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Abstract: The mechanical and hydraulic properties of soils are largely governed by their soil-water
characteristics, which are influenced by factors such as pore size distribution (PSD). While biochar is
commonly used as an additive to alter soil properties, its effect on PSD and the soil water retention
curve (SWRC) at the pore scale remains unclear. This study aims to investigate the impact of biochar
on PSD and SWRC in soils of different types. The study utilized nuclear magnetic resonance (NMR)
and the filter paper method to obtain the particle size distribution (PSD) curve and soil water
retention curve (SWRC) of various types of soils, ranging from fine-grained to coarse-grained, with
different amounts of biochar. The results and discussion revealed that the impact of biochar on soil
PSD and SWRC varied depending on the soil type and biochar content. In fine-grained soils, the
addition of 8% biochar resulted in the greatest decrease in mesopore size and percentage, while in
medium-grained soils, 6% biochar had the most significant effect, and in coarse-grained soils, the
optimum biochar content was 2%. At low suction states, the addition of 8% and 2% biochar improved
the water retention of fine-grained and medium-grained soils, respectively, but had little effect on
coarse-grained soils. Overall, the effect of biochar on soil-water characteristics was non-monotonic
and depended on the relative sizes of biochar and soil particles. Therefore, selecting the optimum
biochar-to-soil ratio requires careful consideration of these factors.

Keywords: biochar-amended soils; pore size distribution; soil water retention curve; nuclear magnetic
resonance

1. Introduction

Biochar is the product of biomass after pyrolysis or carbonization (under high temper-
ature and oxygen-restricted conditions) [1], which is viewed as a stable carbon source that
can enhance soil quality. Biochar, as a soil ameliorator for soil degradation, with a highly
developed pore structure and a large specific surface area [2], has been widely recognized
worldwide, which can significantly reduce soil bulk density, improve soil texture, and
influence soil structure stability and hydraulic properties [3,4] when applied to the soil
and effectively regulate the carbon balance in the natural environment [5,6]. The impact of
biochar on soil function depends on both the inherent properties of the biochar itself and
the physical and chemical mechanisms by which biochar stabilizes in soil [6].

A developing subfield in geotechnical engineering is bio-geotechnical engineering
that offers innovative and sustainable solutions to current engineering problems by draw-
ing inspiration from biology, either directly or indirectly, whose research focus can be
categorized into materials, models, and methods [7,8]. As an environmentally friendly
amendment material, biochar is widely used in biological environments and engineering
systems. Incorporating biochar into soil has proven to be highly effective in enhancing soil
fertility and promoting healthier plant growth. This is because biochar has the ability to
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retain essential nutrients, water, and beneficial microorganisms in the soil. Additionally,
adding biochar to soil can help mitigate greenhouse gas emissions and improve the overall
quality of soil ecosystems.

Over the years, several relevant studies on biochar-amended soil have been con-
ducted [9-11]. Most of these studies can be grouped into:

(i) Agricultural production. Biochar has been shown to have a certain effect on the
growth of crops [12-14]; alkaline biochar especially can better improve the pH value of
tropical soil and acidic soil [15,16], which can reduce the loss of soil nutrient elements and
then promote the better development of crops [17].

(ii) Treatment of contaminated soil. Due to its unique surface structure, biochar has
a good adsorption effect on many heavy metal inorganic pollutants, such as manganese
(Mn), iron (Fe) [18], cadmium (Cd) [19], and lead (Pb), as well as organic pollutants, such
as pesticides and herbicides [20,21].

(iii) Effects on soil water retention. Biochar has great potential in the improvement
of soil water retention [22,23] in arid and semi-arid regions [24] or in the application of
biochar compost [25]. By controlling the type of biochar, pyrolysis temperature, size,
content, etc., through multi-scale analysis, Wang et al. [26] found that the intraparticle
structure of biochar improved the water retention of soil, and the effect of biochar on
soil water conservation is limited when the pore volume of biochar is low or the soil
texture is good. Hussain et al. [27] suggested that different particle sizes of biochar also
influence the saturated hydraulic conductivity of compacted soil. Additionally, in general,
biochar-amended soils at a high suction range have better water retention capacity [24,28].
In sandy soil, biochar, which will be most effective when it has high porosity and an
irregular shape [29], can improve physical properties [22] and soil water-holding capacity
by changing the distribution of soil pores [30,31]. However, controlling the biochar particle
size and application rate, Obour et al. [32] found no significant overall change in the pore
structure and function of the sandy loam tropical soil after 36 months of amending corn
cob biochar. Jeffery et al. [33] used biochar pyrolysis at 400 °C and 600 °C and mixed it
with different proportions and found that the water-holding capacity of sandy soil did not
change significantly.

