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ABSTRACT
Freeze–thaw processes are important drivers of land degradation in cold regions, and soil freezing temperature and unfrozen 
water content are key parameters for characterizing soil hydrothermal conditions and water phase transitions during freezing. 
However, in the context of heavy metal pollution, there remains a lack of systematic understanding regarding biochar's (BC) 
regulatory role in the freezing behavior of seasonally frozen soil and the dynamic changes in unfrozen water content. Based 
on freezing and freeze–thaw experiments, this study investigated the effects of biochar on soil freezing temperature and un-
frozen water content under various conditions, with the results subjected to statistical analysis. The findings showed that dry 
density and Pb content exert bidirectional regulatory effects on the freezing temperature and unfrozen water content of biochar-
amended soils. Under low initial water conditions, the biochar addition ratio is the primary factor affecting soil unfrozen water 
content. Specifically, 1% and 3% biochar additions significantly increase soil unfrozen water content; however, as biochar content 
increases further, its enhancing effect gradually diminishes. Under high initial water content, soil unfrozen water content is 
jointly regulated by biochar content, initial water content, and lead content. Correlation analysis indicated that lead content and 
initial water content exhibited significant positive correlations with unfrozen water content, while biochar content showed a 
weak negative correlation. ANOVA further revealed a significant interaction between biochar content and initial water content, 
indicating a synergistic regulatory effect, whereas the interaction between biochar and lead content was not significant. These 
findings reveal the influence patterns of biochar under multifactor coupling on the freezing processes of seasonally frozen soil 
and changes in moisture status. The results provide a theoretical basis for biochar-assisted remediation of Pb-contaminated soils 
and the mitigation of land degradation in seasonally frozen regions.

1   |   Introduction

Seasonally frozen soil experiences repeated freeze–thaw cycles 
over extended periods, which represent a key driving factor of 
land degradation in cold regions (Liu et al. 2024). During these 
cycles, the repeated phase transitions of soil water between 

freezing and thawing drive water migration, ice crystal growth, 
and soil particle rearrangement within the soil matrix. These 
processes weaken soil structural stability, alter pore characteris-
tics, and reduce soil resistance to erosion (Zhang et al. 2024; He 
et  al.  2023). Long-term freeze–thaw disturbances not only ac-
celerate the decomposition of soil organic matter, intensify soil 

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any 
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2026 The Author(s). Land Degradation & Development published by John Wiley & Sons Ltd.

Shanbo Han and Wei Cao contributed to the work equally and should be regarded as co-first authors.

https://doi.org/10.1002/ldr.70866
https://doi.org/10.1002/ldr.70866
https://orcid.org/0009-0002-4641-6573
https://orcid.org/0000-0002-4629-0213
mailto:
https://orcid.org/0000-0003-2963-267X
mailto:caowei@hzcu.edu.cn
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fldr.70866&domain=pdf&date_stamp=2026-08-21


2 Land Degradation & Development, 2026

erosion, and degrade soil quality, but also modify the chemical 
forms and migration-transformation processes of contaminants 
in soils. In particular, freeze–thaw processes can promote the 
mobilization of heavy metals, thereby increasing their ecolog-
ical risks and further exacerbating land degradation and eco-
system vulnerability in cold regions (Zhang et al. 2026; Wang 
et  al.  2021). Therefore, a comprehensive understanding of the 
effects of freeze–thaw processes on soil hydrothermal state and 
contaminant environmental behavior is essential for the resto-
ration of degraded land and the maintenance of ecosystem func-
tions in cold regions.

Soil freezing temperature is a critical parameter that character-
izes the phase transition of soil water during freezing and thaw-
ing processes. It serves as an essential indicator for assessing 
changes in soil hydrothermal state and the degree of soil freez-
ing (Bing and Ma 2011). However, soil freezing does not result 
in the complete conversion of liquid water into ice. Owing to the 
adsorption of soil particle surfaces, capillary effects, and inter-
facial energy interactions, a certain amount of water remains in 
a liquid state within frozen soils, which is defined as unfrozen 
water (Cui et al. 2024). The unfrozen water content not only gov-
erns water migration and energy exchange processes during soil 
freezing, but also serves as an essential factor in maintaining 
ecosystem functions in cold regions. As an important limiting 
factor for ecosystem productivity in cold regions, soil unfrozen 
water provides necessary water availability for overwintering 
microbial activities, root survival of shrubs and herbaceous 
plants, and vegetation recovery in early spring (He et al. 2023; 
Nikrad et al. 2016). Furthermore, water migration and ice–water 
phase transitions during freezing processes can redistribute 
soil nutrients and particle arrangements, triggering a series of 
eco-environmental issues, including frost heave, thaw settle-
ment, and soil structural degradation (Zhang et  al.  2024; He 
et al. 2023). Therefore, elucidating the variations in soil freezing 
temperature and unfrozen water content, as well as their con-
trolling mechanisms, is of great significance for understanding 
land degradation processes in cold regions and improving soil 
ecological stability.

Different soil types exhibit distinct variations in freezing tem-
perature and unfrozen water content due to differences in soil 
structure, particle characteristics, organic matter content, and 
water conditions (Wan et al. 2015; Cao, Liu, et al. 2024; Meng 
et  al.  2024). As soil temperature continuously decreases, the 
freezing process of soil water is jointly governed by pore struc-
ture, water distribution characteristics, and soil thermal proper-
ties (Cui et al. 2024; Wan et al. 2023). Consequently, regulating 
soil structure and hydrothermal properties has become a key 
strategy for improving the functions of degraded soils in cold re-
gions. In recent years, biochar, a stable carbon-rich material de-
rived from biomass under oxygen-limited pyrolysis conditions, 
has attracted increasing attention in soil remediation and de-
graded land restoration due to its well-developed pore structure, 
large specific surface area, abundant surface functional groups, 
and excellent chemical stability (Wu et al. 2025; Liu et al. 2018). 
Biochar exhibits a strong immobilization capacity for contam-
inants and can stabilize heavy metal ions in soil through ad-
sorption, complexation, ion exchange, and precipitation, thereby 
reducing their mobility and bioavailability (Qiu et  al.  2021). 

Meanwhile, biochar can improve soil aggregate structure, opti-
mize pore-size distribution, enhance soil water-holding capac-
ity, and modify soil heat transfer processes, thereby potentially 
affecting soil freezing processes and water phase transition be-
havior (Fu et al. 2019, 2023; Bikbulatova et al. 2018). Therefore, 
biochar is not only an effective material for heavy metal con-
tamination remediation but also a promising strategy for regu-
lating ecological restoration processes in degraded lands in cold 
regions.

