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Abstract: The application of biochar as an environmentally friendly additive for agricultural soils
has recently gained significant attention. However, the influence of biochar addition on unsaturated
hydraulic behavior at high suction ranges (i.e., exceeding 100 kPa) remains largely understudied.
This study investigates the impact of biochar addition on the unsaturated hydraulic properties of
biochar amended soil (BAS). The effects of biochar content, particle size, and soil compaction on the
unsaturated hydraulic properties of BAS were also considered. Peanut shell biochar was utilized in
this investigation and was amended into a compacted silty sand with distinct particle size groups. Soil
water retention curves and unsaturated permeability were measured through a series of evaporation
tests. Results demonstrate that the impact of soil compaction on the unsaturated hydraulic properties
of BAS diminishes at high suction range, regardless of biochar particle size and content. A high
degree of compaction reduces the saturated permeability of BAS by minimising soil macropores.
On the other hand, incorporating high biochar contents with fine particles into the soil enhances
the reduction of unsaturated permeability and the improvement of water holding capacity, thereby
making biochar an effective application in soil for sustainability of the agroecological environment.

Keywords: peanut shell biochar; compacted silty sand; evaporation method; soil water retention
curve; unsaturated permeability

1. Introduction

The use of biochar is becoming increasingly popular as a means of addressing envi-
ronmental concerns, particularly those related to climate change and eco-friendly practices
in the agriculture and geoenvironmental sectors. The raw materials for biochar production
are often derived from biomass waste, such as peanut husks, rice husks, and straw, which
would otherwise be left to decompose and release greenhouse gases into the atmosphere [1].
The preparation process for biochar is also relatively simple, making it a cost-effective
green solution for reducing carbon emissions [2—4]. In addition to its carbon sequestration
capabilities, biochar also has numerous benefits for soil health and crop productivity. Its
high adsorption capacity and porosity allow it to improve soil fertility, reduce soil water
infiltration, and increase crop yields [5-8]. Biochar has also been shown to be effective in
reducing landfill gas emissions and remedying contaminated soil [9-11].

Given the fact that climate change is already causing significant changes in precip-
itation patterns with more frequent and intense droughts and rainfall events, this can
result in a severe shortage of water available to plants, which can impact their growth
and productivity [12,13]. Additionally, it can also lead to increased cracks, which can con-
tribute to soil erosion and instability [11,14]. Biochar’s ability to modify the water seepage
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and retention in biochar-amended soil (BAS) is of critical importance as water is a vital
component for the transport of nutrients to plants and the survival of the soil microbial
community [15-17]. Consequently, it is imperative to further investigate how biochar appli-
cation impacts the permeability and water retention properties of the BAS. Previous studies
have explored the influence of biochar on soil water retention both in laboratory and field
conditions [6,18,19]. For instance, Sun and Lu [20] found that biochar addition significantly
increases the available water content in soil, thereby improving its water retention capacity.
Similar results were obtained in subsequent experiments, which demonstrated that biochar
application improved soil water retention through an increase in total pore volume [21,22].
Omondi et al. [23] suggested that biochar addition significantly enhanced water retention
and permeability of BAS, regardless of the feedstock, pyrolysis temperature, or soil type
used. Edeh et al. [24] further showed that the effect of biochar on soil permeability varied
depending on the grain size of the soil, with the saturated permeability of fine-grained
soil increasing by 39.3% on average and the saturated permeability of coarse-grained soil
decreasing by 61.8%.

In the fields of agricultural and environmental geotechnical engineering, the unsat-
urated hydraulic properties of soil, including water retention and permeability, play a
crucial role in evaluating the seepage of embankments, subgrades, and landfill covers.
These properties are highly related to the soil pore size and structure [25,26]. However,
some studies have reported conflicting results, with either a decrease in or no significant
effect of biochar on water retention and permeability [6,18,27]. To resolve this discrepancy,
Trifunovic et al. [28] investigated the hydraulic properties of biochar-amended pure sand
and discovered that an increase in biochar concentration decreased the unsaturated per-
meability of BAS, regardless of the biochar particle size. Despite these findings, the study
was limited to soil suction values of 100 kPa, which only covered the available water use
for crops or plants in agricultural fields. In engineering, higher soil suction is crucial for
assessing the stability of green slopes and the prevention of water percolation in landfill
covers [29-32]. However, research on the unsaturated properties of highly compacted BAS
at suction values higher than 100 kPa is limited. Given the pressing need to mitigate the
effects of climate change, it is crucial to continue investigating and comprehending the
impact of biochar application on soil permeability and water retention properties.

