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A B S T R A C T

The unique climatic conditions of the Northeast China’s black soil region drive the annual alternation of multiple 
erosive forces, which damage soil structure. Humic acid (H), lignosulfonate (L), and polyacrylamide (P) are 
commonly used amendments. However, the mechanism by which amendments regulate erosion under the ad
ditive action of freeze-thaw, wind, and rain remains unclear. This study aimed to elucidate how H, L, and P 
regulate soil hydrothermal dynamics, structural stability, and erosion under compound erosion. Using a self- 
designed wind tunnel-rainfall simulator, we tested the effects of amendments on aggregate distribution, soil 
temperature (ST), liquid volumetric water content (LVWC), and sediment yield. The results showed that, 
compared with control (CK), H, L and P significantly increased the proportion of large and medium-sized ag
gregates and improved structural stability, thereby enhancing the upper limit of LVWC and ST. When the con
centration of L and P increased to 2.0 %, the soil structure became more solid, and the ST fluctuation range 
decreased by 5.7 %–8.7 %. The cumulative sediment yields of the L and P were reduced by 30.3 % and 99.2 %, 
respectively, compared with CK. However, the application of H degraded soil physical environment and reduced 
soil stability as the dosage increased. Compared with the CK, the cumulative sediment yield increased by 28.5 %. 
Using principal component analysis, we compared the comprehensive improvement effects of different 
amendments and application rates, and determined that the 2.0 % concentration of P was optimal. These findings 
provide scientific support for erosion control in Northeast China’s black soil areas.

1. Introduction

Soil erosion, driven by water flow, gravity, wind, and freeze-thaw 
cycles, poses a significant threat to global soil health, water resources, 
and agricultural sustainability (Lal, 2019). This degradation process is 
characterized by soil detachment, transport, and deposition, and is 
exacerbated by the interactions between soil texture, extreme climate 
conditions (wind blowing, precipitation, freezing, and thawing), 
topography (slope gradient, slope direction, and slope length), and 

surface cover (vegetation cover and land cover types) (Li et al., 2019; 
Zhang et al., 2021). It is estimated that approximately 33.0 % of the 
world’s soils are degraded, with 84.0 % of the land surface affected by 
erosion (Zhu et al., 2022). In 2021, approximately 2674,200 km² of land 
in China (27.9 % of the total land area) were affected by soil erosion, 
with some regions experiencing concurrent freeze-thaw erosion, wind 
erosion, and water erosion, leading to overlapping erosion processes and 
impacts (Van Pelt et al., 2017; Zhang et al., 2020). For example, the 
black soil region in Northeast China, characterized by flat terrain, fertile 

* Corresponding authors at: School of Water Conservancy and Civil Engineering, Northeast Agricultural University, Harbin, Heilongjiang 150030, China.
E-mail addresses: fuqiang0629@126.com (Q. Fu), litianxiao@neau.edu.cn (T. Li). 

1 Xu Leng and Heng Li contributed equally to the work and should be regarded as co-first authors.

Contents lists available at ScienceDirect

Soil & Tillage Research

journal homepage: www.elsevier.com/locate/still

https://doi.org/10.1016/j.still.2025.106810
Received 26 September 2024; Received in revised form 29 July 2025; Accepted 10 August 2025  

Soil & Tillage Research 255 (2026) 106810 

Available online 18 August 2025 
0167-1987/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:fuqiang0629@126.com
mailto:litianxiao@neau.edu.cn
www.sciencedirect.com/science/journal/01671987
https://www.elsevier.com/locate/still
https://doi.org/10.1016/j.still.2025.106810
https://doi.org/10.1016/j.still.2025.106810
http://crossmark.crossref.org/dialog/?doi=10.1016/j.still.2025.106810&domain=pdf


soil, and abundant concentrated precipitation, provides favorable nat
ural conditions for crop growth and is known as China’s granary (Wang 
et al., 2023). However, the region’s long and cold winters, with frequent 
freeze-thaw cycles, alter the bonding between soil particles, disrupt soil 
structure, and modify its physical properties. These changes affect soil 
erodibility and infiltration capacity, providing substantial material for 
other erosive factors and acting as a catalyst for erosion (Starkloff et al., 
2017; Wang et al., 2020). Therefore, the interplay of freeze-thaw cycles, 
rainfall, and strong winds exacerbates the degree of erosion in the region 
(Sun et al., 2022), directly and indirectly impacting environmental and 
food security issues. This has already caused significant ecological and 
economic damage (Borrelli et al., 2023; Marzen et al., 2015).

To reduce runoff and soil loss, researchers have reported that soil 
amendments can enhance soil structure and improve biochemical prop
erties, thereby increasing erosion resistance (Fangueiro et al., 2018; Liu 
et al., 2020). Commonly used amendments include lignosulfonate (L), 
polyacrylamide (P), and humic acid (H). Among these, L, a byproduct of 
the paper industry, is a non-corrosive, non-toxic, and environmentally 
friendly chemical amendment (Vinod et al., 2010). L can adsorb nega
tively charged clay minerals to form a stable soil structure and is widely 
used to reinforce soil strength and imprfiove erosion resistance (Chen and 
Indraratna, 2015; Vakili et al., 2018). Turan et al. (2011) reported that L 
can reduce evaporation in drought and semi-drought-stressed soils, in
crease water availability for crops, and improve aggregate stability. Liang 
et al. (2021) conducted the Hole Erosion Test (HET) and found that adding 
1.5 % L to sandy soil increased the critical shear stress growth rate of soil 
samples by 23.2 %. When the L concentration was increased to 3.0 %, the 
erosion coefficient of cohesive sandy soil samples decreased by 99.8 % 
(Koohpeyma et al., 2013).

Similarly, P, a high-molecular-weight anionic amendment, enhances 
soil structure stability and permeability through Ca²⁺-mediated cation 
bridging of soil particles, effectively inhibiting soil erosion (Jiang et al., 
2010). He et al. (2007) found in wind tunnel experiments that, under the 
combined action of PAM and water, soils with higher clay content 
exhibited greater resistance to wind erosion compared to soils with 
lower clay content. Additionally, the anti-wind erosion effect improved 
with increasing P concentration. Wei et al. (2011) found that P is 
non-toxic to plants, and its application increased LVWC by 5.6 %–11.0 % 
compared to the control, while yield and water use efficiency increased 
by 14.1 % and 18.4 %, respectively. Additionally, LVWC tended to in
crease with higher P application concentrations.

Furthermore, H, a natural amendment derived from soil organic 
matter (Xu et al., 2015), promotes the formation of macroaggregates, 
improves nutrient content and antioxidant enzyme activity, and en
hances drought resistance and nutrient retention capacity, thereby 
promoting root growth and yield (Cordeiro et al., 2011; Szczerski et al., 
2013). Liu et al. (2006) conducted wind tunnel experiments at varying 
wind speeds and found that the application of H significantly reduced 
wind erosion by 43.8 %-61.8 %. However, when the concentration of H 
exceeded 2.0 %, the stability of soil aggregates and soil erosion resis
tance decreased (Gumus and Seker, 2015).