With the expansion of industrial and agricultural activities in 
cold regions, increasing quantities of heavy metal contaminants 
have been introduced into soil environments. Among these, 
lead pollution has attracted considerable attention due to its 
high toxicity, persistence, and long-term ecological risks (Fang 
et al. 2025). Once present in soils, Pb can not only alter soil phys-
icochemical properties and microbial ecological functions (Yan, 
Dong, Wijayawardena, et al. 2019), but also influence contami-
nant migration behavior under freeze–thaw conditions by mod-
ifying soil water distribution patterns and interfacial chemical 
processes (Wu, Rui, et al. 2022; Zeng et al. 2023). Therefore, in-
vestigating the regulatory effects of biochar on soil freezing pro-
cesses in Pb-contaminated soils is crucial for the remediation 
of contaminated soils and ecological restoration in cold regions. 
However, the effects of biochar on soil freezing temperature and 
unfrozen water content in seasonally frozen soils remain poorly 
understood. In particular, under heavy metal contamination 
conditions, the combined effects of biochar, soil water states, 
and soil structural characteristics on freeze–thaw hydrothermal 
processes have yet to be systematically elucidated (Li et al. 2022, 
2020; Gao et al. 2020).

Previous studies have demonstrated that biochar can effectively 
regulate soil hydrothermal properties in frozen soils by stabi-
lizing soil temperature variations during freeze–thaw cycles, 
optimizing pore structures, mitigating freeze–thaw-induced 
structural damage, and enhancing soil water retention capacity 
(Fu et al. 2019, 2023). Additionally, several studies have reported 
that biochar application increases the unfrozen water content in 
seasonally frozen soils, suggesting that it may delay the freezing 
process by altering soil water distribution states (Bikbulatova 
et al. 2018; Ma et al. 2019). However, the effects of biochar on soil 
freezing behavior are not always consistent, as its performance 
is jointly influenced by multiple factors, including soil density, 
initial water content, biochar application rate, and environmen-
tal temperature. These interactions may contribute to discrepan-
cies among reported findings (Fu et al. 2019, 2023; Bikbulatova 
et al. 2018; Ma et al. 2019). Currently, the mechanisms by which 
biochar regulates freezing temperature and unfrozen water con-
tent in seasonally frozen soils under multifactor interactions re-
main poorly understood. In particular, under Pb-contaminated 
soil conditions, the effects of biochar on freeze–thaw processes 
and water phase transition behavior in contaminated soils have 
not yet been fully elucidated.

In our previous study, we examined the variation patterns of 
soil freezing temperature under the combined effects of biochar, 
lead contamination, and initial water content, and conducted 
statistical analyses to identify their relationships. The results in-
dicated that biochar content was negatively correlated with soil 
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freezing temperature, suggesting that biochar may inhibit the 
transformation of soil water into ice crystals during the remedi-
ation of Pb-contaminated soils by altering soil water distribution 
and pore structure (Han et  al.  2024). However, prior research 
has primarily focused on the effects of individual factors and 
has not fully considered the role of soil structural conditions in 
regulating freezing processes via biochar. Therefore, the present 
study incorporates soil dry density as an additional influencing 
factor and systematically investigates variations in soil freezing 
temperature and unfrozen water content under different con-
ditions of dry density, biochar content, Pb content, and initial 
water content. The objective of this study is to elucidate the reg-
ulatory mechanisms of biochar on freezing behavior and water 
phase transition processes in seasonally frozen soils under mul-
tifactor interactions. The findings offer theoretical insights and 
technical references for the remediation of Pb-contaminated 
soils, restoration of degraded lands, and soil and water conser-
vation in cold regions.

2   |   Materials and Methods

2.1   |   Experimental Materials

2.1.1   |   Soil

Loess from a construction site in Qilihe District, Lanzhou 
City, Gansu Province, China, was selected as the experimental 
soil. The soil was yellowish-brown and exhibited no distinct 
stratification. After natural air-drying, it was sieved through 
a 2 mm standard mesh. Test results of basic physicochemical 
properties of soils showed: initial water content: 6.7%; maxi-
mum dry density: 1.74 g/cm3, pH: 7.85, cation exchange capac-
ity (CEC): 17.50 mol/kg, and organic matter content (OMC): 
16.08%. Among soluble salt ions, the mass fractions of Ca2+, 
Mg2+, Na+, K+, Cl−, SO4

2−, and NO3
− were 0.007%, 0.005%, 

0.008%, 0.004%, 0.005%, 0.008%, and 0.002%, respectively 
(Tables 1 and 2).

2.1.2   |   Biochar

Corn straw biochar used in the experiment was supplied by an 
environmental protection technology company in Henan prov-
ince, China. The production process involved cleaning and 
air-drying the feedstock, followed by pyrolysis at 500°C under 
limited oxygen for 2–3 h, and subsequent cooling to room tem-
perature. The biochar contained 42.21% organic carbon (OC), 
8.34% nitrogen (N), 2.31% phosphorus (P), and 16.12% potassium 

(K). Its pH was 9.46, ash content was 7.23%, and the production 
yield was approximately 3:1 (Table 3). The particle size distribu-
tion curves of the loess and biochar are presented in Figure 1.

2.1.3   |   Heavy Metal

Lead(II) chloride (PbCl2, purity ≥ 99.5%, batch number Q/12HB 
3899-019, Tianjin Kemiou Chemical Reagent Co. Ltd., China) 
was used as the source of soil Pb contamination.

2.2   |   Experiment Design

To discuss the effects of biochar on soil temperature and water 
under freezing and freeze–thaw conditions, the following test 
schemes were designed in this experiment (Table 4). First, three 
dry densities of 1.50, 1.55, and 1.60 g/cm3 and three biochar con-
tents of 0%, 3%, and 5% were set under the fixed condition of 15% 
initial water content, aiming to reveal the changes in biochar 
soil temperature and water under different compaction degrees 
during soil freezing. Second, under the background of maintain-
ing the same dry density (1.55 g/cm3) and initial water content 
(15%), biochar dosing of 0%, 3%, and 5% were set, and Pb contents 
of 0%, 1%, and 2% were introduced, aiming to preliminarily re-
veal the influence laws of biochar on the temperature and water 
of Pb-contaminated soil. Finally, in order to deeply analyze the 
effect of biochar on the content of unfrozen water in soil with 
different Pb concentrations, the addition of biochar in the exper-
iment was set at 0%, 1%, 3%, 5%, and 7%, the initial water content 
was set at 10%, 15%, 20%, 25%, and 30% and the Pb content was 
set at 0%, 0.5%, 1%, 1.5%, and 2%. In each experiment, the ad-
dition amounts of biochar and PbCl2 were accurately calculated 
and prepared based on their weight percentages relative to the 
dry mass of the soil.