Apart from the factors mentioned previously, there are numerous other variables that
can impact the water-holding capacity of soils modified with biochar, such as the surface
oxidation degree of the biochar [34] and its porosity [35]. Furthermore, the heterogeneity
in biochar properties, experimental conditions (especially in field experiments), and soil
properties can make it challenging to compare and infer the results of different studies.
Therefore, the mechanisms by which biochar influences soil properties remain complex
and multifaceted [5]. Most studies examining the effects of biochar on soils have been
conducted using undisturbed soils in laboratory or field experiments. While these studies
can provide valuable insights, it is important to note that the presence of organic matter,
soil organisms, and plant roots in undisturbed soils may complicate our understanding
of how biochar influences soil-water characteristics. Therefore, a more comprehensive
assessment of the impact of biochar on soil-water characteristics may require exploration
of additional experimental conditions and contexts.

PSD is a key metric for characterizing the pore network of soils [36]. Nuclear magnetic
resonance (NMR) is a prospective technique for profiling soil-water interactions [37],
proven to be extensively used in geosciences, petroleum extraction, and other fields. The
NMR is a non-destructive and efficient method for estimating soil pore size distribution
that has advantages over X-ray computed tomography (CT) scanning in terms of speed
and simplicity [38]. Researchers have successfully employed NMR to determine soil pore
size distribution, such as through the use of T2 distribution analysis and the Young-Laplace
equation by Tian et al. [39] and other studies [40-42].

To explore the mechanism of how biochar improves soil hydraulic properties, the main
purpose of the study was to investigate the effects of biochar on soil pore distribution and
SWRC from a pore-scale perspective by combining NMR technique with three different
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types of remolded soils mixed with varying amounts of biochar. This study aimed to
assess the impact of different biochar contents on soil properties, as well as to enhance our
comprehension of how biochar affects the pore network and SWRC.

2. Materials and Methods
2.1. Measurements

NMR is used to obtain the pore size distribution of samples. However, the principles
of NMR are complex, particularly when working with porous media for testing and data
analysis, and require a comprehensive understanding of relaxation processes in NMR.
Therefore, a brief introduction to this principle is given as follows.

In the relaxation process, the magnetization My has two components in two directions,
namely the longitudinal component M, and the transverse component M;. Their time

derivative is:
dM, M, — My

dt T )
My M,
T @

Since in the beginning, its longitudinal component M, is 0 and its transverse compo-
nent M; is the maximum My, the integral of Equations (1) and (2) can be obtained:

MZ—M0<1—eTt1> 3)

1
M; = Mynaxe ™ 4
where T1 is the spin-lattice relaxation time (the longitudinal relaxation time) and T5 is the
spin-spin relaxation time (the transverse relaxation time), which are the dimensions of
time [43,44]. Generally, T; is always less than or equal to T;.
The transverse relaxation time, Ty, is controlled by three superposition relaxation
processes and can be expressed as:

1 1 1 1

=t 5
T Ty T Ty ©)

where T, is bulk relaxation time, which greatly depends on fluid properties such as ionic
type [45], T; is surface relaxation time, and T} is diffusion relaxation time, which is induced
by the diffusion within the magnetic field gradient [46]. Jaeger et al. [41] assumed that
the condition for the fast-diffusion regime is satisfied and T can be neglected. Since bulk
relaxation time is much longer than surface relaxation time [47,48], Equation (5) can be

expressed as:
1.1 (S> ~ (%) ©)
L7 T P\V) e PR pore

where p; is the transverse surface relaxation coefficient, which is related to soil surface
properties, S is the pore surface area, V is the pore volume, R is the pore radius, and « is the
pore shape factor, corresponding to planar, cylindrical, and spherical pore geometry when
a=1,2,or 3, respectively [49]. Then, the Carr-Purcell-Meiboom-Gill (CPMG) sequence can
be utilized to measure the transverse relaxation time.