Although significant progress has been made in the research on soil 
amendments (L, P, H), most existing studies have focused on the effects 
of these amendments under single erosion forces (e.g., wind erosion or 
water erosion alone), neglecting the unique freeze-thaw-wind-water 
compound erosion processes in the black soil region of Northeast 
China. This oversight has led to significant deviations in evaluating the 
true efficacy of amendments in complex environments. Secondly, 
traditional research has predominantly focused on macroscopic agro
nomic indicators, lacking systematic analysis of the key mechanisms by 
which amendments regulate soil water and heat transport, microstruc
tural reorganization, and soil erosion evolution under freeze-thaw cy
cles. Furthermore, current criteria for selecting amendments are based 
on single-force experimental data, overlooking the potential synergistic 
destructive effects that may arise in compound erosion scenarios, where 
"1 + 1 > 2" interactions could occur.

This study employed a self-designed wind tunnel-rainfall simulation 
device to explore the response mechanisms of soil amendments (L, P, H) 
to the physical environment, hydrothermal conditions, and erosion 
characteristics in the black soil region of Northeast China under the 
superposition of multiple erosion factors. The objectives of this research 
are: (1) to analyze the regulatory effects of different soil amendments on 
soil hydrothermal conditions under freeze-thaw cycles; (2) to elucidate 
the changes and improvements in soil aggregate structure distribution 
and stability under the superposition of multiple erosion factors; (3) to 
reveal the evolution patterns of soil runoff and sediment yield under the 
influence of multiple erosion factors and evaluate the regulatory effects 
of amendments. The results will provide a scientific basis for further 
deepening our understanding of the mechanisms by which soil amend
ments regulate soil erosion and offer theoretical support for optimizing 
soil conservation and management strategies in the black soil region, 
with significant ecological and practical application value.

2. Materials and methods

2.1. Overview of the study area

Acheng District is located in the core zone of the typical black soil 
region in Northeast China, situated at the transition between the western 
slope of the Zhangguangcai Range uplift and the Songhua River Plain. The 
region experiences a temperate continental monsoon climate with distinct 
seasonal variations. Springs are characterized by rapid warming and 
frequent strong winds, often leading to drought conditions. Summers are 
short and hot, with abundant rainfall, while autumns see rapid tempera
ture drops and early frosts. Winters are long and cold. The highest 
recorded temperature in the region is 36.5◦C, and the lowest is − 38.6◦C. 
Annual rainfall ranges between 500 and 600 mm, with a maximum daily 
rainfall of 131.1 mm. Rainfall is concentrated from June to September, 
accounting for approximately 80.0 % of the annual total. The topography 
is dominated by low mountains, hills, and alluvial plains, with gently 
sloping ridges and valleys formed by the cutting of Songhua River tribu
taries. The soil is primarily black soil and chernozem, which is loose and 
fertile, supporting extensive coverage of temperate meadow steppe, arti
ficial forests, and farmland. The test soil was a 20 cm topsoil layer of 
arable black soil. The physical and chemical properties, along with the 
properties of the amendments, are detailed in Table 1.

2.2. Test design

The freeze-thaw simulation test was conducted in an artificial 
climate chamber developed by the research team with an indoor 

Table 1 
Material properties of test samples.

Parameters Soil Polyacrylamide lignosulfonate Humic 
acid

Sand mass fraction 
(%)

42.64 ​ ​ ​

Silt mass fraction (%) 44.75 ​ ​ ​
Clay mass fraction 

(%)
12.61 ​ ​ ​

Organic matter 
content (g⋅kg− 1)

30.15 ​ ​ ​

pH 6.1 ​ ​ ​
Cation exchange 

capacity 
(cmol⋅kg− 1)

2.5 ​ ​ ​

Bulk density (g⋅cm− 3) 1.2 ​ ​ ​
Field capacity (%) 33 ​ ​ ​
Molecular weight ​ 12 million ​ ​
Property ​ White powder Amber 

powder
Black 
powder

Water repellent ​ Soluble Soluble Slightly 
soluble
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temperature control range of − 20◦C to 40◦C. The chamber has an 
embedded control device that automatically adjusts and regulates the 
indoor environmental conditions over time. The wind-rain simulation 
test was carried out in the comprehensive test area of the College of 
Water Conservancy and Civil Engineering at Northeast Agricultural 
University (Fig. 1).

To create an artificial wind-rain test environment, a wind tunnel- 
rainfall simulation device was designed (Fig. 1). The wind tunnel- 
rainfall simulation device measured 2.6 m in length and 0.8 m in 
width. The wind tunnel simulation module consists of two axial fans, 
each with a diameter of 0.67 m, an airflow rate of 18,700 m3⋅h− 1, a 
maximum rotational speed of 1450 r⋅min− 1, a maximum power of 
2.2 kW, and a voltage of 380 V. The air velocity was controlled by 
adjusting the power of each axial fan. The air outlet of each axial fan was 
connected to a honeycomb channel with a length of 0.4 m and an 
aperture of 0.1 m. Airflow reached a steady state after passing through 
the honeycomb channels. The artificial rainfall module consists of an 
intelligent booster pump and multiple aperture nozzles. The pump has a 
maximum power of 0.37 kW, a lift of 35 m, and a flow rate of 
3.0 m3⋅h− 1. The nozzle diameters were 1 mm, 1.5 mm, 2 mm, 2.4 mm, 
and 3 mm, with a spray angle of 40◦, and were used to simulate different 
rainfall intensities ranging from 30 to 240 mm⋅h− 1. Mhaske et al. (2019)
investigated the relationship between the size and kinetic energy of 
raindrops upon landing and the corresponding nozzle height. They 
found that when the nozzle was positioned 2.4 m above the soil surface, 
the kinetic energy of the raindrops upon landing was similar to the 
impact force and kinetic energy of natural rainfall. Therefore, the 
experimental setup in this study adopted this design principle for nozzle 
installation. The bottom of the simulator is equipped with a slightly 
sloped catch pan with an outlet pipe to drain excess water that accu
mulates at the bottom without touching the soil surface. The wind speed 

uniformity in the wind tunnel-rainfall test device was good, with σ ≤ ±

0.2 % (σ is the root mean square of the relative deviation of the airflow 
velocity at any point in the test section), and the wind speed and rainfall 
uniformity were both greater than 80.0 %.

In this study, a soil trough with a hydraulic jack was also designed to 
analyze the effects of rainfall on surface runoff and soil erosion. One end 
of the soil trough is lifted to achieve the desired slope angle by adjusting 
the hydraulic jack fixed at the bottom of the trough. To simplify the 
control of variables and avoid the influence of flow continuity and ve
locity on the precise measurement of soil detachment, a soil flume with 
dimensions of 400 mm (length) × 400 mm (width) × 200 mm (height) 
was used in this study. This compact design ensures uniform flow dis
tribution and minimizes edge effects, enabling accurate quantification of 
soil detachment rates under controlled experimental conditions. Addi
tionally, 8 mm diameter holes were provided at 50 mm intervals along 
the bottom of the trough for moisture infiltration. When the soil channel 
is placed in the storm simulator, its outer edge is flush with the lower 
end of the wind tunnel blades to improve the accuracy and reason
ableness of the wind erosion simulation.