2.3   |   Experimental Procedures

2.3.1   |   Soil Preparation

During the soil preparation, the naturally air-dried soil was 
oven-dried at 105°C until a constant weight was achieved. 
Subsequently, predetermined masses of the dried soil, corn stalk 
biochar, and PbCl2 reagent were accurately weighed using an 
electronic balance. A specific mass of distilled water was used 
to dissolve the PbCl2. Then the solution was thoroughly and 
uniformly mixed with the corresponding mass of dry soil. The 
above mixture was transferred into a sealed bag and stored stat-
ically at room temperature for 24 h to obtain soil samples con-
taminated with a specific Pb concentration. A designated mass 
of biochar was thoroughly mixed into the Pb-contaminated soil 
samples. After being sealed and left to stand at room tempera-
ture for another 24 h. The soil samples, containing specified 
amounts of both biochar and Pb, were obtained.

TABLE 1    |    Soil susceptible salt ion content.

Ion type Ca2+ Mg2+ Na+ K+ Cl− SO2−
4

NO−

3

Ionic mass share (%) 0.007 0.005 0.008 0.004 0.005 0.008 0.002

TABLE 2    |    Basic physical and chemical indicators of soil.

ω (%) ρd (g/cm3) pH CEC (mol/kg) OMC (%)

6.7 1.74 7.85 17.50 16.08
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2.3.2   |   Compaction and Freezing of Soil Sample

During the soil compaction, the amount of soil to be filled in 
each layer was accurately calculated to ensure that the height 
of a single layer is 40 mm after compaction, and the final total 
height of the soil is 80 mm. During the soil sample compaction 
process, after the first layer of soil samples was compacted, the 
temperature sensor and frequency-domain reflection (FDR) 
sensor were buried at the center of the soil mass. Later, the sec-
ond layer of soil samples was input and compacted. The top of 
the column was sealed with plasticine to prevent water evapo-
ration and minimize external thermal disturbance during the 
experiment. During the freezing process, a series of temperature 
gradients (2°C, 0°C, −2°C, −5°C, −10°C, and −15°C) were set, 
and the temperature was kept for 4 h at each target temperature 
point to ensure the full balance state between phase changes of 
water and heat transmission in the soil mass. For the thawing 
phase, the cooling system was switched off, and the samples 
thawed naturally at laboratory room temperature to simulate a 
natural thawing process.

2.3.3   |   Data Collection and Analysis

Figure  2 is the soil sample freezing process schematic. 
Temperature and moisture sensors were connected to a multi-
channel data logger. The logger was programmed to automat-
ically record readings from all sensors at 30-s intervals. Basic 
data collation and graphical visualization were performed 
using SPSS 21.0 and Origin 2019 software to clarify the dy-
namic variation characteristics of soil freezing temperature and 
unfrozen water content under different biochar dosages, lead 
contamination levels, initial water contents, and soil dry den-
sities. One-way analysis of variance (ANOVA) was adopted to 
quantitatively distinguish the significant differences in soil hy-
drothermal indicators under multifactor coupling conditions. 
Pearson correlation analysis was further conducted to reveal the 
correlation strength between each influencing factor (biochar 
dosage, lead concentration, initial water content) and soil unfro-
zen water content; interactive effects among multiple variables 
were also quantified.

3   |   Results

3.1   |   Effects of Dry Density on Biochar Soil 
Freezing Temperature and Unfrozen Water Content

From Figure  3a–c, it can be seen that the temperature of the 
biochar soil changes differently with the increase of soil dry 
density. When the dry density was 1.50 g/cm3 (Figure 3a), the 
temperature in 0% biochar soil decreased the fastest, followed 
by 5% biochar soil, and 3% biochar soil temperature decreased 
the slowest. From Figure 3a, it can also be seen that the effects of 
the three biochar contents used on soil freezing temperature are 
not obvious. In addition, the differences in the soil temperature 
drop curves on 0% and 5% biochar during the soil temperature 
drop were small and almost overlapped. When the dry density 
was 1.55 g/cm3 (Figure 3b), the 5% biochar soil temperature de-
creased the fastest, followed by 3% biochar soil, and the 0% bio-
char soil temperature decreased the slowest. From Figure  3b, 
it can be seen that the biochar-free soil has the highest freez-
ing temperature, while the addition of biochar reduces the soil 

TABLE 4    |    The experimental design for soil freezing temperature and unfrozen water content.

Soil conditions Research content

Variable level

Dry density 
(g/cm3) Biochar (%) Lead (%)

Initial water 
content (%)

Dry density and biochar Freezing temperature 
and unfrozen water

1.50, 1.55, 1.60 0, 3, 5 — 15

Lead and biochar Freezing temperature 
and unfrozen water

1.55 0, 3, 5 0, 1, 2 15

Biochar, lead and initial 
water content

Unfrozen water 1.55 0, 1, 3, 5, 7 0, 0.5, 1, 1.5, 2 10, 15, 20, 25, 30

TABLE 3    |    Physical–chemical parameters of biochar.

Parameters Temperature (°C) OC (%) N (%) P (%) K (%) pH Ash (%) Rate

Numerical value 500 42.21 8.34 2.31 16.12 9.46 7.23 3:1

FIGURE 1    |    The particle size distribution curve of loess and biochar. 
[Colour figure can be viewed at wileyonlinelibrary.com]
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freezing temperature. In addition, the soil temperature curves 
of different biochar contents overlapped during the freezing 
stabilization stage, and the soil temperature changes were not 
obvious. At dry density of 1.60 g/cm3 (Figure 3c), the 5% biochar 
soil temperature decreased the fastest, followed by 3% biochar 
soil, and 0% biochar soil decreased the slowest. From Figure 3c, 
it can be seen that the soil freezing temperature without biochar 
application is the highest, followed by the 3% biochar soil, and 
the 5% biochar freezing temperature is the lowest. In addition, 
there was no significant change in soil temperature with over-
lapping soil temperature curves with different biochar contents 
during the freezing stabilization stage, which was similar to the 
behavior observed in soil with a dry density of 1.55 g/cm3.

