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Abstract
Biochar has a porous structure with high specific surface area and high adsorption. Moreover, it provides a suitable habitat for
microorganisms that can reduce harmful gases. Adding biochar to a traditional landfill clay cover (i.e., biochar-amended clay
cover) can increase soil porosity, improve soil air flow, and reduce landfill methane emissions which are an area of interest for
many researchers. In the present research, the air permeability of biochar-clay is considered to be the main measure in evaluating
the fluid-flow characteristic of the material. We discussed the influence of biochar content and particle size on air permeability of
biochar-clay and its mechanism. The air permeability coefficient ka of biochar-clay mixture with different biochar content (0%,
5%, 10%, 15%, and 20%), dry densities (1.42 g/cm3, 1.56 g/cm3, and 1.65 g/cm3), and biochar particle size ranges (<74 μm,
20~40 μm, 40~74 μm, and >74 μm) were measured using a flexible wall air permeability testing device. Changes in soil pore
structure were analyzed by scanning electron microscopy (SEM) and nuclear magnetic resonance (NMR). The results show that
when dry density was 1.42 g/cm3, the air permeability coefficient decreased as the biochar content increased. For biochar-clay
mixture of 1.56 g/cm3 and 1.65 g/cm3, when the biochar content was 15%, the air permeability coefficient of biochar-clay
mixture reached its lowest value. Comparing the air permeability coefficient of biochar-clay mixture with non-intersecting
particle size groups of biochar, it was revealed that the permeability coefficient decreased as the biochar particle size decreased.
Based on the pore structure of biochar-clay mixture with different biochar content and particle size, the influence biochar content
and particle size on the air permeability was evident.
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Introduction

Inmany countries, sanitary landfill is the primarymethod used
for municipal solid waste disposal (Chen and Ke 2005; Reddy
et al. 2015). However, landfill gases are released with the
decay of organic material during the landfill’s service period.
Generally, landfill gas contains two greenhouse gases—
methane (55~60%) and carbon dioxide (40~45%)—and the
global greenhouse effect potential of methane is approximate-
ly 25 times that of carbon dioxide (IPCC 2007). For small-to-
medium-sized old landfills with no gas-collection system,
some methane often escapes into the atmosphere. Even for
larger landfills with an efficient gas collection system,
5~40% of methane can escape (US-EPA 2011). Hence, it is
important to search for an economical, sustainable, and effi-
cient material as the final cover layer of landfills in order to
contain and reduce methane emissions.

In traditional landfills, compacted clay is widely used as the
barrier layer (US-EPA 1989) because of its economic and
simple construction process. However, owing to climate/
environment changes, such as rainfall, sunshine, or uneven
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settlement, shrinkage cracks may occur in the landfill’s final
cover soil, leading to the damage of its integrity and sealing
(Omari et al. 1996; Sun and Cui 2020; Sun et al. 2020). It
weakens the soil barrier. In recent years, biochar, a sustainable
and environmentally friendly soil-amended material for a
landfill’s final cover, has drawn the considerable interests of
researchers (Wong et al. 2016;Wong et al. 2017).With a well-
developed pore structure, high chemical stability, and high
cation exchange capacity (Lehmann 2007; Jeffery et al.
2011; Sun et al. 2020), biochar provides a suitable space for
methane-oxidizing bacteria, promotes methane microbial
oxidation-reduction (Yu et al. 2013; Sadasivam and Reddy
2015), and reduces landfill methane emissions.