2.3. Test program

Considering the local economic benefits and previous research 
findings, we established two application gradients for the soil amend
ments (P, L, and H) at 1.0 % and 2.0 %, labeled as P1, P2, L1, L2, H1, and 
H2, respectively. Treatments without additives were used as the control 
(CK). Each treatment was replicated three times, resulting in 21 tests 
(Table 2). In addition, the operation conditions and layout parameters of 
soil bin filling, maintenance, and erosion simulation are consistent for 
all treatments. Through long-term field monitoring and simulation, it 
was observed that the number of daily freeze-thaw cycles (thawing 

Fig. 1. Experimental site and installations diagram. (a) represents the experimental site, (b) denotes the wind tunnel-rainfall simulator, and (c) indicates the soil 
flume and artificial climate chamber.
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during the day and freezing at night) in the 0–20 cm soil layer ranged 
from 7–12 during the spring thaw period (Wang et al., 2019). Moreover, 
it was noted that the higher the initial soil water content, the greater the 
freeze-thaw erosive force (Ferrick and Gatto, 2005). Jiang et al. (2019)
also highlighted that slope exceeding 10◦ in the black soil zone led to the 
frequent occurrence of fine gully erosion. Therefore, in this test, after 
removing stones, roots, and other debris from the soil samples, the soil 
samples were prepared and filled into the troughs based on the soil 
properties of the 0–20 cm soil layer of the black soil to replicate a natural 
bare slope with a 10◦ incline. The LVWC was controlled at 33.0 % and 
then subjected to 13 freeze-thaw cycles. The freezing temperature for 
each freeze-thaw cycle was set at − 20◦C (12 h), and the thawing tem
perature was set at 15◦C (12 h) based on measured ground temperature 
data and artificial simulations of specific conditions.

Before filling the soil, the bottom of the soil trough was layered with 
gauze, followed by a 50 mm layer of river sand and another layer of 
gauze to ensure adequate bottom permeability. The test soil was then 
uniformly filled in layers at 50 mm intervals using the plate compaction 
method. Soil interlayer slippage and boundary effects were prevented by 
roughening each soil layer and compacting the soil around the trench 
(An et al., 2022). All samples were kept at room temperature for 28 days 
to allow the soil to condition. To simulate the unidirectional freezing 
process from top to bottom in a real environment and ensure that 
changes in the soil structure were similar to those in a realistic setting, 
the sides and bottoms of the soil troughs were wrapped with 50 mm 
thick insulation material (Zuo et al., 2022). This insulation material 
demonstrated good thermal performance (thermal conductivity of 
0.017 W⋅m− 1) and was removed before the wind-rain simulation test 
began. When the LVWC of the surface layer (0–10 cm) of the test soil 
trough decreased to the critical LVWC for wind erosion in black soil 
(7.0 %) (Liu et al., 2017), the trough was placed in the wind 
tunnel-rainfall simulator to conduct the erosion test, starting with wind 
erosion followed by rainfall erosion. The test rainfall intensity and wind 
speed were determined by observing high-intensity, short-duration, 
erosive rainstorms and wind events in the test area, as shown in Table 2.

2.4. Measurement of indicators

2.4.1. Soil hydrothermal
A soil moisture, temperature, and salinity sensor (HydraProbe II, 

Stevens Co., Ltd., America) was installed at 50 mm depth within the soil 
trough to record data every 30 s, monitoring changes in soil moisture 
content and temperature.

2.4.2. Soil water stability aggregates
To study the effects of soil amendments on soil aggregates during 

composite erosion, 50 g of soil sample was wet-sieved and classified 
using a water-stable aggregate analyzer to obtain four types of aggre
gates: large aggregates (> 2 mm), medium aggregates (0.25–2 mm), 
small aggregates (0.106–0.25 mm), and silt and clay (< 0.106 mm). The 
soil aggregate stability was evaluated using the mean weight diameter 
(MWD, mm), fractal dimension (D), and failure index (K) (Xue et al., 
2022). The larger the MWD value is, the more stable the soil structure 

and the less likely the loss of soil nutrients; the smaller the D value is, the 
better and more stable the soil aggregate structure; and the smaller the K 
value indicates better soil erosion resistance and higher soil fertility. The 
calculation formula is as follows: 

MWD =
∑n

i=1
xiWi (1) 

M(r < xi)

MT
=

[
xi

xmax

]3− D

(2) 

K = 7.954 ×

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

0.0017+0.0494 × exp

⎡

⎢
⎢
⎢
⎣
− 0.5

×

⎛

⎜
⎜
⎝

1.675 + lg
(

exp
∑n

i=1
ln xi

)

0.6986

⎞

⎟
⎟
⎠

2⎤

⎥
⎥
⎥
⎦

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

(3) 

where xi is the average diameter with respect to size, mm; Wi is the 
percentage of the total volume of the corresponding granular aggregate 
xi,%; MT is the total weight of the agglomerates, g; M(r < xi) is the 
percentage of the mass of the aggregates smaller than xi,%; and xmax is 
the maximum particle size of the aggregate, mm.

In addition, a field emission scanning electron microscope (FE-SEM 
SU81010, Hitachi Co., Ltd., Japan) was used to determine the micro
scopic characteristics of the soil samples.

2.4.3. Soil moisture characterization curves and parameters
Soil water characteristic curves (SWRCs) were developed to analyze 

soil water retention. Each in situ soil sample was immersed in a water 
storage container for 12 h to reach saturation. Different SWRC treat
ments were performed using a high-speed refrigerated centrifuge 
(CR21GIII, Japan) at room temperature (25◦C). A total of 12 substrate 
suction units were set (0, − 0.01, − 0.03, − 0.05, − 0.1, − 0.33, − 0.5, − 1, 
− 3, − 5, − 10, and − 15 bar). After the set equilibrium time was reached, 
the soil was weighed using an electronic balance and dried in an oven at 
110◦C for 12 h. The volumetric water content corresponding to each 
suction value was determined. The relationship between matric poten
tial and volumetric water content, as obtained by fitting the van Gen
uchten model, represents the SWRC. Additionally, the soil moisture 
characteristic parameters were calculated based on the soil moisture 
characteristic curve, which includes three indicators: field capacity (FC, 
defined as the volumetric soil water content after equilibrium when the 
matric potential is − 0.33 bar θ(h), cm3⋅cm− 3), permanent wilting point 
(PWP, soil volumetric water content θ(h), cm3⋅cm− 3 when the matric 
potential is − 15 bar), and plant available water content (PAWC, calcu
lated as the difference between the FC and PWP). The V-G model is 
expressed as follows: 

Table 2 
Experimental design for the effect of modifiers on the physical environment and erosion characteristics of soils under the superposition of multiple camping forces.