Under different biochar content levels, variations in dry density 
influenced the soil unfrozen water content (Figure 3d–f). In soils 
with a dry density of 1.50 g/cm3, 0% biochar soil unfrozen water 
content decreases the most quickly, followed by that in soil with 
5% biochar; the unfrozen water content in soil with 3% biochar 
decreases the most slowly. However, the variation difference 
of unfrozen water content in soil with 0%, 3%, and 5% biochar 
increases gradually as the freezing process continues, finally 
reaching the maximum in the freezing stable stage. In soils with 
a dry density of 1.55 g/cm3, unfrozen water content in soil with 
5% biochar decreases the most quickly, followed by those in soil 
with 3% and 0% biochar successively. As soil freezing continues, 
the unfrozen water content in soil with 5% biochar presents the 
sharpest reduction during the freezing transition, followed by 
those in soil with 0% and 3% biochar successively. In the freezing 
stable stage, the unfrozen water content in soil with 5% biochar 
is the highest, followed by those in soil with 0% and 3% biochar 
successively. When the dry density of the soil was 1.60 g/cm3, 
at the initial freezing stage, the 5% biochar soil unfrozen water 
content decreased the fastest, followed by that in 3% biochar soil, 
and the 0% biochar soil unfrozen water content decreased the 
slowest. When the soil continues to freeze, the soil with different 
biochar contents differences in unfrozen water content gradu-
ally narrow. Finally, in the freezing stable stage, the differences 
in unfrozen water content among the three biochar contents in 
the soil reach the minimum; this is contrary to the variation law 
of unfrozen water in soil with a dry density of 1.50 g/cm3.

The above experimental data show that with the increase of 
soil dry density, biochar changes from inhibiting the decline of 

FIGURE 2    |    The soil sample freezing process schematic. [Colour fig-
ure can be viewed at wileyonlinelibrary.com]

FIGURE 3    |    Temperature and water variation patterns in soils with different dry densities and biochar contents. (a) ρd = 1.50 g/cm3 temperature 
curve. (b) ρd = 1.55 g/cm3 temperature curve. (c) ρd = 1.60 g/cm3 temperature curve. (d) ρd = 1.5 g/cm3 water curve. (e) ρd = 1.55 g/cm3 water curve. (f) 
ρd = 1.60 g/cm3 water curve. [Colour figure can be viewed at wileyonlinelibrary.com]
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soil temperature to promoting its decline. Moreover, with the 
increase of soil dry density, the higher the biochar content, the 
lower the soil freezing temperature. The effect of dry density on 
soil unfrozen water content was mainly manifested in the rapid 
freezing, freezing transition, and stable freezing stages, and bio-
char promoted soil freezing with the increase of soil dry density.

3.2   |   Effects of Lead Content on Biochar Soil 
Freezing Temperature and Unfrozen Water Content

With the increase of soil lead content, the effects of different 
biochar content on soil temperature and unfrozen water content 
were different (Figure 4). From Figure 4a–c, it can be seen that 
the effects of biochar content on soil temperature are different 
with the increase of soil lead content. When the soil lead con-
tent was 0%, the 3% biochar soil freezing temperature was the 
lowest, and the freezing temperatures of 0% and 5% biochar soil 
were similar. As the soil continued to freeze, the 5% biochar soil 
temperature changed rapidly, followed by 0% biochar soil, and 
the 3% biochar soil temperature changed the slowest. When 
the soil lead content was 1%, compared with the control group, 
both 3% and 5% biochar reduced the soil freezing temperature. 
As the soil continued to freeze, the 5% biochar soil temperature 
changed rapidly, followed by 0% biochar soil, and the 3% biochar 
soil temperature changed the slowest. When the soil lead con-
tent was 2%, compared with the control group, 3% biochar had 
little effect on soil freezing temperature, and 5% biochar reduced 
freezing temperature. As the soil continued to freeze, the 5% bio-
char soil temperature changed rapidly, followed by 3% biochar 
soil, and the 0% biochar soil temperature changed the slowest.

In terms of unfrozen water content (Figure 4d–f), the varia-
tion characteristics of unfrozen water across different freezing 

stages (rapid freezing, stable freezing, and rapid thawing) 
were jointly influenced by lead concentration and biochar 
dosage. Under lead-free conditions, 5% biochar accelerated 
the decline in unfrozen water content during the rapid freez-
ing stage, but its unfrozen water content was relatively higher 
after the stable freezing stage. When the lead content was 1%, 
the unfrozen water content of soil with different biochar con-
tent varied  similarly in the rapid freezing stage and the sta-
ble freezing stage, with the largest unfrozen water content in 
3% biochar soil, followed by 5% biochar soil, and 0% biochar 
soil with the lowest unfrozen water content. When the lead 
concentration increased to 2%, the unfrozen water content in 
the 0% biochar treatment decreased most rapidly during the 
rapid freezing stage, while 5% biochar accelerated its decline 
during the stable freezing stage. Additionally, the unfrozen 
water change curves of some treatments intersected, such 
as the 0% and 3% biochar treatments under lead-free condi-
tions, and the 3% and 5% biochar treatments under higher lead 
conditions.

In summary, lead contamination not only intensified the regula-
tory effect of biochar on soil temperature but also altered the di-
rection and stage-specific characteristics of biochar's influence 
on unfrozen water dynamics, reflecting complex interactions 
among heavy metals, biochar, and soil.

3.3   |   Effects of Temperature on Soil Unfrozen 
Water Content With Different Biochar Contents 
and Lead Contents

As the soil freezing temperature decreases, the unfrozen water 
content in the soil shows a gradual decreasing trend. However, 
the specific variation characteristics of the unfrozen water 

FIGURE 4    |    Temperature and water variation patterns in soils with different lead contents and biochar contents. (a) 0% Pb temperature curve. 
(b) 1% Pb temperature curve. (c) 2% Pb temperature curve. (d) 0% Pb water curve. (e) 1% Pb water curve. (f) 2% Pb water curve. [Colour figure can be 
viewed at wileyonlinelibrary.com]
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7Land Degradation & Development, 2026

content differ among soils with different biochar contents and 
Pb contents (Figure 5).