The pore radius is proportional to the T; value, and the intensity of the T, transverse
relaxation signal is directly proportional to the content at the hydrogen core(!H). The
higher the content at the hydrogen core ('H), the stronger the signal intensity. Therefore,
the porous media sample can be fully saturated initially, and its void is filled with water.
The resulting T, spectrum obtained by inversion can reflect the pore size distribution curve
of the porous media.
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Equation (6) shows the base form of the relationship between T, and the pore radius,
R, and « is related to the pore shape, which is assumed to be spherical pore in this paper

(a = 3). Then, we obtain:
1 3
o P2 (R) )

where p; is the transverse surface relaxation coefficient, which is related to soil surface
properties, R is the pore radius, T is the transverse relaxation time.

The soil sample used in this study is a remolded soil with a specific ratio of kaolin to
standard sand, as detailed in Section 2.2. Therefore, the transverse relaxation coefficient
p2 can be estimated by making reference to the approximate soil type. According to the
research by Matteson et al. [50], the p, value of clay mineral kaolin is pp = 1.8 pum/s,
while that of quartz sand is p, = 2.4 um/s. Given the composition of the soil in this
test, compared with the above minerals, the value is p, = 2.1 um/s for the fine-grained
remolded soil, pp = 2.2 pm/s for the medium-grained remolded soil, and pp = 2.3 um/s for
the coarse-grained remolded soil.

Tian et al. [39] employed Young-Laplace equation in conjunction with Equation (7)
(assumed & = 2 for cylindrical pores) to establish a correlation between pore size and suction.
Young-Laplace equation can be described as:

2T cos
y = —

¥

where T; (mN/m?) is the surface tension of water, « (°) is the contact angle between the
water—air interface and soil particle surface, and 1 is the matric suction. Then, the saturation
corresponding to different suction can be obtained by accumulating the proportion of pore
size distribution.

SWRC described the relationship of water content (or saturation) and suction for the
soil, which can be used to obtain some important properties of unsaturated soil, such
as shear strength [51], permeability coefficient [52], and so on. Since the 1950s, van
Genuchten [53], Fredlund and Xing [54], etc., developed some unimodal SWRC mod-
els that are widely used. Ren et al. [55] proposed a method for estimating SWRC with
limited experimental data. In the paper, SWRC model derived by Wang et al. [56] (EMFX
model, as shown in Equation (9)) would be used, which provides coverage for the suction
ranges from saturation to oven dryness.

1_ ln(l + Cl/J/l/Jr)
In(1+ cpo/yr)

®)

—m
S(y) = [In(e+ lagl")] ©)
where S = 6/6; is the saturation degree, 6 is the volumetric water content, 6; is the saturation
water content, ¢, = 1500 kPa is the matric suction corresponding to the residual water content
6r, Po = 6,300,000 kPa is the matric suction corresponding to a water content value of 0, cis a
constant with a value of 0.01, e is Euler’s number, and «, 1, m are all fitted parameters.

The root mean square error (RMSE) is used to statistically examine the predictive
accuracy of the SWRC model. RMSE is defined as:

1 N. =2
RMSE = Ne Y o (Si—5)) (10)

where N is the number of data pairs indicating soil-water characteristic curves, S; and S;
are the saturation of the measurement and the fitting, respectively.

The Yang-Laplace equation assumes cylindrical pores and can only accurately describe
the suction versus saturation of the capillary section. However, it does not work well for
the full suction range. In this paper, the filter paper method is utilized to obtain SWRC for
the full suction range.
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2.2. Materials

To ensure accurate analysis of experimental results, remolded soil was used in this
study. The remolded soil was a mixture of forged kaolin and standard sand in three
different proportions, which helped to avoid the influence of impurities in the soil. The
forged kaolin (Henan Borun New Materials Technology Co., Ltd., Henan, China) was
used in the experiment with a particle size of 325 mesh and 0.045 mm. The standard sand
(Xiamen Aisiou Standard sand Co., Ltd., Xiamen, China) is China’s ISO standard sand,
with particle sizes ranging from 0.08 mm to 2 mm.

The biochar used in this experiment was rice shell biochar (Engineering Research
Center of Biochar of Zhejiang Province, Hangzhou, China), with particle sizes ranging from
0.1 mm to 0.5 mm. The biochar was added to three different remolded soil samples in five
different mass ratios, as shown in Table 1. The control groups consisted of soil samples
without any biochar addition (0%). A total of 15 groups of NMR tests were conducted as
part of this experiment.