Over the past few years, researchers have investigated on
the air permeability of soils mixed with biochar. Oguntunde
et al. (2010) and Sun and Lu (2014) showed that the addition
of biochar increases the porosity of soils and consequently
enhances the permeability of gases. Obia et al. (2016) found
that total porosity increased by 2% when biochar was added.
Amoakwah et al. (2017) conducted an air permeability test on
sandy and mixed soils with 10 t ha−1 and 20 t ha−1 of biochar
and found that relative gas diffusivity increased with increas-
ing air-filled porosity. At low air-filled porosities, there was a
tendency for larger permeability values for mixed soils with
20 t ha−1 compared to sandy and mixed soils with 10 t ha−1.
Sun et al. (2013) showed that the addition of biochar changes
the soil pore structure parameters—e.g., pore organization and
pore connectivity-tortuosity—and causes a significant de-
crease in soil bulk density and an accompanying increase in
total porosity. The soils in the above studies are chiefly agri-
cultural soil, sandy soil, and sand, usually with a low dry
density, in a loose state with a degree of compaction of about
65% (Mchenry 2011; Garg and Ng 2015). Garg et al. (2020)
studied the air permeability of biochar-amended soils with
different degrees of compaction and concluded that the air
permeability of biochar-amended soil is relatively lower than
that of soils without amendment, although a higher degree of
compaction requires larger suction (or drying) to enhance air
permeability. Garg et al. (2019) studied the change of the air
permeability of unsaturated biochar-amended clay-sand
mixed soil under different biochar contents (0%, 5%, and
10%). It is concluded that the air permeability coefficient ka
increased linearly with soil suction in a semi-log scale, regard-
less of the biochar content. The addition of 5% and 10%
biochar decreases air permeability by up to 50% and 65%,
respectively, compared to bare soil. Obour et al. (2019) inves-
tigated the impact of biochar application on soil water reten-
tion, air movement through soil, and the pore characteristics of
soil without biochar and soil altered with 15 and 30 Mg ha−1

of biochar. The results showed that the altered with 30 Mg
ha−1 significantly increased ka at matric potentials −30 hPa
relative to amended with 15 Mg ha−1. Cai et al. (2020) inves-
tigated the effect of soil suction and moisture content on gas

permeability for different biochar application percentages at
high degree of compaction. The results show that with 5% and
10% of biochar, the decrease in gas permeability is around
50% and 65% compare with soil without biochar. Wong
et al. (2016) found that biochar-amended soils can be used
as an alternative landfill final cover. When the biochar is
mixed into clay as an altered material for the landfill’s cover
layer, a higher degree of compaction is required to prevent the
landfill gas from migrating to the atmosphere. At present, few
studies on the air permeability characteristics of biochar-
amended clay have been conducted. Wong et al. (2016) sug-
gested that the effect of the particle size distribution of biochar
on the air permeability of biochar improved soil should be
investigated because the particle size of biochar significantly
affects its physicochemical properties. Chen et al. (2020) stud-
ied the change of the air permeability of unsaturated biochar-
amended silty sand mixed soil under four different sizes
(<0.25, 0.25–1, 1–2, and >2 mm). It is found that the particle
size of biochar played a significant role in altering soil micro-
structures. The addition of smaller biochar particles (i.e.,
<0.25 mm) decreased soil mesopores and macropores by
19%, resulting in a decrease in ka of biochar-amended soil
by 31% compared with the control. However, the addition
of biochar with particle size >0.25 mm led to an increase in
ka of biochar-amended soil by up to 28∼93% relative to the
control. Sun et al. (2013) revealed that the impact of the in-
corporation of biochar on the number and structure of soil
pores, which is the key factor affecting the air permeability
of the soil, and the long-term effect between biochar and soil,
may influence air permeability. Thus, from the above studies,
we can see that biochar content and particle size can affect
particle distribution and moisture distribution in soil and then
affect the pore structure and porosity of soil, which are related
to the permeability of soil (Kallel et al. 2004; Kallel et al.
2006). However, a detailed understanding of the mechanisms
underlying the changes in the physical structure of the soil
after the application of biochar are still lacking (Lehmann
et al. 2009; Atkinson et al. 2010).