In uncontaminated soil, the unfrozen water content of soils 
with different biochar contents exhibits phased characteristics 
as the temperature changes. In the temperature range of 0°C 
to −2°C, the unfrozen water content decreases rapidly. After 
entering the range of −2°C to −5°C, the rate of decrease in the 
unfrozen water content significantly slows down. When the 
temperature drops to the range of −5°C to −15°C, the soil en-
ters the stable freezing stage, and the downward trend of the 
unfrozen water content becomes indistinct. Compared with 
the control group (0% biochar), unfrozen water contents in 
soil samples with 1%, 3%, and 7% biochar are higher than that 
of the control group, while the unfrozen water content in soil 
samples with 5% BC is lower. In the soils contaminated with 
1% Pb, the unfrozen water content of soils with different bio-
char contents shows an obvious decreasing trend in both tem-
perature ranges of 0°C to −2°C and −2°C to −5°C. When the 
temperature drops to the range of −5°C to −10°C, the unfro-
zen water content enters a stage of stable decrease, and when 
the temperature is in the range of −10°C to −15°C, the de-
crease in unfrozen water content is not significant. Compared 
with the control soil, only the 1% biochar treatment increased 
the soil's unfrozen water content, while the other biochar con-
tents (3%, 5%, and 7%) all decreased the unfrozen water con-
tent, with the 5% and 7% biochar treatments showing the most 
prominent reduction effect. In the soils contaminated with 2% 
Pb, the unfrozen water content of soils with different biochar 
contents shows an obvious decreasing trend in the three tem-
perature ranges of 0°C to −2°C, −2°C to −5°C, and −5°C to 
−10°C. However, as the temperature gradually decreases, the 

decreasing amplitude of the unfrozen water content decreases 
step by step. When the temperature is in the range of −10°C 
to −15°C, the decreasing rate of the unfrozen water content is 
the slowest and basically tends to be stable. Compared with 
the control soil, the 1% biochar treatment reduces the soil un-
frozen water content, while the other biochar contents (3%, 
5%, and 7%) all increase the soil unfrozen water content. In 
summary, soil unfrozen water content decreased in distinct 
phases as temperature dropped, a pattern jointly regulated by 
biochar application rate and lead Pb contamination level.

3.4   |   Effects of Biochar Content on Soil Unfrozen 
Water Content With Different Lead Contents 
and Initial Water Content

As shown in Figure 6, under conditions of lower initial water 
content (10%–15%), the addition of 1%–3% biochar can increase 
the unfrozen water content of the soil. In contrast, the higher 
application rates of 5% and 7% biochar show limited enhancing 
effects, with the 7% treatment yielding the smallest increase. 
When the initial water content increases to 20%–25%, the effect 
of biochar on soil unfrozen water content changes. With the in-
crease of biochar content, the unfrozen water content of lead-free 
soil and lead-containing soil changed differently. For example, 
under the condition of 20% water content, for lead-free soil, the 
1% biochar treatment has a minor impact, while the 3%–7% bio-
char treatments all increase the unfrozen water content, with 
the 3% treatment showing relatively better effectiveness. For 
lead-contaminated soil, the 1% and 3% biochar treatments in-
stead reduce the unfrozen water content, while the effects of the 
5% and 7% biochar treatments vary with the lead concentration; 

FIGURE 5    |    Effects of temperature on unfrozen water content in soils with different biochar contents and lead contents. (a) 0% Pb. (b) 0.5% Pb. (c) 
1% Pb. (d) 1.5% Pb. (e) 2% Pb. [Colour figure can be viewed at wileyonlinelibrary.com]
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8 Land Degradation & Development, 2026

they show a slight increase at lead concentrations of 0.5% and 
1%, but shift to a decrease at lead concentrations of 1.5% and 2%. 
When the initial water content is 30%, with the increase of bio-
char content, the change in soil unfrozen water content is differ-
ent from the previous. For lead-free soil, the addition of 1%, 3%, 
and 7% biochar all increases the unfrozen water content, while 
only the 5% biochar treatment reduces it. For lead-contaminated 
soil, the 1% biochar treatment mainly acts to reduce the unfro-
zen water content. The effects of the 3%, 5%, and 7% biochar 
treatments depend on the level of lead contamination. They 
show an insignificant effect on unfrozen water content at lead 
concentrations of 0.5% and 1%, but exhibit an increasing trend at 
lead concentrations of 1.5% and 2%. Therefore, biochar mainly 
showed an enhancing effect on soil unfrozen water content in 
soil with lower initial water content and lower pollution, and 3% 
biochar content was the optimal usage. However, in soils with 
high initial water content and heavy pollution, the enhancement 
effect of biochar on unfrozen water content will be weakened.

3.5   |   Effects of Initial Water Content on Soil 
Unfrozen Water Content With Different Lead 
Contents and Biochar Contents

It can be seen from Figure 7a that with the increase of initial 
water content, the unfrozen water content of 0%, 3%, 5% and 
7% biochar soil gradually increased, and the unfrozen water 
content of 1% biochar soil decreased first and then increased, 
which was different from the change mode of unfrozen water 
content in other soils. As shown in Figure 7b, the response of 
unfrozen water content to the initial water content in soil with 
different biochar content varied. With the increase of initial 
water content, the content of unfrozen water in 0% biochar 

soil gradually increased, and the content of unfrozen water in 
1%, 3%, 5% and 7% biochar soil increased first, then decreased, 
and then increased. In Figure 7c, with the increase of initial 
water content, the unfrozen water content of 0%, 3%, and 7% 
biochar soil increased first. Then it decreased; the content of 
unfrozen water in 1% biochar soil gradually increased, and the 
content of unfrozen water in 5% biochar soil decreased first 
and then increased. In Figure 7d, the unfrozen water content 
of 0%, 1%, 3%, and 5% biochar soil increased gradually with 
the increase of initial water content, while the unfrozen water 
content of 7% biochar decreased first and then increased. In 
Figure 7e, the unfrozen water content of 0%, 1%, and 3% bio-
char soil showed a gradual upward trend with the increase of 
initial water content. The unfrozen water content of 5% and 
7% biochar soil gradually increased in the range of 10%–20% 
initial water content, and when the initial moisture content 
reached 25%, the content of unfrozen water in 5% and 7% 
biochar soil decreased, and then increased again with the in-
crease of initial moisture content. In addition, it can be seen 
from Figure 7 that the 20% moisture content at the increase 
of the initial moisture content is the turning point of most 
soil unfrozen water changes. For example, 1% biochar soil in 
Figure 7a, 1%, 3%, and 5% biochar soil in Figure 7b, 7% biochar 
soil in Figure  7c, 5% biochar soil in Figure  7d, and 5% and 
7% biochar soil in Figure 7e. Therefore, the change pattern of 
soil unfrozen water content was closely related to soil biochar 
content, heavy metal content, and soil initial water content.

