that fill the voids between skeletal grains. The overlapping grain
size distributions suggest that the fine-grained mineral contents are generally similar, alt-
hough their compositions differ substantially. The 1 m sample has a higher proportion of
calcite filling the voids between skeletal particles, whereas the 25 m sample is enriched
with illite. Calcite readily dissolves in water, causing soil structure collapse, while illite
swells upon wetting. These differences in their mineral compositions directly affected the
contrasting wetting-induced deformation behaviors of the two depth samples.

The 1 m sample, characterized by a higher macropore content and lower clay mineral
proportion, underwent structural collapse that outweighed expansion during wetting, re-
sulting in significant macroscopic collapsible deformation. In contrast, the 25 m sample,
with a higher micropore content and greater clay mineral proportion, exhibited weaker
structural collapse relative to the expansion caused by clay mineral swelling. Conse-
quently, the expansion induced by clay mineral swelling surpassed structural collapse,
leading to expansive deformation at the macroscopic scale (Table 2, Figures 8, 9, and 16c¢).

4.2. Implications for Land Stability and Sustainable Management

Studies on wetting-induced deformation in loess offer essential insights for address-
ing geohazards, including ground subsidence, slope instability, and soil erosion, which
pose substantial threats to land stability and sustainable development in loess-dominated
regions [56]. The distinct wetting behaviors of loess layers from different geological peri-
ods underscore the necessity for tailored management strategies to address challenges
arising from collapsibility and expansiveness.

The Late Pleistocene loess layer at a 1 m depth exhibited significant collapsibility,
attributed to its metastable microstructure characterized by abundant macropores and
overhead structures. These features heighten the vulnerability of shallow loess layers to
deformation during water infiltration, emphasizing their importance as critical zones for
hazard mitigation. In contrast, the Middle Pleistocene loess layer at a 25 m depth exhibited
enhanced microstructural stability and expansiveness, driven by a higher clay mineral
content and prevalence of micropores, presenting distinct challenges for construction and
land use, particularly for tunneling through deeper strata.

To address these challenges, the following management strategies are proposed
based on the findings of this study:

1.  Controlled irrigation systems and drainage networks should be implemented to min-
imize water infiltration into susceptible zones, particularly in areas dominated by
shallow loess layers;

2. The development of targeted early warning systems based on the differences in the
wetting-induced deformation of shallow and deep loess can help predict and miti-
gate potential hazards;

3. Land use planning should account for the variability in the wetting deformation be-
tween shallow and deep loess layers. Agricultural and infrastructural development
should prioritize regions with greater structural stability while applying reinforce-
ment measures in areas with high collapsibility;

4. Deep loess exhibits greater stability but also shows expansiveness. Therefore, water
management and support measures should be prioritized in deep engineering pro-
jects, such as tunnel construction.
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By integrating these findings into sustainable land management practices, this study
provides a framework to enhance land stability and mitigate risks in regions with loess
deposits. Interdisciplinary collaboration among scientists, engineers, and policymakers is
essential to implement holistic solutions that address the unique challenges posed by wet-
ting-induced deformation in loess regions.

4.3. Limitations and Prospects

This study integrated macroscopic and microscopic analyses to investigate how the
mineral composition and microstructure influence the deformation behaviors of shallow
and deep loess layers, offering critical insights into the wetting-induced deformation
mechanisms and their implications for land stability and sustainable management. De-
spite its significant contributions to understanding wetting-induced deformation in loess,
this study has certain limitations that warrant acknowledgment.