The degree of compaction can be a crucial factor that contributes to the discrepancy
in the results of previous studies regarding the impact of biochar on soil properties. Com-
paction can significantly influence the behavior of BAS and its hydraulic properties, which
have implications for various engineering and agricultural applications. However, the
effect of biochar on the hydraulic properties of soil may vary depending on the degree
of compaction. Hussain et al. [33] reported that the impact of biochar on soil hydraulic
properties might differ between densely compacted and agricultural soils. Therefore, it
is imperative to understand the unsaturated hydraulic performance of BAS in both types
of soil, especially under a wide range of soil suction, which reflects the available water
use. According to previous studies [11,34,35], a higher degree of compaction is generally
required for geoengineered systems such as landfill covers. On the other hand, agricultural
protocols advocate for less compaction, as it benefits soil aeration and plant growth. Under-
standing the unsaturated hydraulic behavior of BAS is essential for optimizing the use of
biochar as an agricultural amendment and for the sustainable design of landfill covers.

The primary objectives of this study are to examine the soil water retention of BAS with
varying biochar contents and to assess the impact of soil compaction on its permeability
(saturated and unsaturated). The specific hypotheses addressed in this study are as follows:

1.  Higher biochar contents will lead to increased water retention and improved soil pore
structure, resulting in enhanced water-holding capacity;

2. The finer biochar particles will exhibit greater improvements in soil water holding
capacity and permeability due to their ability to enhance soil porosity and alter pore
size distribution;
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3. The soil compaction levels will interact with biochar additions, leading to varied
impacts on water retention and permeability. Different responses may be observed
between agricultural soils and densely compacted soils, highlighting the importance
of considering compaction effects on hydraulic behavior.

To achieve these objectives, a series of experiments were performed on compacted,
completely decomposed granite (CDG) which was clarified as a silty sand, amended with
different particle sizes of peanut shell biochar. The water retention curve and unsatu-
rated permeability function of BAS were measured, and the saturated permeability was
determined through the use of falling head tests in the geotechnical laboratory of Harbin
Institute of Technology Shenzhen in China. The outcome can be a basis for future research
on the optimisation of biochar content under different levels of compaction. The com-
paction levels of 80% and 90% were chosen to specifically address the challenges associated
with agriculture and landfill applications. Higher compaction degrees are problematic
in agriculture, while lower compaction degrees pose challenges in landfill settings. The
study aimed to investigate the impact of biochar addition on these specific compaction
levels to provide insights and potential solutions for each application. The findings will
contribute to the development of agricultural practices that can improve soil fertility and
water retention and also enhance sustainable geoengineered systems that can minimize soil
permeability and enhance the integrity of the earthen structure, especially under extreme
climate conditions.

