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Abstract: Seasonal freeze-thaw cycles compromise soil structure, thereby increasing hydraulic
conductivity but diminishing water retention capacity—both of which are essential for sus-
taining crop health and nutrient retention in agricultural soils. Prior research has suggested
that biochar may alleviate these detrimental effects; however; further investigation into its
influence on soil hydraulic properties through freeze—thaw cycles is essential. This study
explores the impact of freeze-thaw cycles on the soil water retention and hydraulic conduc-
tivity and evaluates the potential of peanut shell biochar to mitigate these effects. Peanut
shell biochar was used, and its effects on soil water retention and unsaturated hydraulic con-
ductivity were evaluated through evaporation tests. The findings indicate that freeze-thaw
cycles predominantly affect clay’s ability to retain water and control hydraulic conductivity by
generating macropores and fissures; with a notable increase in conductivity at high matric po-
tentials. The impact lessens as matric potential decreases below —30 kPa, resulting in smaller
differences in conductivity. Introducing biochar helps mitigate these effects by converting
large pores into smaller micro- or meso-pores, effectively increasing water retention, especially
at higher content of biochar. While biochar’s impact is more pronounced at higher matric
potentials, it also significantly reduces conductivity at lower potentials. The total porosity
of the soil increased under low biochar application rates (0% and 1%) but declined at higher
application rates (2% and 3%) as the number of freeze-thaw cycles increased. Furthermore,
the characteristics of soil deformation during freeze-thaw cycles shifted from frost heaving
to thaw settlement with increasing biochar application rates. Notably, an optimal biochar
application rate was observed to mitigate soil deformation induced by freeze-thaw processes.
These findings contribute to the scientific understanding necessary for the development and
management of sustainable agricultural soil systems.

Keywords: freezing-thawing; peanut shell biochar; compaction; soil water retention curve;
unsaturated hydraulic conductivity

1. Introduction

Water retention and hydraulic conductivity present critical challenges in soil manage-
ment, especially in regions experiencing seasonal freeze-thaw cycles. In agricultural soils,
maintaining adequate moisture levels is essential to crop health, as it supports nutrient re-
tention and provides a stable environment for root systems. However, freeze-thaw cycles
weaken soil aggregates, leading to structural breakdown over time [1-3]. This structural
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degradation poses challenges in agricultural systems, where it can hinder root development
and limit nutrient uptake, both essential for crop resilience. More importantly, the repeated
process of freezing and thawing enhances the development of cracks and fissures within the
soil matrix [4-6]. Upon freezing, water within the soil expands, exerting considerable pressure
on the soil matrix that alters pore structures and disrupts the natural movement of water and
air within unsaturated soils [7-11]. This process may lead to the formation of larger pores that
enhance hydraulic conductivity; however, it concurrently reduces the soil’s water retention
capacity [12-14], a critical factor for sustaining plant growth in agricultural environments.

The use of nature-based solutions has garnered interest, particularly with respect to
biochar [15,16]. This material, derived from biomass pyrolysis, is noted for its porosity,
high carbon content, and substantial adsorption capacity, which have led to extensive
investigations in geo-environmental engineering [17-22]. Studies have explored its efficacy
in mitigating the negative impacts of cyclic freezing and thawing. Faloye et al. [23] showed
that biochar improved soil hydro-physical properties, which significantly enhanced water
retention and maize yield, especially when combined with irrigation and fertiliser. Faloye
et al. [24] also demonstrated that biochar can improve water retention and efficiency in
maize cultivation, enabling a 40% reduction in irrigation needs while maintaining high
grain yield. Jabro et al. [25] and Hussain et al. [26] found that biochar’s porosity allows
for increased air and water permeability within the soil matrix, which can help maintain
soil structure even as the soil undergoes repeated freeze-thaw cycles. Biochar may offer
a strategic benefit in cold-climate agriculture by improving soil moisture availability and
reducing crop stress. However, replicating these results in the field is challenging due to
variability in soil density, compaction, water content, and temperature. This variability
might limit the extent to which biochar can maintain soil structure and improve water
retention capacity. Therefore, gaining a comprehensive understanding of the unsaturated
hydraulic properties of biochar-amended soils is crucial for the effective utilisation of
biochar in cold regions.