3.6   |   Statistical Analysis

Correlation analysis (Figure  8) showed that the Pb con-
tent, initial water content, and unfrozen water content were 

FIGURE 6    |    Effects of biochar content on soil unfrozen water content with different lead contents and initial water contents. (a) 10% initial water 
content. (b) 15% initial water content. (c) 20% initial water content. (d) 25% initial water content. (e) 30% initial water content. [Colour figure can be 
viewed at wileyonlinelibrary.com]
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9Land Degradation & Development, 2026

significantly positively correlated (p < 0.001), while the biochar 
content was weakly negatively correlated with the unfrozen 
water content (p < 0.05), indicating that the initial water con-
tent and Pb content were the key positive factors affecting the 
unfrozen water content. The results of the three-way analysis 
of variance (Table 5) further validate this trend. The main ef-
fects of biochar content, initial water content, and heavy metal 

content on unfrozen water content were extremely significant 
(p < 0.001), and the influence intensity of initial water content 
was the highest (F = 75.160). In terms of interaction effects, the 
interaction between the initial water content and the heavy 
metal content (F = 1.827, p = 0.046) and the biochar content and 
the initial water content (F = 2.483, p = 0.005) had significant 
interactions, indicating that these factors did not independently 

FIGURE 7    |    Effect of initial water content on unfrozen water content in soils with different biochar contents and lead contents. (a) 0% Pb. (b) 0.5% 
Pb. (c) 1% Pb. (d) 1.5% Pb. (e) 2% Pb. [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 8    |    Correlation analysis of soil unfrozen water content. *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001. [Colour figure can be viewed at wileyon-
linelibrary.com]
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10 Land Degradation & Development, 2026

affect the unfrozen water content, but had a synergistic regula-
tory effect. The interaction between biochar content and heavy 
metal content was not significant (p = 0.209). The overall fit 
of the model was good (R2 = 0.894, adjusted R2 = 0.795), which 
could explain 89.4% of the variation in unfrozen water content, 
and the results were reliable.

4   |   Discussion

4.1   |   Effect of Dry Density on Biochar Soil Freezing 
Temperature and Unfrozen Water Content

Biochar can influence soil hydrothermal dynamics by improv-
ing soil pore structure, promoting aggregate formation, and al-
tering the arrangement of soil particles (Li et al. 2023; Yang et al. 
2024). However, after biochar is incorporated into the soil, its 
effects are not solely determined by its own pore structure but 
are also modulated by the degree of soil compaction.

Under low dry density conditions (ρd = 1.50 g/cm3), the dif-
ferences in soil freezing temperature among treatments with 
varying biochar addition amounts are minimal. This suggests 
that under high porosity conditions, the freezing behavior of 
soil water is primarily governed by the original pore structure, 
while the contributions of newly formed pores and biochar sur-
face adsorption to the water phase change process are relatively 
limited. Consequently, the differences in soil freezing tempera-
ture among treatments with different biochar addition amounts 
remain small. As dry density further increases (ρd = 1.55–1.60 g/
cm3), soil particles become more densely packed, pore space is 
reduced, and the contact area between soil particles increases. 
The soil heat transfer mode gradually shifts from being pri-
marily influenced by solid particles and pore air under low-
density conditions to being mainly governed by solid particle 
heat transfer. Under such conditions, the regulatory effect of 
biochar on the soil freezing process changes accordingly. The 

results indicate that as dry density and biochar addition amount 
increase, the soil freezing temperature gradually decreases. 
This may be due to the fact that, under high compaction con-
ditions, biochar alters the arrangement of soil particles and the 
pore structure, leading to a differentiated water environment 
in soils with varying biochar addition amounts. Additionally, 
the rich microporous structure and surface functional groups 
of biochar enhance the adsorption of water molecules, increase 
the proportion of bound water, and reduce the content of freez-
able free water (Bikbulatova et al. 2018), thereby lowering the 
soil freezing temperature.

Due to differences in temperature variations during the freez-
ing process of soils amended with various biochar types, the 
unfrozen water content within the same freezing duration ex-
hibits distinct characteristics. Overall, as dry density increases, 
soils treated with 0%, 3%, and 5% biochar all show a rising rate 
of temperature drop, corresponding to a decline in unfrozen 
water content. This suggests that temperature changes during 
freezing are key factors influencing the dynamics of unfrozen 
water in soil (Meng et al. 2024; Wan et al. 2023). Furthermore, 
existing studies have indicated that biochar can reduce soil 
thermal conductivity, enhance water retention capacity, and 
increase unfrozen water content, with its regulatory effect typ-
ically strengthening as the biochar application rate increases 
(Fu et al. 2019; Li et al. 2022), which is different from the results 
of this study. Most existing studies have focused on surface mix-
ing or low-density soil conditions (He et al. 2023; Fu et al. 2019; 
Li et al. 2022). In contrast, this study further considers the im-
pact of compaction on pore structure and hydrothermal trans-
fer processes by controlling the dry density of the biochar-soil 
mixture. Consequently, the findings of previous studies are 
relatively consistent with the patterns observed under low dry 
density conditions (ρd = 1.50 g/cm3) in this study, but differ from 
those under high dry density conditions (ρd = 1.55−1.60 g/cm3). 
Additionally, Yan, Dong, Li, et al. (2019) reported that biochar 
application increased soil water content in winter wheat fields 

TABLE 5    |    Results of three-way analysis of variance on the influence of different factors on the soil unfrozen water content.

Item Sum of squares
Degree of 
freedom

Average 
squared value F Significance

Modified model 0.114a 60 0.002 9.007 0.000

Intercept 0.591 1 0.591 2792.980 0.000

Biochar content 0.008 4 0.002 9.441 Significant

Initial water content 0.064 4 0.016 75.160 Significant

Lead content 0.024 4 0.00 27.947 Significant

Initial water content × Lead content 0.006 16 0.000 1.827 Significant

Biochar content × Lead content 0.004 16 0.000 1.328 Not Significant

Biochar content × Initial water 
content

0.008 16 0.001 2.483 Significant

Error 0.014 64 0.000

Total 0.719 125

Corrected total 0.128 124

Note: aR² = 0.894 (Adjusted R² = 0.79).
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11Land Degradation & Development, 2026

during the growing season, with the optimal effect observed 
at an application rate of 40 tons per hectare. However, further 
increases in application rate did not lead to continued rises in 
soil water content. Other scholars have indicated that biochar 
does not necessarily improve soil water-holding capacity; this 
effect depends on factors such as soil type, biochar type, and 
application method (Jeffery et  al.  2015; Hardie et  al.  2014). 
Therefore, the influence of biochar on soil temperature and un-
frozen water content is closely related to both biochar type and 
soil type. An appropriate amount of biochar may reduce the soil 
freezing temperature and increase the unfrozen water content, 
thereby alleviating the damage caused by freeze–thaw cycles to 
soil structure.