2. Materials and Methods
2.1. Biochar and Soil

The biochar used in the experiments was sourced from a recycled material company in
China. The biochar was produced from agricultural waste, specifically peanut shell, using
the slow pyrolysis process. The biochar was then subjected to particle size analysis through
sieving using three sieves with mesh sizes of 0.25 mm, 1 mm, and 2 mm. The result of
this analysis formed four particle size groups, which were <0.25 mm, 0.25-1 mm, 1-2 mm,
and >2 mm. To minimize the impact of the original moisture content on the biochar, all
the biochar samples used in the experiments were oven dried at 105 °C for 24 h. The soil
used in the experiments was CDG collected from a construction site in Shenzhen, China.
This soil type is commonly used as construction material in many countries, including
Thailand and China. The soil was analyzed according to the Unified Soil Classification
System, which revealed that it consisted of 57.4% sand, 27.6% silt, and 15.0% clay. The
soil was classified as SM (silty sand). The mineral compound concentration for the soil is
quartz (46%), kaolin (43%), illite (6%), and gibbsite (5%). The soil organic matter content is
4.4-4.8%. The index properties of the soil were reported in Chen et al. [32]. The particle
size distribution of the soil, as well as a photograph of the testing materials, can be seen in
Figure 1. As shown in Figure 1c, the three biochar particle sizes corresponded to the dss, d7o,
and dys of the soil grain size, respectively. The significance of particle size in biochar has a
direct impact on its efficacy as a soil amendment. The objective of utilizing biochar is to
enhance its surface area for optimal interaction with the soil, as this interaction is essential
for the provision of benefits such as improved soil fertility and structure, and increased
water retention capacity [36,37]. It is thus expected to select a particle size for biochar that
is comparable to the mean size of soil grains. This correlation between particle size and
soil grain size facilitates the intermixing of biochar and soil, thereby increasing the contact
between the two [38,39]. This increased contact between the biochar and soil allows for
greater exchange of nutrients, water, and other important substances, leading to a more
productive and healthy soil environment.
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Figure 1. Testing materials: (a) soil and biochar with different biochar particle sizes; (b) mixture of
soil and biochar (10% w/w) with different biochar particle sizes; (c) particle size distribution of the

CDG soil.
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2.2. Physical Properties of the Testing Materials

The Fourier Transform Infrared Spectrometer (FTIR) model (Thermo Fei IS90) was
employed to conduct infrared characterization on the biochar sample. As depicted in
Figure 2, the infrared spectrum of the biochar displayed various peaks at different wave
numbers, each representing a specific chemical bond or functional group within the sample,
as determined through comparison with standard compound spectra [40]. This allowed
for the identification of the functional groups present in the biochar. The figure illustrates
the presence of significant absorption peaks at wave numbers 3440 cm~!, 2923 cm ™!,
1384 cm~1, 1628 cm~!, and 1031 cm~!. The broad peak at 3440 cm~! corresponds to the
hydroxyl-O-H stretching vibration, which is indicative of the presence of hydroxyl groups.
The peak at 2923 cm ™! is attributed to the C-H stretching vibration of C-H bonds, while
the peak at 1384 cm ™! is assigned to the C-H bending vibration. The peak at 1628 cm !
represents the stretching vibration of carbonyl C=0, and the peak at 1031 cm ™! corresponds
to the C-O stretching of the carbon-oxygen bond. These results indicate the presence of
abundant functional groups on the surface of the biochar, including hydrophilic groups
such as hydroxyl (O-H), suggesting that the biochar used in the experiments is hydrophilic
in nature.
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Figure 2. Infrared spectra of the biochar.

2.3. Measurement of Saturated Water Permeability of BAS

The saturated permeability of a BAS material was determined through the application
of the falling head method in the geotechnical laboratory of Harbin Institute of Technology
Shenzhen in China, in accordance with the guidelines outlined in the standard GB/T 50123-
2019. The measurement was carried out using a permeameter (Model TST-55, Nanjing Soil
Instruments Factory, Nanjing, China), which was specifically designed for this purpose.
Before the test, the top and bottom of each soil specimen was covered with a piece of filter
paper, and a porous stone was positioned at each end to prevent soil loss. The samples
were then subjected to the vacuum saturation method described in the ASTM C1202 [41]
standard. This involved placing the sample in a vacuum container for 3 h without water,
followed by the introduction of de-aerated water into the container until the samples



Agronomy 2023,13, 1845

6 of 20

were fully submerged for 8 h. The saturated hydraulic conductivity was calculated using
Equation (1) [42]:

aL h1

Kogt =2.3————Ig—

" 3A(fz—f1) Sy

where K is the saturated permeability; a is the cross-section area of the falling head pipe

(cm?); A is the cross-section area of the specimen (cm?); 2.3 is the scaling factor between In

and lg; L is specimen height (cm); #; and t; is start and end time of the reading head (s);
and iy and h, denote starting and ending hydraulic head difference (cm).