The objectives of this study are (i) to explore the influence of cyclic freezing—thawing
on the unsaturated hydraulic properties of biochar-amended clay (BAC) with varying
biochar contents and compaction water contents, and (ii) to comprehend the impact of soil
compaction (i.e., soil dry density) on the K; of the BAC subjected to freezing-thawing cycles.
For this purpose, a series of evaporation tests were carried out on the compacted clay with
peanut shell biochar. The soil water retention curve (SWRC) and unsaturated hydraulic
conductivity of BAC with different biochar contents were measured. Moreover, the K; of
BAC was quantified through falling head tests. The measured results among different test
groups were compared and analysed. The novelty of the study lies in its investigation
of the unsaturated hydraulic properties of biochar-amended clay under various cycles of
freezing-thawing. This is an important contribution to the field of soil science, as it provides
valuable insight into the behaviour of biochar in cold and dry areas, which can help to
improve the function of biochar-amended agriculture soils and reduce soil water loss. The
findings of this study can thus provide a reference for optimising biochar content and
compaction techniques for agricultural fields, where improved soil structure and moisture
retention are key to sustaining crop productivity in cold climates.

2. Materials and Methods
2.1. Test Programme

This study involved extensive laboratory experiments aimed at investigating the effects
of freezing—thawing cycles, biochar content, compaction water content, and soil dry density

on the hydraulic properties. To achieve this, a total of 68 samples were prepared, each with a
different combination of the four aforementioned factors. Specifically, four different cycles of
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the freezing—thawing process (0, 1, 3, 8, and 12), four levels of biochar content (0%, 2%, 4%,
and 8%), three levels of compaction water content (30%, 34%, and 38%), and three levels of
soil dry density (1.105, 1.170, and 1.235 g cm~2) were utilised. A control group, consisting of
soil without any biochar amendment, was established with a soil dry density of 1.170 g cm 3
and a compaction water content of 34%. The details of all the tests conducted in this study are

summarised in Table 1.

Table 1. Test summary.

Cycles of Biochar Compaction  Soil Dry Soil Hydraulic Microstructure
Test ID Freezing- Content Water Density Property Observation
Thawing (Cycles) (%) Content (%) (g cm~3) K, SWRC SEM MIP
1.105 Vv
34 1.170 V
NOBO 0 v Vv Vv Vv
30 1.235 v
38 Vv
1.105 Vv
NO0B2 2 34 1.170 Vv
1.235 Vi
0 1.105 Ni
NOB4 4 34 1.170 4
1.235 Vv
1.105 Vv
34 1.170 N4
NOBS8 8 Vv V Vv Vv
30 1.235 v
38 Vv
1.105 Vv
N1B0 0 34 1.170 v
1.235 Vi
1.105 v
N1B2 2 34 1.170 vV
1.235 Vv
1 1.105 N
N1B4 4 34 1.170 N4
1.235 v
1.105 Vi
N1B8 8 34 1.170 vV
1.235 Vv
1.105 v
N3B0 0 34 1.170 v
1.235 v
1.105 Vv
N3B2 2 34 1.170 Vv
1.235 Vv
3 1.105 v
N3B4 4 34 1.170 v
1.235 Vi
1.105 Vv
N3B8 8 34 1.170 Vv
1.235 v
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Table 1. Cont.
Cycles of Biochar Compaction  Soil Dry Soil Hydraulic Microstruc.ture
Test ID Freezing— Content Water Density Property Observation
Thawing (Cycles) (%) Content (%)  (gcm—3) K SWRC SEM MIP
1.105 Vv
N8B0 0 34 1.170 v
1.235 Vv
1.105 Vv
N8B2 2 34 1.170 v
1.235 v
8 1.105 v
N8B4 4 34 1.170 v
1.235 Vv
1.105 v
N8BS 8 34 1.170 v
1.235 vV
1.105 Vv
34 1.170 vV
N12B0 0 v v v v
30 1.235 v
38 v
1.105 Vv
N12B2 2 34 1.170 v
1.235 Vv
12 1.105 v
N12B4 4 34 1.170 v
1.235 Vv
1.105 Vv
34 1.170 Vv
N12B8 8 v v v v
30 1.235 v
38 V