Table 1. Composition ratio of sample preparation.

Ingredient
Agrotype No.
Calcined Kaolin  Standard Sand Biochar

0% A0

2% Al

Fine-grained remolded soil 60% 40% 4% A2
6% A3

8% A4

0% BO

2% B1

Medium-grained remolded soil 40% 60% 4% B2
6% B3

8% B4

0% Co0

2% C1

Coarse-grained remolded soil 20% 80% 4% Cc2
6% C3

8% C4

2.3. Methods

The NMRC12-010V NMR low-temperature pore analyzer (Suzhou Newmark Com-
pany, Suzhou, China) is an analytical instrument that can be utilized to test the pore
structure of porous materials. The instrument has a magnetic field with a main frequency
of 12 MHz and a resonance frequency of 11 MHz. The magnetic field strength of permanent
magnet is 0.25 T and the coil diameter is 60 mm. To ensure the uniformity of the main
magnetic field in the space where the test sample was located, the temperature of the
magnet was set to 32 °C, while the diameter and height of the test sample were 9 mm and
10 mm, respectively. During the experiment, it was important to control the temperature of
the test sample. After dehydration and drying, nitrogen was used as the cold medium.

The SWRC experiment of the filter paper method used Whatman No.42 filter paper
with a diameter of 55 mm, an aperture of 2.5 pm, a thickness of 200 um, and an ash powder
content of 0.007%. Other test equipment included (D electronic balance (accuracy: 0.0001 g),
ordinary balance (accuracy: 0.01 g); @ oven, with a temperature within 105 &+ 5 °C; (3) sev-
eral drying aluminum boxes; (@ thermometer, forceps, rubber gloves, insulating tape,
plastic wrap, multi-layer sealing bag, sealing box; (& several ¢ 61.8 mm x 20 mm specifica-
tions of the ring knife, scraper.
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D=61.8mm 4

2.4. Preparation and Procedures

The 15 groups of soil samples were dried in an oven for 24 h with the temperature set to
75 °C. To minimize testing errors resulting from the sample, thirteen samples of each group
were created and the experiment was conducted twice on each sample using different
groups. After analyzing several experimental results, it was found that maintaining a
moisture content of 15% produced the best sample-making effect. Therefore, the dried
soil sample was mixed with deionized water to create a sample soil with a 15% moisture
content, in accordance with related standard [57]. Additionally, the density of each type of
specimen ranged from 1.6 g/ cm? to 1.9 g/ cm?.

In the NMR experiment, to ensure the uniform distribution of the constant magnetic
field, the RF unit of the NMR machine and the magnet thermostatic system were powered
on for 24 h the day before the experiment began. The process of this NMR is shown in
Figure 1a,b. The steps include (D placing standard samples in the test chamber for a single
sampling; (2 setting the main spectrometer parameters; ) using CPMG pulse sequence
for data analysis; (@ inverting the collected signals to obtain the transverse relaxation
T, spectral distribution; (%) repeating the test of all samples in this experiment. The test
procedures of SWRC for the filter paper method refer to ASTM, as shown in Figure 1c,d.
The steps include @ determining the moisture content gradient; (2) preparing samples
with different moisture content; (3) estimating the density of soil samples with different
moisture content under the saturation to be achieved; (3 cutting and drying the filter paper;
(® preparing ring cutter sample and static sample; ©®) measuring the moisture content of
the filter paper; (7) data processing and matrix suction calculation.
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Figure 1. Process of the NMR test and SWRC test of the filter paper method, including: (a) sample
preparation; (b) saturated samples; (c) filter paper method; (d) weighing the filter paper.
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3. Results and Discussions
3.1. NMR Results and Analysis
3.1.1. Test Results of NMR

Figure 2a—c shows the NMR T,-signal spectrums of three types of soil with different
biochar contents. The x-coordinate T, represents the pore size and the y-coordinate signal
strength represents the pore content corresponding to the pore size. Therefore, NMR
T,-signal spectrums of soil samples can be transformed into pore size distribution curves
(PSDCs) by Equation (8), as shown in Figure 2d—f.
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Figure 2. NMR T2 signal spectra of the fine- (a), medium- (b), and coarse- (c) grained remolded
soil and pore size distribution of the fine- (d), medium- (e), and coarse- (f) grained remolded soil.
(Abbreviations: MP, main peak; LP1, the first peak on the left; LP2, the second peak on the left;
RP1, the first peak on the right; RP2, the second peak on the right).