)

2.4. Measurement of Soil Water Retention Curve and Unsaturated Permeability

Evaporation tests were performed to determine the soil water retention curve (SWRC)
and unsaturated permeability in the geotechnical laboratory of Harbin Institute of Tech-
nology Shenzhen in China, utilizing the simplified evaporation method. This method
offers two significant benefits over conventional techniques, as highlighted by Schindler
et al. [43], including a shorter testing duration and the simultaneous measurement of both
the SWRC and unsaturated permeability function. The SWRC represents the relationship
between soil moisture content and matric suction and typically encompasses both the
drying and wetting curves. In this study, the drying curve of the SWRC was evaluated
through the evaporation tests, with soil matric suction and water content being measured
using tensiometers and an electronic balance, respectively.

The testing device used for the evaporation tests in this study is depicted in Figure 3.
This device is capable of simultaneously obtaining both the SWRC and unsaturated per-
meability function, as reported by Chen et al. [44]. To perform the experiment, a mixture
of peanut shell biochar and CDG soil was prepared, and water was added at its optimum
water content to form the BAS mixture. Subsequently, a soil sample was compacted in a
cylindrical plexiglass column with an inner diameter of 65 mm, an outer diameter of 70 mm,
and a height of 95 mm (Figure 3). The compaction process was conducted in 5 sub-layers,
with each layer being 19 mm thick, and the surface between the consecutive sublayers was
carefully scratched to ensure good contact. The BAS was compacted to reach a target dry
density, which was either 80% (the dry density is 1.328 g/cm?) or 90% (the dry density
is 1.494 g/cm?) degree of compaction. After the soil samples were compacted, the soil
cylinder was saturated in accordance with ASTM C1202 [41]. The cylinder was wrapped in
a membrane before being placed in a vacuum chamber with de-aired water. The bottom of
the soil cylinder was then sealed, and two holes were drilled in the side of the soil sample,
with a vertical spacing of 55 mm between the two holes. To measure a wider range of
PWP, high-capacity tensiometers (Model YZ-500, Shenzhen Yanzhi Science and Technology
Co., Ltd, Shenzhen, China) were installed in each hole. These tensiometers are capable of
measuring soil suction directly from 0 to 500 kPa with an accuracy of 2 kPa [45]. In order to
reduce the error caused by cable interruption during measurement, a wireless data logger
was used along with an electronic balance with a precision of 0.1 g. The tensiometer cables
were connected to a signal transmitter, and the data were transmitted to the data logger
via WiFi.

The evaporation was carried out under relatively constant temperature and humidity
conditions in the laboratory. During the experiment, the readings from the upper and
lower tensiometer, as well as the water loss changes of the soil samples, were automatically
collected in real-time by the wireless data logger and the electronic balance, respectively.
The soil suction was measured by the two tensiometers, and the water content was obtained
from the water loss of the soil samples during the experiments. The average suction value of
the two tensiometer readings was considered to form the SWRC, and the measured SWRC
was fitted using the Van Genuchten (VG) model [46] (see Equation (2)). The unsaturated
permeability function of the BAS was obtained following Equations (3) and (4) [43].

(6s — 6r)

L+ @ ¥

= Ur
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where 6 is the volumetric water content (%); ¥ is the soil suction; 6, and 65 are the residual
and saturated volumetric water content; « is an empirical scale parameter; 7 is the curve
shape factor which controls the slope of the SWRC; and m is an empirical shape factor
relatedtonbym=1—1/n.

65 mm .
. T Tensiometer
Soil sample
T4 Signal transmitter
IS S \
£ £ - Wireless power exciter
Computer ) o 0 Wireless
Tensiometer Fj 1 datalogger
. . — -1
Signal receiver
’ Electronic balance
Not in scale
(a)
Signal
transmitter /Wireless datalogger
Tensiometer
= - _LWireless

Soil sample —

Electronic

power exciter

L Signal receiver

balance

(b)

Figure 3. Testing setup for the evaporation tests: (a) schematic diagram; (b) photograph.