Treatments Concentration 
(%)

Freeze-thaw Wind tunnel Rainfall Slope

Temperature (℃) Time 
(h)

Period Speed 
(m⋅s− 1)

Time 
(min)

Intensity 
(mm⋅h− 1)

Time 
(min)

(◦)

Freezing Thawing

P1 1 − 20 15 12 13 10 30 100 30 10
P2 2
L1 1
L2 2
H1 1
H2 2
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θ(h) = f(x) =

⎧
⎪⎨

⎪⎩

θr +
θs − θr

[1 + |α⋅h|n]m
, h < 0

θs, h > 0
(4) 

where h is the negative pressure of the soil in H2O; θ(h) is the volumetric 
water content of the soil under the corresponding pressure, %; θr is the 
residual volumetric water content, %; θs is the saturated volumetric 
water content, %; α is the reciprocal of the intake value, cm− 1; n and m 
are parameters characterizing the shape of the curve, m = 1–1/n, and 
the above parameters were obtained by fitting with the RETC software.

2.4.4. Determination of erosion characteristics indicators
The weight difference of soil samples in wind tunnel experiments is 

defined as wind erosion mass. Wind action transported exposed soil 
particles from the CK and H into the extensive cracks formed by freeze- 
thaw cycles, thereby reducing measurable wind erosion. In contrast, the 
L and P treatments maintained stable soil structures, resulting in mini
mal differences in wind erosion rates among all treatments. However, 
the accumulated particles within cracks served as a substantial sediment 
source for rainfall-induced erosion. To investigate compound soil 
erosion processes, this study focused primarily on sediment yield dy
namics under the interactive effects of wind detachment and rainfall 
impact. Following the rainfall, the supernatants are separated, and the 
sediment is dried in a 105◦C oven to measure sediment quality. The 
runoff, sediment yield, cumulative runoff, and cumulative sediment 
yield are calculated for each period. Post-erosion surface roughness 
assessment was conducted using the chain method (Thomsen et al., 
2015) across five randomly selected locations within the soil flume. At 
each location, the calibrated chain was carefully positioned to conform 
to the soil microtopography, and horizontal span measurements were 
recorded at five predetermined points. The surface roughness was 
calculated using the standardized chain method equation: 

Cr = [1 − L2/L1] × 100% (5) 

where Cr is the surface roughness; L1 is the original chain length (mm); 
L2 is the horizontal length of the chain after it is placed on the slope and 
shortened (mm).

2.5. Statistical analysis

The test data were organized using Microsoft Excel 2016 and 
analyzed with SPSS 26 software. One-way analysis of variance (ANOVA) 
was employed to compare differences between treatments. A signifi
cance level of p < 0.05 was considered statistically significant for all 
analyses. Data visualizations were generated using Adobe Illustrator 
2022 and Origin 2021.

3. Results

3.1. Changes in soil hydrothermal environment in different treatments

3.1.1. Soil temperature
Freezing and thawing alternations directly affect ST, resulting in an 

extreme cyclic change in ST resembling an “Λ” shape. The range of ST 
fluctuations in the CK exhibited an upward-decreasing cycle dynamic 
shift with an increasing number of freeze-thaw cycles. the magnitude of 
the change stabilized at the end of the tenth freeze-thaw cycle (Fig. 2c). 
Compared with the CK, the amendments significantly increased the ST. 
The addition of humic acid (H), lignosulfonate (L), and polyacrylamide 
(P) raised the ST lower limit by an average of 7.2 %, 15.9 %, and 14.7 %, 
respectively, and the ST upper limit by 21.8 %, 27.5 %, and 55.4 %, 
respectively. As shown in Fig. 2a and b, there was a two-level change in 
the insulation effect of different amendments with increasing concen
tration, with H2 reducing the ST upper limit by an average of 3.2 % and 
increasing the ST lower limit by 3.2 % compared with H1. The insulation 
effects of L2 and P2 remained relatively stable, and the differences from 
those of L1 and P1 gradually increased after multiple freeze-thaw cycles. 
The ST upper limits decreased by an average of 0.8 % and 2.6 %, 
respectively, while the ST lower limits increased by 14.2 % and 8.3 %, 
respectively.

As shown in Fig. 2c, L1 effectively reduced the fluctuation amplitude 
of the ST and narrowed its variation range. P1 and H1 demonstrate 
excellent thermal conductivity but poor insulation properties, leading to 
an increase in the range of ST fluctuations. In comparison to P1, H1, and 
CK, L1 decreased the ST range by 9.4 %, 3.9 %, and 2.0 %, respectively. 
Moreover, the ST range showed a negative correlation with the 

Fig. 2. Changes in the soil hydrothermal environment during the freeze-thaw cycle. (a) and (d) represent the lower limit of soil temperature (ST) and liquid 
volumetric water content (LVWC) during each freezing phase (12 h), whereas (b) and (e) denote the upper limit of ST and LVWC during each thawing phase (12 h). 
(c) and (f) indicate the fluctuation range of ST and LVWC over each freeze-thaw cycle (24 h).
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concentrations of L and P. The ST ranges of L2 and P2 were 8.7 % and 
5.7 % lower than those of L1 and P1, respectively. While the ST range 
continued to rise with an increase in H concentration, H2 increased by 
an average of 3.2 % over H1.

3.1.2. Soil volumetric water content
The LVWC and ST exhibit similar trends. During the freezing period, 

water condenses into ice, leading to a decrease in LVWC. Conversely, 
during the thawing period, the water transitions back to liquid state, 
resulting in an increase in LVWC. With an increase in the number of 
freeze-thaw cycles, the soil structure undergoes changes, and the range 
of water content fluctuations varies. As shown in Fig. 2d and e, the upper 
and lower limits of the LVWC of CK reached their peak values during the 
second and sixth freeze-thaw cycles, respectively, before gradually 
declining. The addition of amendments can notably enhance soil water 
retention, particularly towards the end of the initial freeze-thaw cycle, 
with the upper limit of LVWC increasing by an average of 61.4 % 
compared to CK. However, as the number of freeze-thaw cycles in
creases, the water retention capacity of each amendment diminishes. By 
the conclusion of the freeze-thaw test, the upper limit of the LVWC for 
H1 decreased by 43.2 %, and comparison to CK, the upper and lower 
limits of the LVWC decreased by 6.2 % and 28.9 %, respectively, indi
cating a subpar water retention effect. The LVWC fluctuation range for 
L1 remained relatively stable, decreasing by only 6.5 % at the end of the 
freeze-thaw test (Fig. 2f). The upper limit of the LVWC for L1 decreased 
by 24.5 %, which was 29.6 % higher than that of CK, demonstrating 
favorable water retention performance. The upper limit of the LVWC for 
P1 consistently exceeded that of the other treatments, with the widest 
fluctuation range, decreasing significantly with increasing freezing and 
thawing cycles. By the end of the freeze-thaw test, the upper limit of the 
LVWC for P1 decreased by an average of 43.4 %, and the LVWC range 
narrowed by 50.0 %. Nevertheless, the upper limits of the LVWC for P1 
remained 10.8 %, 53.1 %, and 43.6 % higher than those of L1, H1, and 
CK, respectively, showcasing superior water retention performance.