3.1.2. Pore Size Distribution

The pore size distribution of the fine-grained soils (A0~A4) is depicted in Figure 2d. The
following observations can be made: (1) The MP of A1~A4 are slightly shifted to the left
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No.

A0
Al

A3
A4
BO
Bl
B2
B3
B4
Co
Cl1
G2
C3
C4

compared to MP of A0. While the MP of A1~A3 remains unchanged, the MP of A4 becomes
smaller. (2) The LP1 of A1~A4 are slightly shifted to the right compared to the LP1 of AQ,
and only A3 has LP2. Additionally, the range of LP1 of A4 becomes wider. (3) The RP1 of
A1~A4 are shifted to the left compared to RP1 of AQ, with the slight range and value changes.

In Figure 2e, the following observations can be made: (1) The MP of B1~B4 shows
little difference compared to the MP of BO, but each has a varying degree of decline, with
B3 showing the most decrease. (2) The LP1 of B1, B2, and B4 have slightly shifted to the left
compared to the LP1 of BO, while the LP of B4 has moved to the right, with LP2 located to
the left of the LP1 of BO. (3) The RP1 of B3 and B4 have shifted to the left and decreased in
size compared to RP1 of A0. However, RP1 of B1 and B2 decreased almost only vertically.

Furthermore, in Figure 2f, it can be found that: (1) The MP of C1~C4 have shifted
to the left compared to MP of C0. Among them, C3 and C4 show large offsets, whereas
C2 and C1 have the highest and lowest MP values, respectively. (2) The LP1 of C1~C4 have
shifted to the right compared to LP1 of C0. The order of LP1 values is C2 > C1 > C4 > C3,
and only CO and C2 have LP2. (3) The RP1 of C1~C4 have shifted to the left compared to
RP1 of CO, but they are connected to their MP with almost no concave.

Although the picture is pretty intuitive, we still aim to quantify as much of this data
as possible. Lal and Shukla [58] classified pores with an equivalent cylindrical diameter
(ECD) > 50 pm as transmission pores, pores < 0.50 um as residual + bonding pores, and
intermediate pores (0.50~50 pum) as mainly responsible for preventing gravity and water
release. On the other hand, Greenland [59] categorized the pores into bonding space
(<0.005 pm), residual pores (0.005~0.5 um), storage pores (0.5~50 pm), transmission pores
(50~500 pum), and fissures (>500 um), which does not seem to align with our results. So
here, we reclassify the pores according to the results obtained from PSDCs: (D) <0.001 um;
@ 0.001~0.05 pm (micropores); 3 0.05~1 um (mesopores); @ 1~50 um (macropores);
® >50 um. The proportion of each type of pores in the total pores is shown in Figure 3.

Pores proportion
<0.001pm  0.001~0.05um  0.05-1 um 1~50 jm >50 jm
021% [ omw%  [8s2a% | | si4% 0.00%
000% [ 1020%  [85s% | | 419% 0.00%
010% [ 1376%  [NSIEeY | 474% 0.02%
106% [ 1s7s% 788 | 435% 0.00%
000% [ 14w [ 7623% | as% 0.12%
000% | 1520% | 7129% | 742% 0.00%
000% || 1331% | 8043% | 626% 0.00%
000% | 1501% | 7676% | s21% 0.02%
000% || 1907% | 698% | 10.84% 0.20%
000% | 1424% | 8211% | 365% 0.00%
042% B s3a% RS B 17.06% 0.01%
000%  f 721w eGSR, P 273s% 0.14%
007% N 1w02% NE0EE B c6e% 0.06%
000% | a7z [NS06S%RN B 1457% 0.00%
000% N 7e1%  [NSIESN J  sssw 0.00%

Figure 3. Quantification of pore size distribution of soil samples.
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When biochar is added to fine-grained soil, the proportion of mesopores decreases
while micropores increase gradually. Additionally, the addition of biochar causes the
porosity of medium-grained soil to change in an S-shape pattern. B1 and B4 have more
pores with a diameter of 0.005~0.5 um, while B2 and B3 have fewer pores than B0. Among
them, B3 has the fewest mesopores but the highest number of pores with a diameter
of 0.001~0.05 pm and 1~50 um. Furthermore, macropores of coarse-grained soil appear
to be more susceptible to biochar than others. In particular, pores with a diameter of
0.001~0.05 um and 0.05~1 um in C1 transform into macropores compared to C0. In contrast
to fine-grained soil, the proportion of mesopores in coarse-grained soil is proportional to
the biochar content, and the macropores increase gradually.