_ AV

K@) = 3aar gy ©
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where k() denotes the unsaturated permeability function of the BAS; i denotes the average
suction measured by upper and lower tensiometer (kPa); AV is the volume of water loss in
the soil sample during the time Af (m3); A is the cross-sectional area of the soil sample (m?);
i, is the average hydraulic gradient; Az is the vertical distance between upper and lower
tensiometer (m); ¥ ypper denotes the suction measured by the upper tensiometer (kPa); and
Pt Jower denotes the suction measured by the lower tensiometer (kPa).
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2.5. Test Program

A total of 34 soil specimens were employed in this study. Specifically, 17 of these
specimens were dedicated to saturated permeability tests, while the remaining 17 specimens
were prepared for evaporation tests. It is important to note that the preparation procedure
for the 17 soil samples used in both the saturated permeability test and the evaporation
experiments was identical. The experiments considered four different biochar particle sizes,
namely, finer than 0.25 mm, 0.25-1 mm, 1-2 mm, and coarser than 2 mm, four biochar
contents (0%, 5%, 10%, 20%), and two soil degrees of compaction (80% and 90%). The
control for the experiments was soil without any biochar amendment. For the evaporation
tests, the termination time was determined based on the range limit of the high capacity
tensiometers used in the experiments, which was set at 500 kPa. Upon reaching readings
of around 500 kPa, the evaporation tests were considered complete. The experimental
program is summarized in Table 1.

Table 1. Test program.

Hydraulic Properties

Biochar Biochar Deoree of -
Test ID Particle Size o g . Saturated SOII We.lter Unsatura_t_ed
Content (%) Compaction . Retention Permeability
(mm) Permeability -
Curve Function
C - 0 80 / / /
BXC5-80 5 / / /
BXC10-80 ) 10 80 / / /
BXC20-80 > 20 / / /
BXC10-90 10 90 / / /
BC5-80 5 / / /
BC10-80 1 10 80 / / /
BC20-80 - 20 / / /
BC10-90 10 90 / / /
BM5-80 5 / / /
BM10-80 10 80 / / /
BM20-80 0.25-1 20 / / /
BM10-90 10 90 / / /
BF5-80 5 / / /
BF10-80 0.05 10 80 / / /
BF20-80 < 20 / / /
BF10-90 10 90 / / /
5580

L»Degree of compaction

—Biochar content (%)
—* Biochar size: XC (>2mm); C (1 — 2mm); M (0.25 — lmm); F (<0.25mm)
*Biochar / Control

3. Results and Discussion
3.1. Effects of Biochar Content on SWRC of BAS with Different Biochar Particle Sizes

Figure 4 presents the results of the measured SWRC of a compacted BAS system with
varying biochar particle sizes and content levels. The degree of compaction was maintained
at 90%. The results reveal that the impact of biochar on SWRC becomes increasingly
pronounced as the biochar content increases. When the biochar content is low (i.e., 5%), the
results indicate that the parameter “n” in the VG model is similar to that of bare soil, as
indicated in Table 2. This parameter is one of the most important parameters in the model
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and is used to describe the soil permeability and water-retention behavior. It is a measure
of the soil’s ability to store and release water and is related to the pore size distribution in
the soil. This can be attributed to the fact that at low biochar content, the high porosity
characteristics of the biochar are not fully developed; hence, its impact on the change in
soil pore structure is minimal. However, as the biochar content increases, the saturated
volumetric water content of the soil increases, indicating that the total porosity of the soil is
augmented by the increased presence of biochar. When compared to the control group, it
can be observed that the saturated volumetric water content significantly increases when
biochar with particle sizes larger than 2 mm is added. These findings suggest that the
addition of biochar to soil can significantly impact its water-holding capacity, and that this

effect is influenced by the biochar content and particle size.

Table 2. VG model fitted parameters.

Matric suction (kPa)

Figure 4. Cont.