With increasing concentration, the upper limits of the LVWC of P2 
and L2 increased by 9.2 % and 14.4 %, respectively, while the lower 
limits of the LVWC increased by 13.2 % and 40.9 %, respectively, 
compared to those of P1 and L1. The maximum LVWC value for this test 
was recorded at P2 (47.1 %), significantly exceeding the 33.0 % speci
fied for the test requirements. In comparison to H1, the upper limit of the 

LVWC for H2 decreased after the second freeze-thaw cycle, with an 
average decrease of 7.0 %. Following the sixth freeze-thaw cycle, the 
lower limit of the LVWC dropped below that of H1, with an average 
decrease of 4.2 %. Additionally, based on Fig. 2d, the difference in the 
upper limit of the LVWC between P2 and L2 decreased as the number of 
freeze-thaw cycles increased, with a 0.9 % increase by the end of the 
test. Conversely, the lower limit of the LVWC for P2 started to fall below 
that of L2 after the first freeze-thaw cycle, with an average reduction of 
10.8 %. L2 exhibited an average LVWC floating range that was 35.6 % 
smaller than that of P2. Although L2 did not retain as much water as P2, 
it demonstrated better stability.

3.2. Changes in soil structure in different treatments

3.2.1. Characteristics of the soil bulk density and aggregate distribution
The soil was gradually compacted under the action of compound 

erosion, resulting in an increase in the soil bulk density (BD). The BD 
was 15.7 % greater in the CK than in the initial test design. Soil 
amendments can improve soil structure and properties, decrease the soil 
BD, increase the soil porosity, and enhance the soil stability. Compared 
with the BD of the CK, those of H1, P1 and L1 were reduced by an 
average of 4.3 %, 7.6 % and 10.2 %, respectively. As shown in Fig. 3b, 
the BD of H and L tended to decrease with increasing improver con
centration, with average increases of 3.2 % and 5.0 % in the BD of H2 
and L2, respectively, compared with those of H1 and P1 (p < 0.005). The 
BD of P tended to increase, and the BD of P2 was 5.0 % lower than that of 
P1 (p < 0.005).

The unique cementation and adsorption properties of soil amend
ments transform microaggregates into large aggregates, significantly 
increasing the particle size of soil aggregates. As shown in Fig. 3a, the 
percentage of > 0.25 mm agglomerates in H1, P1, and L1 increased by 
124.9 %, 259.4 %, and 357.9 %, respectively, compared with that in the 
CK on average (p < 0.005). Additionally, the percentage of < 0.25 mm 
agglomerates decreased by 25.1 %, 52.1 %, and 71.9 %, respectively, 
compared with that in the CK on average (p < 0.005). As the concen
tration of the same amendment increased, the impact on the soil ag
gregates varied significantly. The proportion of agglomerates above 
2 mm in P2 and L2 increased by 15.7 % and 28.4 %, respectively, on 
average in P1 and L1, while the proportion of agglomerates below 2 mm 
decreased by 51.3 % and 42.8 %, respectively, on average (p < 0.005). 

Fig. 3. Soil water-stable aggregate size distribution and stability index. (a) and (d) represent the cluster distribution and soil bulk density (BD), respectively, (c) and 
(e) indicate the mean weight diameter (MWD), failure index (K), and fractal dimension (D), respectively. Different lowercase letters in the same line in (a) and versus 
different lowercase letters in (b)-(e) all indicate significant (p < 0.05) differences in the same grain size across treatments, and parameters labeled with the same 
letter are not significantly different.
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Conversely, for H, the percentage of > 0.25 mm agglomerates decreased 
by 52.1 %, and the percentage of < 0.25 mm agglomerates increased by 
31.4 % with increasing concentration (p < 0.005). In conclusion, the 
application of soil amendments can enhance the formation of large ag
gregates, and the efficiency of reconstructing aggregates improves with 
increasing concentration. However, surpassing a certain threshold in the 
application of specific amendments (such as H) leads to a significant 
decrease in the enhancement effect.

3.2.2. Soil aggregate stability
The aggregate stability indices of different ameliorator-treated soils 

under the superposition of multiple compaction forces were calculated 
based on the distribution of water-stable aggregates (Fig. 3b–d). In this 
case, the soil mean weight diameter (MWD) was utilized to describe the 
size of the soil aggregates. The application of the soil amendments 
significantly improved the MWD. However, due to the varying mecha
nisms and effectiveness of different amendments in improving soil 
structure, there were differences in the proportions of large aggregates 
in the soil, leading to varying effects on aggregate stability. Compared to 
the CK, the MWD in H1, L1, and P1 increased by 140.2 %, 233.1 %, and 
554.0 %, respectively (p < 0.005). The failure index (K) indicates the 
extent of damage to soil aggregates under erosion. The K values of H1, 
L1, and P1 were 45.5 %, 72.1 %, and 88.0 % lower (p < 0.005) than that 
of CK, respectively, showing a significant increase in erosion resistance. 
The fractal dimension, D, reflects the uniformity of soil aggregates and is 
a more sensitive and accurate parameter for evaluating aggregate 
characteristics. The different amendments decreased the D value and 
enhanced soil stability. Compared with CK, D was reduced by 2.6 %, 
7.2 %, and 10.3 % for H1, L1, and P1, respectively (p < 0.005).

The MWD of P and L increased with rising concentration, showing a 
33.4 % and 121.9 % increase for P2 and L2, respectively, compared to 
P1 and L1 (p < 0.005). Conversely, both K and D exhibited a decreasing 
pattern, with K decreasing by 31.8 % and 60.6 % (p < 0.005), and D 
decreasing by 3.1 % (p < 0.005) and 0.4 % (p > 0.005) for P2 and L2, 
respectively. As the concentration of H increased, the number of large 
aggregates in the soil decreased, while the number of small and medium 
aggregates increased, leading to reduced soil stability. In comparison to 
H1, the MWD of H2 decreased by 67. 9 %, and those of K and D 
increased by 86.5 % and 2.6 %, respectively (p < 0.005). The soil sta
bility of H2 was inferior to that of CK.

3.3. Changes in soil erosion characteristics in different treatments

3.3.1. Runoff
Runoff increased rapidly with longer durations of rainfall for the 

different treatments (Fig. 4a). The CK peaked at 7.2 kg during the 
3–6 min period, after which there were no significant fluctuations in 
runoff until the end of the rainfall. Soil amendments can help slow down 
the increasing trend of runoff. The trends of H1 and CK were similar, 
reaching a peak value in the 9–12 min period and remaining relatively 
stable thereafter. The maximum runoff of H1 decreased by an average of 
1.4 % compared to the CK treatment, but as the H1 concentration 
increased, the runoff also increased. In comparison to H1 and CK, the 
maximum runoff of H2 increased by 2.8 % and 1.4 %, respectively. The 
high water absorption capacity of P could delay the onset of runoff, with 
runoff showing a rapid increase followed by a gradual leveling off. 
However, as the concentration increased, the maximum runoff of P2 
increased by 47.2 % compared to P1, while the maximum runoff of P2 
and P1 decreased by 50.0 % and 26.4 %, respectively, compared to CK. 
At the beginning of runoff generation (0–9 min), the runoff of L is low 
and stable. However, after 9 min, runoff increases rapidly, with L1 
showing a much greater increase than L2. There is a 43.4 % increase in 
maximum runoff and a 5.1 % increase in runoff during the 27–30 min 
period compared to P2.