By combining the results of Figures 2 and 3, it can be seen that the radius and propor-
tion of corresponding mesopores decreased the most when the biochar content reached
8% in the fine-grained soil, 6% in the medium-grained soil, and 2% in the coarse-grained
soil. This may be due to the filling effect of small biochar particles on macropores, which
reduces the radius of macro and mesopores in coarse-grained soil and macropores in
medium-grained soil. Additionally, the use of biochar makes the pore size distribution
of soil more uniform and further concentrated to the medium pores. With the increase
of biochar content, the micropore radius gradually becomes larger. However, when the
biochar content reaches 8% in the fine-grained soil and 6% in the medium-grained soil, the
radius of micropores decreases the most. On the other hand, the proportion of micropores
with diameters of 0.001~0.05 um increases significantly.

Biochar can be utilized not only in agricultural soils, but also as an eco-friendly soil con-
ditioner for constructing sponge cities. The permeability of urban soil is critical to achieving
soil infiltration, storage, drainage, and other sponge effects. The infiltration characteristics
of urban green soil have a direct impact on the seepage process and distribution of seep-
age fields, which, in turn, affect the process of urban storm-water runoff and its storage
mechanism [60]. To address the issue of inadequate water resource management in urban
development, altering the pore structure of urban green spaces by increasing their porosity,
air permeability, and hydraulic conductivity has been suggested by researchers [61-65].
The presence of hydrophilic clay mineral particles and their relatively small pore radius in
urban green soil hinders its sponge effect for infiltration and discharge while increasing its
blocking effect on the infiltration of surface water. Biochar, as an inert organic material, has
the ability to absorb the viscous mineral cations in the soil. This results in the gathering
of small particles in the soil, promoting the formation of soil aggregates, and ultimately
increasing the size of small pores in the soil [66,67]. Biochar is produced through the
process of pyrolysis, which involves heating organic matter at high temperatures. The
process of pyrolysis generates gaseous and liquid substances within biochar, which results
in the release of high temperatures, causing the melting of the biochar and the creation of
numerous micropores. With an increase in the total biochar content in the soil, the number
of small pores in the soil is further augmented, leading to a significant increase in the
content of small pores within the soil.

3.2. Soil Water Retention Curve
3.2.1. SWRC from PSD

From this study, we have utilized the method proposed by Zhang et al. [68] to obtain
the SWRC from PSD data. The Young-Laplace equation (Equation (8)) demonstrates that
matric suction can be evaluated based on the pore size of soil, and the water saturation of
soil can be used to express the pore distribution within it. Consequently;, it is possible to
fit the SWRC for each sample based on their pore size distribution using Equation (9), as
illustrated in Figure 4. The corresponding fitting parameters are outlined in Table 2.

The impact of an increased biochar content on soil saturation at a specific suction
state can be easily observed in Figure 4a, where saturation levels are higher for suction
states ranging from 100 kPa to 5 x 10° kPa. In the case of medium-grained remolded soil
(Figure 4b), the saturation of B1~B3 is smaller than B0 for suction states where 1 < 600 kPa.
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Figure 4c shows that the saturation of C3 and C4 is greater than CO for suctions less than
2000 kPa, displaying lower saturation levels. Furthermore, C4 exhibits higher saturation
levels than other samples at the same suction state.
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Figure 4. The SWRC based on pore size distribution.
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Table 2. The fitting parameters of SWRC of NMR and the filter paper method.