(a)

Soil Specimens « (kPa) n m
0% 18.0 1.320 0.242
>2 mm (5%) 12.3 1.309 0.249
>2 mm (10%) 3.9 1.252 0.201
>2 mm (20%) 3.7 1.269 0.211
1-2 mm (5%) 6.9 1.270 0.212
1-2 mm (10%) 4.5 1.244 0.196
1-2 mm (20%) 3.5 1.289 0.224
0.25-1 mm (5%) 17.2 1.350 0.259
0.25-1 mm (10%) 8.7 1.241 0.192
0.25-1 mm (20%) 8.2 1.259 0.206
<0.25 mm (5%) 23.5 1.337 0.252
<0.25 mm (10%) 27.8 1.363 0.266
<0.25 mm (20%) 30.1 1.360 0.264
2 0.60
= <
@]
r:.’\ %
=
o
= 045
=
2
S 0%
= )
5 0.30 7
g + 10%
Q b 20%
£ —— VG fitted curve
E 0.15 A P o) S A Cnigie it )
% 0.1 1 10 100 1000
>
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0.30- 5%

Volumetric water content (cm’/cm®)

+ 10%
v 20% Q
VG fitted curve
0.15 oo | LS | LR I LA LIPS PO PR L A |
0.1 1 10 100 1000
Matric suction (kPa)
(b)
0.60 -

0.45

Volumetric water content (cm’/cm?)
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030 = 3%
: « 10%
v 20%
—— VG fitted curve
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(c)
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g |
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(@]
~ 045
5
§ = 0%
50304 = 1%
g + 10%
5 . 20%
= VG fitted curve
E O. 1 5 T T T 1
% 0.1 1 10 100 1000
> Matric suction (kPa)
(d)

Figure 4. Effects of biochar content on SWRC of BAS at biochar particle size: (a) >2 mm; (b) 1-2 mm;
(c) 0.25-1 mm; (d) <0.25 mm.
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Figure 5 presents the correlation between the air entry value (AEV) of soil and the
biochar content at various biochar particle sizes. It was observed that the AEV of soil
decreased dramatically (from 18.0 kPa to 3.7 kPa) with the increase in large biochar particle
content (coarser than 2 mm). This trend can be attributed to the fact that larger biochar
particles increase the soil macropores [38,47], resulting in a decrease in AEV. Furthermore,
the saturated volumetric water content for large biochar particle size (coarser than 2 mm)
was lower compared to the control group, suggesting that the water-holding capacity of
soil with coarse biochar was weaker at higher suction levels. The decrease in AEV after the
addition of biochar was accompanied by a notable reduction in volumetric water content
at low suction ranges (less than 100 kPa). This is most likely due to the influence of large
biochar particles on soil pores, leading to a decline in the dehydration rate (parameter #) in
the VG model for SWRCs. Moreover, the impacts of biochar particles ranging from 1-2 mm
and larger than 2 mm on SWRC were similar. Conversely, the fine biochar particles (smaller
than 0.25 mm), which were finer than the ds5 particle size, significantly enhanced the soil’s
water holding capacity. It is noteworthy that particle size near soil grains has a strong
impact on SWRC as it maximizes the contact surface area between the two. The water
holding capacity of soil with fine biochar particles increased significantly with the increase
in biochar content, and the AEV also increased (from 18.0 kPa to 30.1 kPa), indicating a
reduction in soil macropores. Furthermore, the increase in biochar content led to an increase
in the dehydration rate (parameter n) in the VG model (from 1.320 to 1.368). This can be
attributed to the decrease in large pores in soil and the increase in small pores, resulting in
higher air entry values and a faster dehumidification rate [44].

40~ —=—>2 mm

—e— ]2 mm
. —a— 1-0.25 mm
§ 301 ——<0.25 mm/rlﬂ,/ff“*
Z» o
= 204 _—
-
2
[ o
o 10- A
A i
—
O . . v r r T v |
0 5 10 15 20

Biochar content (%)
Figure 5. Effects of biochar content on air entry value of biochar amended CDG.