The selection of factors in this study was based on their potential to impact the hy-
draulic properties of BAC. To determine the appropriate levels for each factor, prior research
studies and practical considerations were taken into account. Freezing-thawing cycles,
for example, can cause changes in soil structure that significantly affect the unsaturated
hydraulic properties of soil. Therefore, this factor was included at different levels based on
the relevant range of soil structure changes induced by freezing and thawing. Preliminary
experiments showed that 12 cycles were sufficient to capture the extent of soil structure
changes in bare soil induced by freezing-thawing cycles. Biochar content was included due
to its potential to improve soil water retention and decrease hydraulic conductivity. The
levels of biochar content were chosen based on the commonly used range of values in BAC
research, beyond which further biochar addition may not yield significant improvements
in soil hydraulic properties [27]. Compaction water content was also considered due to its
ability to influence soil density and porosity, ultimately affecting soil hydraulic properties.
The compaction water content levels were selected based on the soil water content range
under field conditions, which is approximately 4% dry and 4% wet of the optimum water
content. Lastly, soil dry density was included because it can impact soil structure and,
consequently, affect its hydraulic properties. The levels of soil dry density were chosen
based on common values for loosely, moderately, and densely compacted soil. The findings
from this study provide essential insights into optimising BAC for its intended use, such as
reducing soil water loss in cold and dry areas.
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2.2. Sample Preparation

Figure 1 represents the compacted clay amended with biochar used in this study. The
biochar was acquired from a recycled material company located in China. It was derived
from agricultural waste material, specifically peanut shells, through the process of slow
pyrolysis. The pyrolysis was carried out under anaerobic conditions at a temperature of
500 °C for one hour. The biochar derived from peanut shells exhibits a honeycomb-like
microstructure, with a specific gravity of 2.07 and a small pore volume, while presenting
a large surface area [17]. To remove any impurities and peanut shell debris that had not
undergone complete pyrolysis and had a diameter larger than 0.5 mm, a sieve was utilised
prior to clay amendment use. Furthermore, to eliminate the impact of original moisture
content, all biochars utilised in the experiments were subjected to oven drying at 105 °C
for 24 h. The clay used in the experiment was commercial kaolin clay, with basic physical
properties determined in accordance with the test standard GB/T 50123-2019 [28]. The
basic properties of the clay were reported in Ng et al. [29]. According to the Unified Soil
Classification System (USCS), the kaolin clay used in this study has a liquid limit of 78.5%
and a plasticity index of 46.9%, classifying it as a high-plasticity clay (CH). Dry clay powder
was mixed with dry biochar at prescribed application rates. Subsequently, the mixture was
combined with water to reach the targeted gravimetric water content of 30%, 34%, and
38%, representing the dry optimum, optimum, and wet optimum water contents of the
clay, respectively. The resulting moist BAC mixture was allowed to equilibrate in a sealed
plastic bag for 24 h. Finally, the BAC mixture was compacted in a customised stainless-steel
cylinder that had an inner diameter of 65 mm and a height of 95 mm as shown in Figure 1.

Soil sample
(Compacted clay & Biochar)

0% 2%

8%

Biocharcontent (dry mass, w/w)

Tensiometer

Transmitter |«

X9
[o]

Wireless N

Reci
datalogger ectever

Electronic balance

Figure 1. Schematic representation of compacted clay amended with biochar, depicting different
biochar contents (B0, B2, B4, B8 denote 0%, 2%, 4%, and 8% biochar content, respectively), unit: mm.

2.3. The Simulation of Freezing—Thawing Cycles

Following the compaction of soil samples in cylinders, the soil samples and cylinder
were moved to a temperature and humidity control chamber (CK-800G model; Dongguan
Qinzhuo Environmental Testing Equipment Co., Ltd, Dongguan, Guangdong, China) to
simulate controlled freezing-thawing cycles. The purpose was to investigate the impact of
freezing-thawing cycles, biochar content, compaction water content, and soil dry density
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on the hydraulic properties of BAC. To prevent moisture loss from the samples to the air in
the test chamber, each cylinder was wrapped with a plastic film, which allowed the water
or vapour in the soil samples to not interact with the outer environment during the entire
freezing—thawing process. The freezing—thawing process was conducted in compliance
with the ASTM standard [30]. The temperature range controlled by the chamber was
between —60 °C and 150 °C with an accuracy of +0.1 °C, and a freezing temperature
of —15 °C and a thawing temperature of 20 °C were chosen to simulate environmental
conditions representative of the range experienced in the field, particularly in the winter
of northeast China. The soil samples were subjected to 0, 1, 3, 8, and 12 freezing—thawing
cycles, and upon completion of the designated cycle number, they were removed from
the chamber and tested for hydraulic conductivity, micro-structure analysis of mercury
intrusion porosimetry (MIP), and scanning electron microscopy (SEM).