The amendments could cause a lag in peak runoff and reduce total 
runoff. L decreased the runoff with increasing concentration, and L2 had 
the lowest total runoff of 11.95 kg, which was 54.0 % and 82.0 % lower 
than those of L1 and CK, respectively. P had the same flow stopping 
effect, but its ability decreased with increasing concentration. The total 
runoff of P2 increased by 80.4 % compared with that of P1 but decreased 
by 34.9 % compared with that of CK. As shown in Fig. 4c, the total runoff 
of H1 decreased by 2.9 % compared with that of CK. However, with 
increasing H2 concentration, the total runoff of H2 even increased by 
1.8 % compared with that of CK.

3.3.2. Runoff sediment production
The drenching of rainfall and the washing of runoff carry some of the 

sediment away from the soil, causing erosion. As shown in Fig. 4b, the 
sediment yield for CK rapidly increased with increasing rainfall dura
tion, reaching a peak (0.44 kg) within the 3–6 min period and then 
quickly decreased until it stabilized. As the amendments were applied, 

Fig. 4. Soil runoff, sediment yield, and their correlation with soil water, heat, and aggregate stability index. (a) and (b) represent runoff and sediment yield in 
different periods, (c) and (d) denote cumulative runoff (CR) and cumulative sediment yield (CSY), and (e) indicates the correlation between CR, CSY, and soil water, 
heat, and stability index.
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the soil structure stability increased, and the sediment yield decreased. 
H1 peaked in terms of sediment yield at 6–9 min intervals and then 
decreased quickly, by 5.0 %, compared with the peak of the CK. When 
the concentration increased, the control effect of H2 decreased, the 
sediment yield trend was closer to that of the CK, and the sediment yield 
was greater than that of the CK in all periods from 6–30 min. At the end 
of the rainfall period, the total sediment yield of H2 was 21.9 % and 
28.5 % greater than that of H1 and CK, respectively. Compared with H1, 
L1 significantly suppressed the growth rate of the sediment yield and 
reduced its upper limit. However, as the L2 concentration increased, the 
hysteresis effect weakened, and the sediment yield increased. Compared 
with that of L1, the total sediment yield increased by 1.7 %, but it was 
30.3 % lower than that of CK. Compared with L1 and H1, P1 provided 
the best erosion control, with a slow increase in runoff erosion 
throughout the rainfall test. The sediment yield was less than 0.05 kg in 
each period. With increasing concentration, no significant change in 
sediment yield was observed. Compared with that in P1, the total 
sediment yield in P2 was 1.9 % lower but 99.2 % lower than that in CK.

Fig. 4e shows the correlation matrix of the 10 indicators. Overall, all 
indicators were significantly correlated. Total runoff and total sand 
production being significantly positively correlated with D, BD, and K, 
and significantly negatively correlated with the other indicators. The 
results indicated that changes in soil erosion characteristics are closely 
linked to the stability of soil aggregates. The more stable the soil ag
gregates’ structure, the greater the erosion resistance. The study calcu
lated the contributions of various treatments using principal component 
analysis (Shao et al., 2023) to evaluate different soil amendments. To 
simplify the indicators, the 10 indicators were condensed into Y1 and 
Y2. The proportion of the corresponding eigenvalues of each principal 
component to the total eigenvalues of the extracted principal compo
nents was used as a weight to calculate the comprehensive evaluation 
model of the principal components: Y = 0.8671Y1 + 0.1330Y2. Table 3
shows that P2 has the highest composite ranking, while H2, H1, and CK 
have negative composite contributions. In terms of enhancing the 
physical environment of soil with erosion resistance, the combined 
improvement effect of P was superior to that of L and H.

4. Discussion

4.1. Mechanism by which amendments regulate the soil hydrothermal 
environment under freeze-thaw cycles

Freeze-thaw cycles significantly alter soil moisture dynamics by 
modifying pore structure. During freezing, water phase transitions 
generate ice crystals that create large frozen pores, while thawing leads 
to ice melt and the formation of interconnected thawed pores. This 
dynamic evolution of pore structure directly impacts soil aeration and 
water retention properties (He et al., 2019; Zhao and Hu, 2023). The 
application of soil amendments improves soil permeability, enhances 
porosity, and promotes water infiltration and cycling, thereby 
increasing soil water-holding capacity (Sarker et al., 2022). As shown in 
Fig. 5c, the saturated volumetric water content (θs) and field capacity 
(FC) were significantly elevated. This inverse evolution of hydrological 
parameters is closely linked to the enhanced pore connectivity induced 

by freeze-thaw cycles. The regulatory mechanisms of different amend
ments on water retention exhibited marked variability (Fig. 5a). For 
instance, the low water solubility of H led to molecular self-aggregation 
at excessive application rates (H2), forming microspheres rather than 
effectively binding soil particles. These structural defects generated 
tensile cracks during freeze-thaw cycles, increasing water evaporation 
flux and resulting in a lower LVWC for H2 than the CK. Specifically, θs, 
FC, and plant available water content (PAWC) decreased by 3.2 %, 
0.9 %, and 22.2 %, respectively, while the permanent wilting point 
(PWP) increased by 2.0 % (Fig. 5c). These observations align with the 
synergistic microbial degradation effects reported by Park et al. (2015), 
collectively explaining the accelerated decline in water retention ca
pacity under H treatment.

In contrast, the hydrolysis of L and P in soil forms a hydrogel film on 
soil particle surfaces (Li et al., 2023; Rodrigues Sousa et al., 2021). This 
film enhances water-binding energy through hydrogen bonding and van 
der Waals forces, significantly improving water retention in the 
low-suction range—a mechanism consistent with the reduced evapora
tive losses reported by Xue et al. (2022). Notably, the unique polymer 
chains of P reduce water surface tension, forming a denser adsorbed 
water layer (Adjuik et al., 2022), which explains the higher LVWC upper 
limit for P1 compared to L1 in this study. Additionally, the hydrogel 
films formed by P and L retain water during freezing and release it upon 
thawing, effectively mitigating moisture loss and maintaining higher 
LVWC even after multiple freeze-thaw cycles. Consequently, the LVWC 
thresholds for P and L treated soils were significantly higher than those 
for H and CK.

With increasing amendment concentrations, L and P form thicker 
hydrogel films, enhancing adhesion and water absorption capacity. 
Notably, the polymer chains of P elongate at higher concentrations, 
further amplifying its water retention capability (Chen et al., 2016). 
Compared to L1 and P1, L2 and P2 improved θs and FC by 6.5 % and 
35.1 %, and 6.9 % and 41.4 %, respectively. However, excessive film 
thickness elevated water-binding energy, surpassing the average water 
absorption potential of plant roots (Ariyanta et al., 2023; Mulualem 
et al., 2021), resulting in a 67.1 % and 93.2 % increase in PWP and a 
38.7 % and 47.9 % reduction in PAWC for L2 and P2, respectively.