4.2   |   Effect of Lead Content on Biochar Soil 
Freezing Temperature and Unfrozen Water Content

In the biochar-amended frozen soil system, lead (Pb) pollution, 
as a critical environmental stressor, can regulate the soil freez-
ing process and the dynamic changes in unfrozen water content 
by altering soil solution properties, water occurrence states, and 
soil particle–water interface characteristics (Cao, Liu, et al. 2024; 
Cao, Chou, et al. 2024). Consequently, it influences the regulatory 
effect of biochar on soil hydrothermal conditions during freeze–
thaw cycles (Figures 4 and 9). Biochar possesses a rich pore struc-
ture and abundant surface functional groups, which can increase 
the proportion of effective soil pores, enhance water retention 
capacity, and alter the occurrence state of water (Fu et al. 2019, 
2023). Therefore, under low Pb pollution levels (1%), biochar ad-
dition improves soil water-holding capacity, lowers the soil freez-
ing temperature, and increases the unfrozen water content after 

freezing (Figure 4b,e). However, as Pb content increases, the sol-
ute effect of Pb ions becomes more pronounced, further reducing 
the freezing temperature and raising the unfrozen water content 
(Cao, Liu, et al. 2024; Han et al. 2024). Meanwhile, Pb ions com-
pete with soil particles and active sites on the biochar surface for 
adsorption, modifying the binding mode between water mol-
ecules and the solid surface. This may affect the water storage 
state within the biochar pores, thereby weakening the water re-
tention effect of biochar (Qiu et al.  2021; Li et al.  2017). Under 
conditions of low biochar addition (3% biochar), the influence of 
Pb ions on the freezing behavior of soil water is relatively strong, 
and the limited pore structure and adsorption sites of biochar are 
insufficient to offset the changes in water state induced by Pb ions 
through adsorption. As a result, the regulatory effect of 3% bio-
char on the freezing temperature is relatively weak (Figure 4c,f). 
Nevertheless, because 3% biochar provides a certain number of 
micropores and surface functional groups, the final unfrozen 
water content of the treated soil remains higher than that of soil 
without biochar. In contrast, high-addition biochar (5% biochar) 
possesses a rich microporous structure and more active adsorp-
tion sites, enabling it to affect the occurrence state of more water 
under high Pb concentration (2%) conditions. Thus, the 5% bio-
char treatment exhibits a pronounced effect in lowering the soil 
freezing temperature and increasing the unfrozen water content. 
Overall, when Pb enters the soil, its solute effect reduces the chem-
ical potential of the soil aqueous solution, thereby lowering the 
soil freezing temperature (Cao, Liu, et al. 2024; Han et al. 2024). 
Meanwhile, the interaction between Pb ions and the active sites 
on the surfaces of soil particles and biochar may alter the water 
adsorption state (Zhang et al. 2026; Cao, Chou, et al. 2024), caus-
ing the regulation of the water freezing process by biochar to ex-
hibit a clear Pb concentration dependence.

FIGURE 9    |    Schematic of biochar effects on freezing temperature and unfrozen water content in heavy metal-contaminated soil. [Colour figure 
can be viewed at wileyonlinelibrary.com]
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4.3   |   Effects of Initial Water Content on Soil 
Unfrozen Water Content With Different Biochar 
Content and Lead Content

Initial water content is a key factor influencing the soil freezing 
process (Cao, Chou, et al. 2024; Gao et al. 2026). It not only de-
termines the degree of saturation of pore water in the soil, but 
also affects the migration behavior of Pb ions and the interfacial 
interaction between biochar and soil water (Wu, Rui, et al. 2022; 
Han et al. 2024), thereby regulating the effect of biochar on the 
unfrozen water content in Pb-contaminated soil (Figures  6 
and 7).

Under low initial water content conditions (10% and 15%), the 
overall soil water content remains low, and water is primarily 
stored in soil and biochar pores as capillary-adsorbed water 
and bound water on particle surfaces. Under these conditions, 
the unfrozen water content in the soil is mainly governed by 
the water adsorption capacity and interfacial binding strength 
(Bikbulatova et  al.  2018; Han et  al.  2024). As illustrated in 
Figure  6a,b, the addition of a low amount of biochar (1% and 
3%) significantly increases the unfrozen water content of Pb-
contaminated soil after freezing, whereas the effect of higher 
biochar additions (5% and 7%) is relatively weak. This finding is 
consistent with the conclusions reported by Rabbi et al. (2021). 
The analysis indicates that, under low water conditions, an ap-
propriate amount of biochar enhances the soil's ability to retain 
limited water by optimizing the pore structure, increasing ef-
fective adsorption sites, and strengthening hydrogen bonding 
(Bikbulatova et al. 2018; Han et al. 2024). Consequently, more 
water is retained as bound water, thereby increasing the unfro-
zen water content of the soil. In this study, as biochar addition 
increased further, the soil water content became insufficient to 
fully saturate the newly introduced pore structure. Consequently, 
the additional pores generated by excessive biochar could not 
be effectively transformed into water-holding pores. Therefore, 
high-dose biochar application did not continue to increase the 
soil unfrozen water content. When the initial water content rose 
to 20%–30%, the effect of biochar on unfrozen water content in 
Pb-free soil followed a pattern similar to that observed under 
low water content conditions, indicating that the biochar pore 
structure and surface functional groups could still regulate 
water freezing behavior. However, in Pb-contaminated soil, the 
variation pattern of unfrozen water content exhibited clear dif-
ferences, suggesting that Pb pollution altered the interaction be-
tween biochar and water under high water content conditions. 
Under such conditions, a large amount of water entered the soil 
and biochar pores, enhancing the mobility of Pb2+ in the soil 
solution and enabling interactions with the oxygen-containing 
functional groups of biochar through competitive adsorption 
and surface complexation (Zhang et al. 2026; Wang et al. 2021). 
On the one hand, Pb2+ may occupy certain active sites on the 
biochar surface, thereby weakening the binding affinity be-
tween water molecules and biochar (Wu, Wang, et al. 2022). On 
the other hand, the interaction between Pb ions and soil colloids 
or mineral particles may alter the pore structure and interfacial 
water state, consequently affecting the stable occurrence of un-
frozen water (Nartowska and Sihag 2024). Furthermore, under 
high water content conditions, soil mineral expansion and parti-
cle migration may further modify pore connectivity and reduce 
the water retention capacity of some biochar pores (El-Naggar 

et al. 2018; Bandara et al. 2020). Thus, under the combined in-
fluence of high initial water content and Pb contamination, the 
regulatory effect of biochar on unfrozen water is jointly con-
strained by Pb concentration and water state. Statistical anal-
ysis results further indicate that initial water content not only 
directly affects the soil unfrozen water content but also exhibits 
a significant interaction with biochar content and Pb content, 
suggesting that initial water content is a critical regulatory fac-
tor determining the effect of biochar on the freezing behavior of 
water in Pb-contaminated soil. Therefore, the effect of biochar 
on the unfrozen water content of seasonal frozen soil is not a 
simple promoting effect but is jointly governed by initial water 
content, Pb pollution level, and biochar dosage.