2.4. Measurement of Saturated Water Hydraulic Conductivity of BAC

The measurement of the K; of the BAC was conducted using the falling head method,
which is in accordance with the standard GB/T 50123-2019. To perform the falling head tests,
a permeameter (Model TST-55) was used. A filter paper was placed at the top and bottom
of each soil specimen, and a porous stone was placed on the filter paper at each end. To
saturate the samples, the vacuum saturation method, as described in ASTM C1202-2006 [31],
was employed. In this method, the sample was initially placed in a vacuum container for 3 h
without water, followed by introducing de-aerated water into the container until all the samples
were submerged for 8 h.

2.5. Measurement of Soil Water Retention Curve and Unsaturated Hydraulic Conductivity

In this study, a simplified evaporation test method was employed to measure the SWRC
and hydraulic conductivity function. This method was preferred due to its two notable
advantages: (i) it requires a shorter testing duration, and (ii) it allows for the simultaneous
measurement of SWRC and unsaturated hydraulic conductivity, as reported by Schindler
et al. [32]. SWRC is a crucial parameter that characterises the relationship between soil
moisture content and matric potential. The evaporation test was used to determine the
drying curve of the SWRC. The evaporation tests involved the measurement of soil matric
potential and water content using a combination of tensiometers and an electronic balance.
The experimental setup for conducting evaporation test is illustrated in Figure 1. In this
setup, the SWRC and unsaturated hydraulic conductivity can be simultaneously obtained [33].
The kaolin clay was mixed with peanut shell biochar and water was added to attain the
optimum water content of the BAC mixture. Peanut shell biochar was chosen due to its
unique properties, including its smaller average pore diameter (3.72 nm), and larger specific
surface area (43.5 m?/g), which are suitable for enhancing soil water retention. Customised
stainless-steel columns with an inner diameter of 65 mm, an outer diameter of 70 mm, and a
height of 95 mm were used to compact soil samples. Each soil sample was compacted into
five sub-layers, and the soil surface between consecutive sub-layers was carefully scratched to
achieve good contact between the two sub-layers. The BAC was compacted to reach the target
dry density, which corresponds to 1.235 g cm 3. The soil samples were saturated by placing
them in a vacuum chamber following the ASTM C1202 standard [31]. After compaction, the
soil cylinder was sealed at the bottom, and two holes were drilled on the side of the soil
sample at a vertical spacing of 55 mm between the holes.

The evaporation test was conducted in a laboratory under relatively constant tem-
perature and humidity conditions. High-capacity tensiometers (Model YZ-500; Shenzhen
Yanzhi Science and Technology Co., Ltd, Shenzhen, Guangdong, China) were installed in
each hole to capture the variation in soil matric potential to cover a wider range of pore
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water pressure (PWP). The tensiometer can measure matric potential directly from 0 to
—500 kPa with an accuracy of 2 kPa [34]. The readings of the upper and lower tensiome-
ters and the water loss changes in soil samples were automatically collected in real-time
by the wireless data logger and the electronic balance, respectively. The average matric
potential value of the two tensiometer readings was used to form the SWRC. The measured
SWRC was fitted using the Van Genuchten (VG) model [35] (see Equation (1)). Further-
more, the unsaturated hydraulic conductivity function of the BAC was obtained following
Equations (2) and (3).

(6s — 6r)
_ 1
L v
— AV
k() = 2A - At-ipy @)
. 1 ¢t1,upper = Y11, 1ower IPtZ,upper = P12 lower
=3 < Az - Az ! ©)

where 0 is the volumetric water content (%); ¢ is the soil matric potential; 6, and 65 are the
residual and saturated volumetric water content; a is an empirical scale parameter; n is
the curve shape factor which controls the slope of the SWRC; and m is an empirical shape
factor related to n by m =1 — 1/n. k(i) denotes the unsaturated hydraulic conductivity
function of the BAC; ¢ denotes the average matric potential measured by the upper and
lower tensiometer, kPa; AV is the volume of water loss in the soil sample during the time
At (30 min in this study), m3; A is the cross-sectional area of the soil sample, m?; i, is
the average hydraulic gradient; Az is the vertical distance between the upper and lower
tensiometer, m; it ,pper denotes the matric potential measured by the upper tensiometer,
kPa; and 1; j.r denotes the matric potential measured by the lower tensiometer, kPa.