A critical finding was that during the first four freeze-thaw cycles, the 
LVWC of P treated soils exceeded the initial designed moisture content, 
surpassing other treatments. This phenomenon is attributed to soil water 
redistribution, where surface moisture diffuses under gravitational 
forces during thawing. The strong water-absorbing capacity of P, aided 
by capillary action, adsorbed free water, thereby increasing LVWC (Liu 
et al., 2022; Wang et al., 2022). As freeze-thaw cycles progressed, water 
redistribution amplified differences between treatments. Notably, the 
lower LVWC threshold of P2 compared to L2 was linked to P2’s 
adsorption on soil particles, which slowed water migration and ice 
crystal growth near the freezing front. Ji et al. (2023) used desiccation 
methods to evaluate soil moisture distribution and reported that higher 
P concentrations reduced the maximum water content at the freezing 
front from 53.4 % to 31.4 %. In contrast, L exhibited higher water 
redistribution efficiency, more stable water retention, and thermal 
hysteresis effects (Khajeh et al., 2024; Yang et al., 2024), leading to a 
gradual convergence in LVWC differences between L and P.

The ST is directly influenced by freeze-thaw cycles and indirectly 
regulated by factors such as the LVWC (Wu et al., 2023). Previous 
studies have shown that soils with higher moisture content exhibit 
slower temperature fluctuations under identical thermal inputs due to 
their greater heat capacity and thermal conductivity (Lu et al., 2007). 
This means that in high-temperature environments, regions with higher 
moisture content warm more slowly, while in low-temperature envi
ronments, these regions also cool more gradually (Abu-Hamdeh, 2003; 
Lu et al., 2014). This attenuation of temperature fluctuations primarily 
originates from freeze-thaw-mediated pore restructuring. During this 
process, ice-phase-transition stresses increase soil bulk density and 
thermal conductivity through structural modifications, thereby 

Table 3 
Ranking of combined contributions determined by principal component 
analysis.

Treatments Y1 Y2 Y Ranking

CK − 3.2902 0.6147 − 2.7711 7
H1 − 2.1200 − 0.2393 − 1.8700 5
H2 − 3.0681 − 0.7112 − 2.7548 6
L1 0.8450 − 0.5749 0.6562 4
L2 1.9460 2.1108 1.9680 2
P1 2.0971 − 0.0130 1.8166 3
P2 3.5902 − 1.1870 2.9551 1
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enhancing heat capacity and consequently suppressing thermal 
variability.

Notably, soil amendments significantly alter this process by modu
lating hydrothermal coupling mechanisms. The inhibitory effects of 
amendments on temperature fluctuations vary markedly due to their 
distinct functional mechanisms (Fig. 2a, b). Treatments with P and L 
reduce interfacial thermal resistance and enhance heat capacity by 
forming hydrogel films. Additionally, their hydrogen-bond networks 
convert free water into bound water, minimizing latent heat loss during 
phase transitions (Jiang et al., 2024). P, with its unique polymer chains, 
exhibits higher thermal conductivity but lower phase change enthalpy, 
thereby weakening its low-temperature protective capacity. In contrast, 
H demonstrates inferior water retention, thermal insulation, and heat 
capacity.

With increasing concentrations of L and P, the formation of thicker 
protective hydrogel layers further enhances soil heat capacity and re
duces temperature fluctuations. The thickening of these hydrogel films 
not only amplifies thermal hysteresis but also suppresses heat loss from 
the soil to the atmosphere, thereby minimizing moisture loss and 
slowing freezing rates during freeze-thaw cycles. As a result, the upper 
limit of ST gradually decreases, while the lower limit progressively in
creases (Andry et al., 2009; Jiang et al., 2024).

However, excessive water absorption and swelling in P2 create 
numerous pores, which enhance air flow and accelerate heat loss 
compared to L2, ultimately reducing its thermal insulation efficiency. In 
contrast, H2 exhibits molecular self-aggregation, leading to crack for
mation. This reduces soil heat capacity, water retention, thermal insu
lation, and the ST lower limit, while increasing thermal conductivity and 
the ST upper limit (Turan et al., 2011). These findings demonstrate that 
freeze-thaw cycles dynamically regulate soil hydrothermal processes 
through pore structure reorganization, while the type and concentration 
of amendments dictate the direction and magnitude of these effects.

4.2. Regulation effects of amendments on soil structure and erosion under 
multi-force interactions

The coupling of freeze-thaw, wind, and water erosion processes 
significantly compromises soil structural integrity through multiple 

pathways. Freeze-thaw cycles induce volumetric expansion-contraction 
of the soil matrix, triggering dynamic reorganization of pore structures 
and redistribution of soil particles (Liu et al., 2023; Xue et al., 2022). 
This mechanical disturbance breaks down large and medium aggregates 
into finer particles, which are subsequently subjected to wind erosion 
and compaction under raindrop impact, increasing soil BD. The appli
cation of soil amendments enhances interparticle friction and forms an 
integrated matrix, preventing the formation of tensile cracks. Addi
tionally, the cementing and adsorption properties of amendments bind 
soil particles or micro-aggregates into larger aggregates, promoting a 
transition from a particle-based structure to a more aggregated one 
(Tajdini et al., 2018). Our experimental results demonstrate that P, L, 
and H effectively promote the aggregation of particles > 0.25 mm 
through distinct stabilization pathways, enhancing aggregate stability 
and counteracting these degradation mechanisms. H enhances aggre
gate stability by forming physico-chemical bonds with mineral-organic 
complexes through active functional groups (-COOH, -OH) (Semenov 
et al., 2013). However, dose-dependent effects become evident: at low 
concentrations (H1), H increases soil compactness by 8.7 % through 
pore filling. When the concentration increases to 2.0 % (H2), compact
ness decreases by 21.2 % compared to H1, accompanied by reduced 
aggregate stability. This reversal may arise from two mechanisms: (1) 
thick organic layers at high doses increase interparticle distances, 
weakening van der Waals forces; (2) competitive cation complexation by 
H disrupts ionic bridges between clay particles(Semenov et al., 2013).

In contrast, the L amendment demonstrates superior cementing ca
pabilities through macromolecular bridging effects. Scanning electron 
microscopy (SEM) observations reveal that its flaky structure, charac
terized by sharp edges, effectively locks aggregates within the pore 
network (Ta’negonbadi and Noorzad, 2017). Thus, L enhances soil sta
bility and compactness by hydrolyzing colloids to coat particle surfaces 
and geometrically matching pore sizes, achieving mechanical inter
locking of aggregates. As shown in Fig. 6h, L1 increased soil compact
ness by 49.6 % compared to the CK, and with increasing concentration, 
L2 further improved compactness by 27.7 %, consistent with the find
ings of Dong et al. (2023). Notably, P exhibits the most pronounced 
structural enhancement. As water evaporates, P’s rigidity increases, 
leading to higher soil compactness. In this study, P1 increased 

Fig. 5. Schematic diagrams for stabilization mechanism of amendments and soil moisture characteristics. (a) represents the stabilization mechanisms of humic acid, 
lignosulfonate, and polyacrylamide, while (b) and (c) depict the moisture characteristic curve and its associated parameters, respectively.