NMR Filter Paper Method
No. o (1/cm) m n o (1/cm) m n RMSE
A0 0.0020 1.1777 3.4409 29 x 107 86.7163 0.3634 0.0242
Al 0.0017 1.2240 3.5792 0.0005 7.2429 0.3720 0.0189
A2 0.0016 1.1269 3.3615 1.8 x 1077 69.1308 0.3281 0.0162
A3 0.0015 1.0796 3.1761 6.5 x 107 19.3970 0.3045 0.0241
A4 0.0014 1.1796 2.5773 0.0073 2.9026 0.4937 0.0274
BO 0.0021 1.0195 3.0437 0.0019 4.1706 0.4299 0.0159
B1 0.0020 1.3243 2.3058 0.0120 2.1993 0.5695 0.0222
B2 0.0021 1.5868 1.8142 0.0373 1.7347 0.4893 0.0252
B3 0.0019 1.5481 1.5213 0.0104 2.6010 0.3867 0.0310
B4 0.0014 1.5256 2.2244 0.0590 1.8891 0.5154 0.0321
Co 0.0018 2.6085 1.1413 0.7915 0.9594 0.9559 0.0627
C1 0.0025 2.6031 1.1365 0.8710 1.0438 0.7856 0.0526
C2 0.0022 2.2283 1.4129 0.7886 1.0209 0.7547 0.0632
C3 0.0001 25.2130 0.9797 0.7486 0.9886 0.9726 0.0520
C4 0.0005 6.0681 1.1931 0.9563 0.8931 1.1157 0.0454

3.2.2. SWRC from Filter Paper Method

The SWRCs depicted in Figure 4 are indirectly acquired through pore size distribution. To
directly obtain SWRCs for the entire suction range, the filter paper method was employed, as
depicted in Figure 5, and the corresponding fitting parameters are provided in Table 2.
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Figure 5. The SWRC based on the filter paper method. (a—c) Shows the raw data of the samples and
(d—f) shows the SWRC fitted by the EMFX model.
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The results revealed significant differences between soil types. In the case of fine-
grained soil, the saturation levels in all biochar-modified soils remained largely consistent
when compared to soil without biochar addition for suction states ¢ > 50 kPa. However,
when ¢ > 1000 kPa, the addition of biochar resulted in increased saturation levels. Notably,
A4, with the greatest variation in pore size distribution, demonstrated higher saturation
levels than A0 across a suction range that spanned from saturation to dryness, as depicted
in Figure 5a,d. In Figure 5b,e, when ¢ < 100 kPa, the addition of biochar, excluding B1,
caused a decrease in saturation medium-grained soil. However, when 8% biochar was
added to medium-grained soil, the saturation decreased in the entire suction range while it
increased in fine-grained soil. In Figure 5c¢,{, it was observed that the addition of biochar
did not have a significant impact on the saturation of the soil in different suction states. For
¥ > 5 kPa, the saturation of C2 is consistently higher than CO0. This suggests that applying
approximately 4% of biochar to coarse-grained soils could improve their water-holding
capacity. It should be noted that the observed trends mentioned above may not be entirely
attributed to the addition of biochar, as there is a possibility of errors occurring during
the filter paper test due to data fitting or manipulation. Hence, further investigation is
necessary to determine the impact of biochar on soil saturation.

3.3. Analysis of Possible Errors in the Test

It is apparent that there are variations between the SWRC obtained through the filter
paper method test and the NMR-based calculation, which can be seen in Table 2. The primary
cause of these differences stems from certain inaccuracies inherent to both methods.

For the filter paper test, the errors mainly include: () Uneven distribution of water
in soil samples after 2 days of standing, which may occur due to inconsistent spraying
of airless water or other objective reasons when using different soils with varying water
content; @ Achieving complete sealing of the bag and box can be challenging, thus making
it difficult to prevent moisture exchange during the soil and filter paper preparation process.
As a result, the moisture content of the soil and filter paper can be subject to change due
to air exposure; (3) The middle filter paper with a diameter of 52 mm is susceptible to
contamination due to changes in its relative position, which can lead to higher measured
moisture content and lower corresponding matric suction levels, particularly in cases of
high water content; (9) The filter paper method is an indirect method for determining the
suction in soil based on an empirical formula derived from numerous experiments.

In the NMR test, the main errors are: () the lack of objectivity in determining the
value of transverse relaxation coefficient p, for remolded soils in this experiment can
be influenced by different mineral types in the samples, leading to variations in p, and
some certain errors in the pore size distribution curve calculated by NMR; (2 the SWRCs
calculated using the NMR technique do not take into account the impact of pore throat
and closed pore, resulting in higher water content of samples under low matrix suction
conditions.

Furthermore, because the interaction between soil and water is a highly intricate
process, variations in the boundary conditions of the same soil result in differences in the
distribution of water during both the wetting and drying processes. This ultimately leads
to variations in the SWRC curves. However, it is important to note that the SWRC obtained
through NMR testing does not consider the impact of this factor, which can also lead to
disparities in the results between the two tests.