2.6. Microstructure Observation

Following the target freezing-thawing cycles, four soil samples (i.e., BONO, BSNO,
BON12, B8N12) were taken out of the chamber and trimmed to extract small cubes of
approximately 10 x 10 x 10 mm? from the middle part of the samples. Prior to the SEM
and MIP tests, the subsample cubes were pretreated in liquid nitrogen at —195 °C for
5 min and then placed in a vacuum freeze-dryer (—40 °C) for 48 h. Finally, an open-
source software, Image] v1.8.0 [36], was used to analyse and interpret the SEM images
for quantifying the dimension of BAC pores and any micro-crack width introduced by
the freezing-thawing cycles. Meanwhile, the pore size distribution of soil samples can be
obtained from the MIP test.

3. Results and Discussion

3.1. Assessing the Adverse Impact of Freezing—Thawing Cycles on Saturated Hydraulic
Conductivity Across Various Soil Densities

Figure 2 illustrates the variation of K; of BAC with freezing-thawing cycles at different
densities and biochar contents. All the samples were compacted at 34% compaction water
content. The results showed that the K of BAC can be significantly affected by freeze-thaw
cycles. For all three densities, the K; of bare soils increased with an increase in freezing-thawing
cycles. The effect of the first three freeze—thaw cycles is more pronounced than the following
cycles. This increase in K; was in agreement with previous studies [4,7]. During freezing, water
in soil pores can expand and exert pressure on the surrounding soil particles, leading to soil
heaving and pore collapse. As a result, soil porosity and hydraulic conductivity can be reduced,
which can limit water infiltration and increase surface runoff. During thawing, the opposite
effect can occur, with the formation of large soil pores, especially those larger than 10 pm (as can
be seen from Figure 3), and thus increased hydraulic conductivity. The occurrence of cracks was
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also induced by freezing—thawing (as depicted in Figure 4), which created preferential pathways
for water flow.

Compared to the dense sample (ie., 1.235 g cm~3), it is expected that the K, of
1235 g cm ™3 was lower than that of the loose and moderately dense samples (i.e.,
1.105 g cm~3 and 1.170 g cm 3, respectively). The compaction can also affect the magni-
tude of the increase in K; during freezing—thawing cycles. After cycles of freeze-thaw, the
increment of K for the dense sample still be lower than that of the low compaction one. For
instance, after 12 freeze-thaw cycles, K, increased from 1.8 x 108 m/sto 2.7 x 1077 m/s
(about 15 times) for the dense sample, which was much less than that from 1.2 x 1077 m/s to
5.4 x 107° m/s (about 45 times) for the loose sample. The results indicate that with an increase
in dry density to 1.235 g cm 3, a significant decline in soil macropores was observed, resulting
in a corresponding reduction in soil hydraulic conductivity. The reduction in soil macropores
is particularly significant, as they are more prone to collapse during freezing-thawing cycles.
Thus, minimising the presence of soil macropores becomes crucial in limiting the increase in
soil hydraulic conductivity during such cycles.

3.2. Mitigation of the Negative Effects of Freezing—Thawing Cycles on the Saturated Hydraulic
Conductivity Through Biochar Addition

The BAC exhibited considerably lower K values for all three soil densities examined
(Figure 2b-d). For instance, in the case of no freezing—thawing cycles, K; values decreased
from 1.8 x 1078 m/s to 3.8 x 1072 m/s for the dense sample when the biochar content
increased from BO to B8. This may be because when biochar is added to clay soil, the soil
particles become more densely packed, leading to a higher proportion of macropores within
the soil structure. The larger size of biochar particles relative to soil particles allows them
to occupy the spaces between soil particles, thereby leading to a decrease in the number of
macropores within the soil.
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Figure 2. Variation in soil saturated hydraulic conductivity in response to freezing-thawing cycles and
soil densities (1.105 g cm 3, 1.170 g cm 3, 1.235 g cm—3) at different biochar contents: (a) 0%, (b) 2%,
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Figure 4. SEM image (2000 x) of BAC specimens after freezing—thawing cycles: (a) BONO; (b) BSNO;
(c) BON12; (d) B8N12.