4.4   |   Limitations and Prospects

Existing studies have primarily focused on the effects of mate-
rial properties such as biochar type, pyrolysis temperature, and 
particle size on the hydrothermal characteristics of different 
soils. However, a systematic understanding of the regulatory 
mechanisms by which biochar influences soil hydrothermal 
processes under the combined influence of soil intrinsic condi-
tions (e.g., dry density and initial water content) and pollution 
stress factors (e.g., Pb content) remains lacking (Fu et al. 2019; 
Bikbulatova et al. 2018; Yan, Dong, Li, et al. 2019; Wu, Wang, 
et  al.  2022). This gap is particularly pronounced in seasonal 
frozen soil regions. Current research on the effects of biochar 
on freezing temperature and unfrozen water content is still 
limited. Most existing studies focus on temperature and water 
dynamics during the freeze–thaw process in agricultural soils, 
and it is generally believed that biochar can delay soil tempera-
ture changes during freeze–thaw and increase unfrozen water 
content. The primary explanatory mechanisms are attributed to 
biochar's porous structure, thermal insulation properties, water 
absorption capacity, and its role in optimizing soil pore structure 
(Qiu et al. 2021; Fu et al. 2019, 2023; Yan, Dong, Li, et al. 2019). 
However, these conclusions are often drawn under specific soil 
structure conditions and cannot fully account for the regulatory 
mechanisms of biochar on the freeze–thaw process under com-
plex environmental conditions.

For instance, in previous column experiments, the soil dry 
density was maintained at approximately 1.35 g/cm3, re-
sulting in a relatively loose soil structure, and it was found 
that biochar addition reduced soil thermal conductivity (He 
et al. 2023). However, by regulating soil dry density, this study 
reveals that with increasing soil compaction, biochar addi-
tion leads to a decrease in soil freezing temperature and an 
increase in the rate of temperature decline. This suggests that 
the state of soil structure may be an important factor influ-
encing the regulatory effect of biochar on soil heat transfer 
processes. At low soil dry density, biochar may primarily en-
hance thermal insulation by increasing porosity and reducing 
heat conduction; at high soil dry density, the impact of biochar 
on water occurrence state and freezing processes may become 
dominant. Therefore, the discrepancies between existing re-
search findings and those of this study may be attributed to 
differing soil structural conditions. Furthermore, this study 
also demonstrates that the effect of biochar on soil freezing 
temperature and unfrozen water content is not simply a single 
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promotional effect, but is jointly regulated by dry density, 
Pb content, initial water content, and the amount of biochar 
added, indicating that the regulation of freeze–thaw processes 
by biochar exhibits significant environmental dependence.

Although this study identifies the influence patterns of biochar 
on the freezing temperature and unfrozen water content of sea-
sonal frozen soil under both single-factor and multifactor cou-
pling effects, certain limitations remain. Future research should 
further incorporate additional influencing factors such as soil 
type, mineral composition, solute type and concentration, bio-
char type, pyrolysis conditions, particle size distribution, and 
the number of long-term freeze–thaw cycles to establish a more 
comprehensive mechanistic understanding of how biochar regu-
lates the hydrothermal processes in frozen soil. Moreover, future 
studies should integrate microstructural characterization, water 
migration analysis, and model simulation to further elucidate 
the internal linkages among biochar's effects on ice-water phase 
change, heat transfer, and pollutant migration. Such research will 
help improve the application efficiency of biochar in remediating 
polluted and degraded soils in cold regions and provide theoret-
ical support for mitigating the risks of soil structure degrada-
tion, water imbalance, nutrient loss, and vegetation degradation 
caused by freeze–thaw cycles and heavy metal contamination.

5   |   Conclusions

Through laboratory freezing and freeze–thaw experiments 
combined with statistical analysis, the effects of dry density, Pb 
pollution level, initial moisture content, and biochar addition on 
seasonal frozen soil freezing temperature and unfrozen water 
content were systematically studied. The results show that soil 
dry density, pollution levels, and moisture status together reg-
ulate the impact of biochar on soil freeze–thaw hydrothermal 
processes.

1.	 Soil dry density and biochar application rate are impor-
tant factors influencing soil freezing behavior. As soil dry 
density increases, biochar addition generally lowers the 
soil freezing temperature and alters the soil freezing pro-
cess. However, its effect on soil unfrozen water content is 
strongly dependent on the specific soil conditions.

2.	 Pb contamination alters the regulatory effect of biochar on 
soil freezing behavior. Across different Pb contamination 
levels, the addition of 5% biochar effectively decreases the 
soil freezing temperature and increases the final unfrozen 
water content after freezing. These results suggest that an 
appropriate biochar application rate can enhance water 
retention during the freezing process of Pb-contaminated 
soils.

3.	 Initial water content is an important factor in regulating 
biochar's impact on soil unfrozen water content. Under low 
initial moisture content, biochar addition has a significant 
effect on the unfrozen water content, and as initial mois-
ture content increases, Pb pollution levels further regulate 
the action patterns of biochar.

4.	 Statistical analysis showed that initial moisture content 
and Pb content were significantly positively correlated 

with unfrozen water content, while biochar content was 
weakly negatively correlated with unfrozen water content. 
Additionally, there was a significant interaction between bi-
ochar content and initial moisture content, indicating a syn-
ergistic regulatory effect, whereas the interaction between 
biochar and Pb content was not statistically significant.

Overall, this study reveals the variation patterns of biochar's 
regulation of seasonal frozen soil freezing temperature and un-
frozen water content under multifactor coupling. It indicates 
that soil dry density, moisture status, and pollution conditions 
are key factors determining the freeze–thaw regulatory effects 
of biochar. This research deepens the understanding of how bio-
char improves hydrothermal processes in cold-region polluted 
and degraded soils and provides a theoretical basis for heavy 
metal-polluted soil restoration and ecological stability enhance-
ment in seasonally frozen regions.
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