3.2. Effects of Biochar Content on the Unsaturated Permeability of BAS

Figure 6 displays the variation of the unsaturated permeability of the BAS soil at
different levels of biochar content and particle size. The soil in this case has identical
density and was compacted to 90% of its maximum density. As observed in Figure 6a, the
permeability of soil is higher in the case of biochar particles coarser than 2 mm and lower
matric suction (i.e., lower than 10 kPa) compared to the control group. This difference
becomes more pronounced as the biochar content increased from 0-20%. This may be
due to the increased macro-porosity of coarse biochar as compared with fine biochar [35].
Figure 6b displays a similar effect of biochar particle sizes of 1-2 mm on the unsaturated
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permeability. However, as shown in Figure 6¢, the addition of biochar particles sizes of
1-0.25 mm had little effect on the unsaturated permeability of BAS soil. This may be
because these biochar particles are equivalent to the dy to ds5 size range of soil grain
size, which was previously observed to have limited influence on the soil water retention
capacity as indicated in Figure 4. In Figure 6d, it can be seen that with a low biochar
content (5%), the impact of finer biochar particles (less than 0.25 mm) on the permeability
is not significant. However, with an increase in biochar content, the permeability of soil
decreases in the low suction range. At larger suction values, an increase in biochar content
results in an increase in permeability. The observed reduction in soil permeability at low
suction range in the presence of biochar may be due to an insufficient content of the biochar
material. As the biochar content increases, the fine particles of the material fill the soil
macro-pores, leading to a decrease in permeability. On the other hand, the soil permeability
at high suction range is mainly controlled by the micro- and meso-pores [26]. The filling
effect of fine biochar particles is less pronounced on the micro- and meso-pores at high
suction, leading to an increase in permeability with increasing biochar content [35]. This
indicates that incorporating larger amounts of finer biochar particles into the soil may help
reduce the unsaturated permeability and enhance the soil’s water holding capacity for
biochar applications.
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3.3. Effects of Degree of Compaction on the Unsaturated Permeability of BAS

Figure 7 displays the unsaturated permeability function of BAS at two different degrees
of compaction. As depicted in the figure, the effect of compaction on the unsaturated
permeability of BAS with varying biochar particle sizes is similar. At low matric suction
values, it can be observed that the unsaturated permeability of soil with 90% compaction
decreases significantly. This is because with an increase in soil compaction, the diameter
of soil pores decreases, resulting in less pore connectivity and a decrease in permeability.
As the matric suction increases, the volumetric water content of soil with 80% compaction
decreases, leading to a decrease in the water seepage cross-section and unsaturated water
permeability coefficient. However, when the matric suction reaches around 100 kPa,
the unsaturated permeability of soils with both compaction levels becomes similar. As
the matric suction continues to increase beyond 100 kPa, the difference in unsaturated
permeability between soils with different compaction levels is reduced. This is because
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the compaction level primarily affects the number of large pores in the soil, while having
little impact on the small pores. The water retention and permeability characteristics of
soils at high matric suction are primarily determined by the small pores. The investigation
of various factors, including biochar particle size, biochar content, and soil compaction,
revealed significant effects on the water retention and permeability of the BAS. Specifically,
when comparing fine biochar particles (<0.25 mm) to coarse biochar particles (>2 mm), the
fine particles had a notable impact on improving water retention and reducing permeability,
regardless of the biochar content and soil compaction degree. For instance, when examining
the air entry value («) in Table 2, we observed that BAS with a biochar particle size of
<0.25 mm at 20% biochar content had a significantly higher « value (30.1 kPa) compared to
BAS with a biochar particle size of >2 mm (« = 3.7 kPa). This indicates that the finer biochar
particles greatly enhanced the soil’s ability to retain water. The study by Chen et al. [35]
also aligns with these findings, as they reported that an increase in biochar particle size
(specifically peanut shell biochar) led to an increase in biochar pore size. In general, the
addition of coarse biochar particles (>2 mm) to the soil resulted in an increase in macropores
and a decrease in micropores in the silty sand. Furthermore, the biochar content also had
a similar impact on the air entry value of the BAS compared to the biochar particles size.
However, the influence of biochar content on unsaturated permeability was not significant
across different biochar particle sizes, particularly at high suction ranges. Regardless of the
biochar particle size and biochar content, we found that increasing the degree of compaction
from 80% to 90% resulted in a significant reduction in soil permeability. This reduction in
permeability highlights the importance of soil compaction in controlling the movement of
water, regardless of other factors. Therefore, when manipulating the unsaturated hydraulic
properties of BAS, it is essential to pay close attention to the low suction range, which is
typically more sensitive to the performance of geo-environmental systems such as landfill
covers and slopes. This sensitivity is often attributed to the high water content that is
present in this range.
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3.4. Effects of Degree of Compaction on Saturated Water Permeability of BAS