Following the cyclic freezing-thawing process, the K; of all three soil dry densities of BAC
increased compared with the case of bare soil. However, their increments for different soil
densities are varied. For instance, at a biochar content of 8%, K for the lower density (e.g.,
1.105 g cm~3) increased from 3.5 x 1078 m/s to 3.3 x 107® m/s (approximately 100 times)
after 12 cycles of the freezing—thawing compared to the bare soil. However, when the soil
dry density increased to 1.235 g cm 3, K; increased from 3.8 x 107" m/s to 1.5 x 107 m/s
(approximately 40 times). The difference in the increment of K; for different soil dry densities
may be attributed to the porosity of BAC influencing the transport of water stored in its pores
during the freezing-thawing cycles. Generally, soil freezing initiates from the soil surface to the
internal pores during the cyclic freezing-thawing process of BAC. In the case of a looser sample,
the soil pores are relatively large, making water in the large soil pores easily transportable until
it is fully frozen. Therefore, this process of water transport in the large soil pores from the
unfrozen area to the frozen area governs the K;. However, for BAC with high density, small
pores limit water transport during freezing—thawing. Therefore, the increase in K; is limited
for BAC with higher density and high biochar content (i.e., 8%). This finding suggests that
both soil compaction and biochar addition can counteract the effect of cyclic freezing-thawing,
especially with high biochar content (i.e., 8%). Moreover, this could be another reason for the
reduction of Ks with the increment of BAC due to freezing—thawing cycles. Kumari et al. [37]
reported that biochar increased water-dispersible colloid content in amended soils. Dispersed
clay colloids may plug or restrict the pores and channels in the soil matrix, leading to altered
soil structure and functions [38], such as increased soil compaction and reduced hydraulic
conductivity. On the other hand, biochar also contains a large amount of colloidal particles [39].
Freezing—thawing may break the large biochar particles into colloidal particles (Figure 3) and
hence reduce the increment of K;. Thus, the application of biochar in clay soil needs to be
carefully designed to benefit soil water management in frequently cycled frozen areas.
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3.3. Improvement of Water Retention in BAC Subjected to Freezing—Thawing Cycles

The measured SWRC (drainage curves) of BAC under different freezing-thawing cycles
is presented in Figure 5. In this figure, NO and N12 denote 0 and 12 freezing—thawing cycles,
while B0 and B8 represent 0% and 8% of biochar content, respectively. The compaction water
content is 34% for this figure. The SWRC was fitted using the VG model, and the fitting
parameters are summarised in Table 2. The figure illustrates that the addition of 8% biochar
significantly improves the water-holding capacity of the soil, regardless of freezing-thawing
cycles. As anticipated, the volumetric water content of all soil samples decreased as the soil
matric potential decreased. At near saturation, the difference in SWRC between the four groups
is minimal. However, as the matric potential decreased, the difference between the groups
widened, particularly at low matric potential (lower than —33 kPa, corresponding to the soil
matric potential at the field capacity). Biochar affects the water-holding capacity of the soil in
the frozen area in two ways. Firstly, the addition of biochar alters the pore size distribution
and porosity of the soil, indirectly enhancing the soil water-holding capacity. Secondly, biochar
itself possesses porous structures, which can store water in its intra-pores and directly increase
the soil water storage capacity. At a specific matric potential beyond the air entry value, the
volumetric water content of the soil samples subjected to 12 cycles of freezing-thawing is higher
than that of 0 cycles. This implies that cyclic freezing—thawing reduces the soil water-holding
capacity. This may be due to the fact that after 12 freeze-thaw cycles, the soil structure could be
damaged, as evidenced by the presence of cracks (as shown in Figure 4). These cracks would
increase the number of macropores in BAC, consequently increasing water loss under certain
soil matric potential. For instance, at the matric potential of —100 kPa, the volumetric water
content is 47% and 50% for N12B0 and N12BS8, respectively. Moreover, as the biochar content
increased from 0% to 8%, the air entry value of BAC increased by 13.3% for NO and 16.7%
after N12.
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Figure 5. Effects of freezing—thawing on the SWRC of BAC with and without biochar treatment.
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Table 2. Fitting parameters for VG model.