3.4. Biochar Size, Soil Particle Size, and Soil Texture Classification

The USDA Soil Texture Triangle categorizes soils into 12 groups. When 2.5% and
5% biochar were added, there was a modification of pore size distribution in the sand,
resulting in increased moisture retention compared to sandy loam [31]. According to
Liu et al. [29], the dominant factor controlling water retention at lower suction in sand
(0.251~0.853 mm) was the pores inside the biochar (intra-pores) when biochar with a diameter
of 0.251~0.853 mm and 0.853~2.00 mm was added. Conversely, for fine-grained biochar
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(<0.251 mm) sand mixtures,the pores between biochar and soil particles (inter-pores) played
a key role in water retention at higher suction. The number and size of both inter-pore and
intra-pore are closely associated with the biochar and soil particle size [69]. Li and Sun [70]
added biochar with different particle sizes to soil samples and found that when the biochar
particle size was small, an increase in biochar content significantly improved the water-
holding properties of soil samples. However, in the case of larger biochar particles, the
water-holding properties of soil samples were not significantly affected by the increase
in biochar content. It appears that the impact of biochar on soil water retention is linked to
soil texture classification. However, the actual correlation lies in the ratio between the size
of biochar and soil particles, i.e., the relative size of biochar and soil particles. In this study,
biochar particles had a size of 0.1~0.5 mm, which is comparable to sand grain classification.
When biochar was added to fine-grained soil with a relatively low sand content (40%), biochar
particles created additional water storage pores with the existing soil particles, leading to
enhanced water retention capacity in the high-absorption section. However, when biochar
was added to coarse-grained soil (80% sand content), the biochar particles functioned more as
sand particles rather than performing their intended adsorption function.

To establish the best biochar-to-soil ratio for improving soil quality, it is critical to select
biochar size that is compatible with soil particle size and pore size distribution, rather than
modifying the biochar content. However, research on this aspect is still lacking in detail.

4. Conclusions

To investigate the effects of biochar on the SWRC, a series of NMR and SWRC ex-
periments were conducted for a wide range of remolded soil, from fine-grained soils to
coarse-grained ones, and of different amounts of biochar. The most important observations
from the ensuing study are as follows:

(1) Before and after biochar modification, the PSDCs of fine-, medium-, and coarse-
grained soil all displayed three peaks. However, with the addition of 6% biochar to the
fine- and medium-grained soil, a four-peak distribution pattern emerged in the pore size
distribution curve.

(2) Biochar has a large specific surface area and porosity that allows it to adsorb tiny soil
particles and form agglomerates. Additionally, its particle size (0.1~0.5 mm) acts similarly
to sand particles, resulting in a decrease in mesopores and an increase in micropores in
fine-grained soil after application, with fluctuation in the pore size distribution of medium-
and coarse-grained soils. Moreover, the radius and percentage of corresponding mesopores
decreased significantly when the biochar content reached 8% in fine-grained soils, 6% in
medium-grained soils, and 2% in coarse-grained soils.

(3) Under high suction conditions (3 > 1000 kPa), the addition of biochar had little
effect on soil water-holding capacity. Under low suction conditions (¢ < 100 kPa), the
addition of 8% biochar to fine-grained soils resulted in greater saturation compared to soils
without biochar. However, this promoting effect was limited. The experimental results
indicate that biochar had a better water retention amendment effect on medium-grained
soils at 2% addition level, whereas, for coarse-grained soils, the effect was not significant.

(4) Biochar has a noticeable impact on soil-water characteristics, which does not follow
a simple monotonous increasing or decreasing pattern with the increase of biochar content.
Instead, there appears to be an optimal content level. As the effect of biochar content on
pore size distribution of three soil types is complicated, it is important to consider the
relative size of biochar particles and soil particles. This can be a key factor in determining
the optimal biochar-to-soil amendment ratio.

Biochar changes the composition and pore structure of soil, thereby affecting the
soil-water characteristics and improving the infiltration, permeability, water-holding, and
adsorption of the soil. However, it should be noted that the impact of biochar varies
depending on the soil type and the amount of biochar used. This study develops a
new insight into expanding applications of biochar in agriculture and forestry, water
conservation, and the construction of sponge cities.
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