For unsaturated soils, collapsible deformation is strongly influenced by the water
content and matric suction [24,57]. Previous studies indicate that transient and dynamic
changes in the water content exert distinctly different impacts on the soil suction. Transi-
ent wetting can cause a rapid reduction in the soil suction, leading to structural collapse
and particle rearrangement [58,59]. Conversely, transient drying raises the soil suction,
inducing rapid shrinkage and the formation of cracks [60]. Dynamic suction changes, such
as those caused by multiple wetting—drying cycles, may diminish the soil’s water reten-
tion capacity and collapsibility [61-63]. This study primarily examined the wetting-in-
duced deformation mechanisms from a microscopic perspective, focusing on the mineral
composition and microstructure, without addressing the interaction between matric suc-
tion and macro-mechanical behavior. The pore analysis in this study emphasizes the ini-
tial pore structure and size distribution, which are critical factors in determining whether
collapsible deformation occurs and its extent [20,30]. However, the transformation of the
pore size distribution during the wetting—collapse process is not included in the analysis.
Late Pleistocene loess typically exhibits metastable structures and collapsible properties
similar to those of the 1 m sample in this study [9,26]. In contrast, Middle Pleistocene loess
(the 25 m sample in this study) varies significantly in its burial depth across regions, and
the applicability of the findings and recommendations to other areas requires further in-
vestigation.

These limitations underscore critical avenues for future research. Future research
should integrate soil-water characteristic curves and the pore size distribution evolution
during wetting to refine the multiscale understanding of the wetting-induced deformation
mechanisms. Expanding the study area to validate the generalizability of these findings
and recommendations is also essential.

5. Conclusions

To investigate the differences in the wetting-induced deformation of soils from dif-
ferent geological periods (depths) and their underlying mechanisms, this study focused
on soil samples from 1 m (Late Pleistocene) and 25 m (Middle Pleistocene) depths in
Fuxian, Shaanxi Province. Through a series of macro- and microscopic tests, including X-
ray diffraction, scanning electron microscopy, and consolidation—collapse tests, the wet-
ting-induced deformation characteristics and the intrinsic mechanisms behind the differ-
ences between the two soil layers were systematically analyzed. The main conclusions are
as follows:

(1) The 1 m sample demonstrated greater compressibility compared to the 25 m sample,
with contrasting trends in their compressive deformation under wetting conditions.
While the 1 m sample’s compressibility increased progressively with wetting, the 25
m sample’s compressibility decreased. The increasing initial water content reduced
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the structural yield stresses of both samples, with a more pronounced decline in the
1 m sample;

(2) The collapsibility coefficients of the two samples displayed contrasting trends in re-
sponse to the pressure and initial water content. In its natural state, the 1 m sample
exhibited pronounced collapsibility that reduced with the increasing water content.
Conversely, the 25 m sample demonstrated expansion (a negative collapsibility coef-
ficient) in its natural state, which gradually transitioned to lower expansiveness as
the water content increased;

(3) The 1 m sample exhibited lower microstructural stability with prominent overhead
pores and structures, while the 25 m sample displayed densely packed particles with
higher structural stability. Micropores were dominant in the 25 m sample, whereas
macropores and mesopores were more prevalent in the 1 m sample. The 1 m sample’s
higher pore order contrasts with the greater roundness, elongation, and fractal com-
plexity observed in the 25 m sample. These differences in the microstructure and pore
characteristics contributed to the greater compressibility and collapsibility of the 1 m
sample;

(4) Differences in macroscopic deformation arise from the interplay between the micro-
structure and mineral composition. Compression behavior is dictated by the micro-
structural stability and macropore content, while wetting-induced deformation de-
pends on the balance between clay mineral-driven expansion and structural collapse.
For the 1 m sample, the abundant macropores and lower clay mineral content led to
dominant collapse, resulting in pronounced collapsibility. Conversely, the 25 m sam-
ple’s higher micropore content and clay mineral proportion promoted swelling, re-
sulting in expansive deformation.

This study offers valuable insights into the mechanisms of wetting-induced defor-
mation in loess, highlighting the critical roles of the mineral composition and microstruc-
ture in governing collapsible and expansive behaviors. These findings hold practical sig-
nificance for enhancing land stability and informing sustainable management practices in
loess regions. Nevertheless, limitations include the exclusion of matric suction and the
evolution of the pore size distribution during the wetting—collapse process. Future inves-
tigations should incorporate these aspects and extend the research to diverse geographical
locations to validate the findings and refine land use strategies in loess areas.
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