Test ID Cycles of Freezing- Biochar Compaction Water  Soil Dry Density Fitting Parameters for VG Model
Thawing (Cycles)  Content (%) Content (%) (g cm—3) 05 Py n m R?
30 5403 0042 1398 0284 0993
NOBO 0 34 1.235 5359 0038 1616 0381 099
38 5345 0033 1705 0414 0995
0 30 5306 0035 2.806 0.644 0998
NOBS 8 34 1.235 5326 0033 2014 0503 0.999
38 5323 0031 1930 0482 0997
30 5390 0050 1.672 0402 0995
N12B0 0 34 1.235 5396 0046 1344 0256 0992
38 5367 0045 1.682 0405 0.995
12 30 5311 0043 1812 0448 0.99%
N12B8 8 34 1.235 5282 0041 2262 0558 0991
38 5305 0037 2114 0527 0.99%

Figure 6 depicts the impact of compaction water content on the soil water retention
ability. In this figure, the fitting parameter “n” from the VG model was used, which
determines the slope of SWRC and the soil water retention ability [33]. The slope of the
SWRC becomes steeper as the parameter n increases. As can be seen in the figure, n
increases as the compaction water content increases for the control case (NOB0). However,
when biochar is added to the clay (NOBS), there is a significant increase in the n value. This
clearly demonstrates that biochar addition affects the pore size distribution of BAC. The
observed increase in the water retention capacity of clay after the addition of biochar can
be attributed to the increase in meso-pores and decrease in macropores, as indicated by
the results presented in Figure 3. It is well established that water stored in meso-pores
is less prone to drainage and evaporation, making it available for plant uptake [40]. By
shifting the pore size distribution towards meso-pores, biochar addition enhances the water
retention capacity of the soil, which is in agreement with previous studies [41,42].

3
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Figure 6. The influence of biochar treatment on the water retention properties of compacted BAC at

varying compaction water contents and a soil density of 1.235 g cm 3.
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When subjected to 12 cycles of freezing-thawing (N12B0), the # value increases com-
pared to the control case (NOB0) at low compaction water content (i.e., 30%). However,
as the compaction water content increased to 34%, the n value of soil sample N12B0 be-
comes lower than that of the control case (NOB0). This is because the freezing—thawing
process breaks the large soil particles into small ones and hence mobilises the pore size
distribution [43,44] (see Figure 3). The study by Liu et al. [45] revealed that the increase
in macroporosity and pore branches could induce the breakdown of macro-aggregates,
and Zhang et al. [46] suggested that the soil structure after freeze-thaw cycles changed
significantly due to the mechanical fragmentation of soil coarse mineral particles and the
aggregation of soil fine particles. Moreover, they concluded that the particle size of soil
became more homogeneous and the variation in soil structure weakens as the number of
freeze-thaw cycles increased. As the compaction water content increases up to 38%, the n
value of both soil samples (NOBO and N12B0) became almost equal, with a difference of only
0.023. This can be explained by the similar distribution of micropores in both soil samples
(see Figure 3), as micropores usually dominate the shape of the pore size distribution for
soils with high compaction water content.

However, the impact of freezing-thawing on the #n value changes when the biochar
content increases to 8%. At low compaction water content (i.e., 30%), the n value of NOB8
is higher than that of N12B8, while the reverse is true as the compaction water content
increases. This is because the cyclic freezing—thawing process breaks down the large soil
particles into small ones, increasing the content of micropores in the soil samples with high
compaction water content. Another possible reason is that the large soil particles break into
smaller ones during compaction when the compaction water content is higher. Generally,
soil with a higher initial compaction water content provides less void space for soil particles
to mobilise during the compaction process [47]. This suggests that it needs to carefully
manage the compaction procedure and initial soil water state at the biochar application in
frozen areas.

3.4. Effects of Freezing—Thawing Cycles on the Unsaturated Hydraulic Conductivity of BAC

Figure 7 presents the effect of freeze—thaw cycles on the unsaturated hydraulic con-
ductivity of BAC. The results showed that the hydraulic conductivity of BAC significantly
increased up to one to two orders of magnitude after subjecting the soil to 12 freeze—thaw
cycles, particularly at high matric potential. This may be attributed to the formation of
cracks in the soil during the freeze-thaw process, as observed in Figure 3. However, the
difference in hydraulic conductivity induced by freeze—thaw cycles decreased when the
matric potential exceeded —30 kPa. This was because the water in the soil pores was stored
mainly in disconnected micropores or inter-particles of the soil pores in a discontinuous
form at low matric potential, and the water in the discontinuous pores was mainly migrated
through vapour in the air. This suggests that the impact of freezing—thawing on the soil
pore structure was weakened at low matric potential.