Figure 8 displays the saturation permeability of BAS with various particle sizes of
biochar at two levels of compaction: 80% and 90%. The results indicate that the saturation
permeability of BAS decreases significantly with an increase in the compaction degree from
80% to 90% for all the biochar particle size groups. This observation is in accordance with
the findings reported by Imhoff et al. [48]. This is because the increase in compaction degree
can result in the reduction in pore volume and connected macropores in the soil mass. In
comparison to the control group, the saturation permeability decreases for biochar particle
size finer than 0.25 mm at both 80% and 90% compaction degrees. However, it increases
for the three other particle size groups (0.25-1 mm, 1-2 mm, and coarser than 2 mm).
The reduction in the particle size of biochar has been shown to decrease the permeability
of BAS due to the pore-filling effect observed in previous studies (e.g., Wan et al. [49]).
However, as the particle size of biochar increases and approaches a certain range (i.e.,
0.25 mm as demonstrated in this study), the pore-filling effect may become weaker or
diminished due to the relative comparison of the biochar particle size to that of the soil
grain size [39]. In situations where the biochar particle size is larger than the soil grain
size, the soil macropores are increased, leading to an increase in permeability. Furthermore,
the saturation permeability of BAS increases with an increase in the biochar particle size.
At 90% compaction, the increment of saturation permeability is reduced for the coarse
biochar particle sizes (0.25-1 mm: 89%—27%; 1-2 mm: 107%—54%; coarser than 2 mm:
135%—85%) compared to 80% compaction. This reduction may be due to the reduction
in the influence of coarse biochar on the soil’s macropores and the reduction in particle
size of biochar due to its fragmentation under high compaction [50]. Bronick et al. [51]
also suggested that soil compaction might result in different pore structures in soil and
reduced macropores. Therefore, both reducing the particle size of biochar and increasing
the compaction degree can decrease the soil’s saturation permeability.
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4. Conclusions

This study aimed to explore the water retention behavior and permeability of BAS
under different biochar contents and compaction levels. Through a series of evaporation
tests and falling head tests, the following conclusions were drawn:

1.  Biochar addition significantly influenced the water retention properties of the soil,
particularly at low suction range. Increasing biochar content resulted in higher
saturated volumetric water content, indicating an increase in total porosity. Fine
biochar particles (finer than 0.25 mm) enhanced the soil’s water holding capacity and
increased the air entry value (AEV) of the soil.

2. The addition of biochar had a notable impact on the saturated and unsaturated
permeability of the soil. Saturated permeability decreased with higher biochar content
and degree of compaction. However, the relationship between biochar content and
unsaturated permeability was more intricate, with a decrease observed at low soil
suction values and an increase at high soil suction values. This suggests that the effect
of biochar on permeability is dependent on soil water content.

3. Among the soil groups investigated in this study, the combination of biochar par-
ticle size < 0.25 mm and a biochar content of 20% demonstrated the most suitable
characteristics for reducing soil permeability and enhancing soil water retention.

The findings of this study have practical implications for two main applications. In
agriculture, incorporating biochar into soil amendment practices can enhance water re-
tention capacity, benefiting regions prone to drought. The addition of biochar, especially
fine particles, improves the soil’s water-holding ability, supporting optimal plant growth
and resilience in water-limited conditions. In geoengineering, understanding the impact of
biochar on soil permeability is crucial for designing effective landfill covers and erosion
control measures. Engineers can develop sustainable solutions by considering compaction
levels and biochar content to minimize water percolation and enhance the stability of em-
bankments and slopes. Further research is necessary to investigate the intricate interactions
among biochar, soil compaction, and water dynamics, enabling the development of tailored
and sustainable biochar applications that improve agriculture practices and foster more
resilient geoengineering systems.
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