X. Leng et al.                                                                                                                                                                                                                                     Soil & Tillage Research 255 (2026) 106810 

9 



compactness by 131.8 % compared to CK. This is primarily attributed to 
the dual mechanisms of P: (1) physical entanglement of polymer chains 
reducing surface tension, and (2) chemical bonding via functional 
groups, forming hydrogel films that encapsulate aggregates (Chen et al., 
2016). With increasing concentration, the hydrogel layer thickens, and 
polymer chains elongate, resulting in a more stable soil structure. This is 
evidenced in SEM images by a reduction in exposed aggregates (Fig. 6g).

Repeated freeze-thaw cycles reduce structural stability while 
increasing susceptibility to wind and water erosion (Leuther and 
Schlueter, 2021; Sun et al., 2022). In this experiment, H and CK soils 
developed large interconnected cracks on their surfaces. 
Wind-transported fine particles were deposited into these cracks, 
significantly reducing wind erosion rates. In contrast, L and P soils 
exhibited only minor cracks, higher compactness, and fewer exposed 
particles, effectively suppressing wind erosion. Consequently, no sig
nificant differences in wind erosion rates were observed among treat
ments. Freeze-thaw-induced cracks accelerated lateral rainwater 
infiltration, causing rapid soil saturation and earlier runoff initiation 
(Fernandez-Raga et al., 2017; Zhang, 2023). Fine particles within cracks 
provided abundant erodible material for rainfall scouring, resulting in 
sediment yields that reflect combined wind and water erosion effects. 
Under continuous raindrop impact, fine particles in H and CK soils were 
transported and deposited on the surface, forming a dense crust that 
impeded infiltration, increased surface runoff, and reduced surface 
roughness and sediment yield (Kinnell, 2022; Sela et al., 2014). H1 
delayed runoff initiation and reduced sediment yield through partial 
cementation. However, H exhibited concentration-dependent structural 
degradation, leading to excessive soil loosening. Simultaneously, pref
erential flow path development induced hydraulic anisotropy, causing 
H2 to initiate runoff earlier and increase sediment yield.

Compared to H, the elongated cracks in L1 increased the tortuosity of 
runoff pathways, delaying runoff initiation. Additionally, the stabilized 
soil structure significantly enhanced erosion resistance, reducing net 
flow and sediment yield (Roshan et al., 2020; Vakili et al., 2022). 

However, due to the limited adsorption capacity of soil colloids, 
increasing the L concentration created alternating zones of localized 
oversaturated cementation and non-cemented regions. Unreacted L also 
promoted particle slippage under compression. Ice crystals preferen
tially grew in weakly cemented zones, propagating cracks along 
cementation boundaries and forming wider, more extensive fracture 
networks. Although L2 soils exhibited denser structures, their brittleness 
increased, resulting in wider cracks and heightened runoff resistance. 
Consequently, runoff initiation for L2 occurred later than L1, with lower 
runoff volume. The high-concentration cementation in L2 enhanced 
macroscale structural stability but concentrated runoff energy within 
widened cracks, accelerating flow velocity and scouring capacity. This 
process generated localized erosion hotspots (Khajeh et al., 2024), 
which mobilized more soil particles, expanded erosion areas, and 
intensified runoff erosivity. As a result, L2 produced substantially higher 
sediment yields than L1, with post-erosion surfaces exhibiting greater 
roughness.

P significantly optimizes soil hydrological processes and erosion 
resistance through its unique dual mechanism of water absorption and 
cementation. It enhances pore connectivity and expands pore sizes, 
improving saturated hydraulic conductivity and promoting the infil
tration of supersaturated surface moisture, thereby effectively delaying 
runoff initiation (Chen et al., 2016). In this study, P1 delayed runoff 
initiation by 50.3 % compared to the CK. However, Ajwa and Trout 
(2006) reported that P increases solution viscosity, which may reduce 
infiltration when applied via irrigation water. This discrepancy may 
arise from three factors: (1) Molecular weight variation: Higher molec
ular weight P increases solution viscosity, hindering free water move
ment and reducing infiltration (Chen et al., 2016); (2) Soil texture 
specificity: P enhances infiltration in fine- and medium-textured soils 
but exhibits weaker effects in coarse-textured soils (He et al., 2007; 
Sojka et al., 1998); (3) Application method: Infiltration is primarily 
governed by pore morphology and connectivity (Albalasmeh et al., 
2021). In this study, P was thoroughly mixed with soil to maximize pore 

Fig. 6. Soil surface characteristics and runoff onset time. (a)-(g) represent schematic structures of CK, H1, H2, L1, L2, P1, and P2, respectively, and (h)-(j) denote soil 
compactness, surface roughness, and flow production time, respectively.
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expansion and connectivity, contrasting with surface application in 
irrigation-based studies.

Furthermore, the hydrogel film formed by P exhibits elasticity, 
effectively reducing the kinetic energy of raindrop impact and miti
gating soil erosion risks. Additionally, by leveraging the high cation 
exchange capacity (CEC) of black soil, P enhances cation bridging pro
cesses. The long polymer chains of P facilitate binding to multiple soil 
particle surfaces, increasing aggregate stability, strengthening erosion 
resistance, and reducing sediment yield in runoff (Chen et al., 2016; 
Green et al., 2000). Although raindrops create slight impact craters on 
the soil surface, gradually increasing surface roughness, higher P con
centrations reduce soil permeability, shortening runoff initiation time 
and increasing total runoff volume. This further enhances soil erosion 
resistance. Consequently, P2 demonstrates significant advantages in 
improving soil erosion resistance and reducing soil and water loss 
(Albalasmeh et al., 2021; Sadeghi et al., 2020).

5. Conclusion

This study utilized a self-designed wind tunnel-rainfall test setup to 
investigate the effects of different soil amendments on the soil hydro
thermal environment, structural stability, and erosion characteristics 
under compound erosion conditions. The results demonstrated that 
1.0 % concentration treatments (L1 and P1) significantly enhanced ST, 
LVWC upper limit, and MWD. Specifically, L1 increased these parame
ters by 28.0 %, 29.6 %, and 233.1 %, respectively, while P1 enhanced 
them by 57.5 %, 43.6 %, and 554.0 %, respectively, compared to the CK. 
Increasing the concentration to 2.0 % (L2) further improved thermal 
insulation and water retention capacity, reducing temperature fluctua
tions by 8.7 % and increasing LVWC upper limit by 14.4 %. The 
enhanced soil properties resulted in improved erosion resistance, as 
evidenced by L2 and P2 reducing total runoff and sediment yield by 
82.0 %–80.4 % and 30.3 %–99.2 %, respectively. However, H exhibited 
limited effectiveness, with higher concentrations (≥2.0 %) significantly 
decreasing water holding capacity and aggregate stability, consequently 
increasing runoff and sediment yield. Principal component analysis 
identified P2 as the most effective amendment for comprehensive soil 
improvement.

While this study elucidates the mechanisms of amendments on soil 
physical properties and erosion characteristics, it does not establish a 
complete concentration-response relationship. The observed reduction 
in available water content at higher concentrations highlights the need 
for further research to optimize amendment concentrations for agri
cultural applications. These findings provide strategic solutions for 
controlling compound erosion and conserving soil resources in North
east China’s black soil region.
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