Furthermore, the addition of biochar to the soil reduced the hydraulic conductivity
of BAC, particularly in the case of NOB8, where the hydraulic conductivity decreased
compared to the control case (NOBO). The effect of biochar addition on the reduction
in hydraulic conductivity was negligible at low matric potential, but it was significant
when BAC was subjected to cyclic freezing—thawing (N12B8) in a wider range of matric
potential (Figure 7). This may be because when biochar was added to soil, the fine biochar
particles filled the large pores, transforming macropores into micropores or meso-pores
(Figure 3). After the BAC was subjected to cyclic freezing—thawing, the soil structure
was affected, and more micropores were formed. Moreover, the behaviour of BAC at low
matric potential was governed by soil micropores, and adding biochar to clay reduced the
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hydraulic conductivity of BAC subjected to cyclic freezing—thawing in a much wider range
of matric potential. Zuo et al. [48] conducted indoor simulation experiments on farmland
black soil to investigate the effect of biochar addition on freezing—thawing deformation
characteristics. They found that biochar application reduced the transformation range and
rate induced by the freezing-thawing deformation, significantly increased the soil total
porosity, promoted thaw settlement, and restrained frost heaving. Additionally, the soil
total porosity increased with low application amounts (0% and 1%) but decreased with
high application amounts (2% and 3%) with increasing numbers of freeze—thaw cycles.
The characteristics of soil freezing-thawing deformation changed from frost heaving to
thaw settlement with increasing biochar application amounts, and an appropriate biochar
application amount inhibited soil freezing—thawing deformation. Zhang and Che [49]
stated that the modifications of microscopic structure following freeze—thaw could affect
the deformation behaviour of soil, and the increase in the average number of cracks
(pores) in a unit volume would transform soil displacement from expansion to settlement.
However, in this study, the results indicate that 8% biochar content is more effective in
counteracting the effect of freezing—thawing to reduce the hydraulic conductivity of BAC.

3_ ——N0OB0

Unsaturated hydraulic conductivity (m/s)

10-10_
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Matric potential (-kPa)

Figure 7. The effects of freezing-thawing on the unsaturated hydraulic conductivity of BAC with
and without biochar treatment.

4. Conclusions

This study investigated the effects of freezing—thawing cycles on the unsaturated hy-
draulic properties of BAC. The unsaturated hydraulic properties were determined through
a series of evaporation tests. The tests considered several factors that could potentially
affect the properties, including biochar content and soil dry density. The conclusions from
this study are summarised as follows: (i) The freezing—thawing process impacts clay’s
water retention and hydraulic conductivity by creating soil macropores and cracks, with the
greatest increase in conductivity observed at high matric potentials. However, this effect
diminishes when the matric potential drops below —30 kPa, leading to a lesser difference in
conductivity. (ii) The addition of biochar counteracts the negative impacts of freeze—thaw
cycles by transforming large pores into micro- or meso-pores, thereby reducing hydraulic
conductivity, particularly effective at higher biochar concentrations. (iii) Although more
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significant at high matric potentials, biochar still notably decreases conductivity at lower
potentials. (iv) The soil total porosity increased with low application amounts (0% and 1%)
but decreased with high application amounts (2% and 3%), with increasing numbers of
freeze—thaw cycles. The characteristics of the soil freezing-thawing deformation changed
from frost heaving to thaw settlement with increasing biochar application amounts, and
an appropriate biochar application amount inhibited soil freezing—thawing deformation.
The effects of soil and biochar types on the hydraulic properties of BAC under freeze—thaw
environments may vary depending on the soil’s pore distribution and the specific char-
acteristics of the biochar used. This study highlights the value of BAC in enhancing soil
properties under freeze-thaw conditions, which could improve soil stability and improve
water retention in cold regions, emphasising the potential of biochar as a beneficial soil
amendment in agriculture to counteract the effects of freezing and thawing.
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