In this paper, the air permeability coefficient ka was
measured using a flexible wall air permeability testing
device on biochar-clay mixture with different dry densi-
ties (1.42 g/cm3, 1.56 g/cm3, and 1.65 g/cm3), biochar
content (0%, 5%, 10%, 15%, and 20%), and biochar par-
ticle size (>74 μm, 40~74 μm, 20~40 μm, and <74 μm),
and the variations of the air permeability can be obtained.
The pore structure of the biochar-clay mixture samples
were measured using a scanning electron microscope
(SEM) and nuclear magnetic resonance (NMR), and the
effect of biochar content and particle size on air perme-
ability was thus analyzed at the micro-level. The present
study provides a reference for determining suitable bio-
char proportions and design parameters for a cover layer
amended with biochar in landfills.
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Materials and methods

Test materials and specimen preparation

The biochar used in this study was produced by pyrolysis of
rice straw under oxygen-limited conditions at 500 °C. The
skeleton structure of the original biomass was not damaged
during the high-temperature pyrolysis process, and the micro-
structure of the biochar was well preserved. The basic physi-
cochemical properties of clay and biochar used in the test are
listed in Table 1. Figure 1 shows the morphological charac-
teristics of the tested biochar after using a SEM. Biochar’s
porous structure can be seen from the micro-
morphology of the rice straw biochar. According to
the standard test method for chemical analysis of wood
charcoal (ASTM D 1762-84 2007), the ash content of
the biochar was 18.80%. To obtain the mass loss rate,
20g of biochar was placed in a muffle furnace at a
temperature of 800 °C for 4h, and the quality loss
was obtained.

To study the effect of biochar particle size on the air per-
meability of biochar-clay mixture, the original biochar was
ground in a ball mill for 40 min and sieved with different pore
diameters(200 mesh, 400 mesh, and 800 mesh). The sizes of
200 mesh, 400 mesh, and 800 mesh are 74 μm, 40μm, and 20
μm, respectively, as shown in Fig. 2. Four biochar specimens
with particle sizes of >74 μm, 40~74 μm, 20~40 μm, and
<74 μm were obtained. Figure 3 shows the grain size distri-
bution of clay and the aggregate size distributions of the above
four biochar specimens with different particle sizes.

Five biochar-clay soil specimens were prepared with a bio-
char mass percentage of 0%, 5%, 10%, 15%, and 20%, re-
spectively. The dry densities were 1.42 g/cm3, 1.56 g/cm3, and

1.65 g/cm3, respectively, or 85%, 95%, and 100% of the
clay’s maximum dry density, respectively. According to the
Technical code for municipal solid waste sanitary landfill clo-
sure (GB 51220 2017), the degree of compaction of the land-
fill cover soil is not less than 90% of the standard proctor
maximum dry density (SPMDD) of clay, according to the
standard (GB 51220 2017), and the compactness of the slope
is not less than 85%. The weighed biochar and dry soil were
thoroughlymixed. Then the mixed soil specimens were mixed
with deionized water and sealed in polyethylene bags for 24h.
Finally, the mixed soil specimens were placed in a sampler
and compacted with a jack to prepare compacted samples with
a diameter of 6.18 cm, a height of 4.00 cm at an initial water
content of 14.0%. Table 2 shows the initial state of the air
permeation test sample. Table 3 shows the particle relative
density of biochar-clay mixture with different particle sizes.

Considering the influence of biochar content on the air
permeability coefficient of biochar-clay mixture, the particle
size of biochar used was <74 μm, and the dry density was 1.65
g/cm3, 1.56 g/cm3, and 1.42 g/cm3. Under the influence of
biochar particle size, the biochar content and dry density of
samples were 10% and 1.56 g/cm3, and the biochar particle
size >74 μm, 40~74 μm, 20~40 μm, and < 74 μm,
respectively.

Measurement of air permeability

Figure 4 shows the test device to measure the air permeability
coefficient. The device consists primarily of five parts: com-
pressed air supply, digital display voltage regulator, water
pressure controller, air tank, pressure chamber, and U-
shaped manometer. The air inlet at the bottom of the pressure
chamber was connected to the air tank, and the air tank’s other

Table 1 Basic physical and chemical indexes of clay and biochar

Clay

Atterberg limits

Liquid limit (LL/%) 35.98

Plastic limit (PL/%) 22.20

Plastic index (PI) 13.78

Max. dry density (g/cm3) 1.65

Optimum water content wopt (%) 22.50

Specific gravity 2.67

pH 7.70

CEC (cmol kg−1) 10.70

Biochar

Specific gravity 1.99

Specific surface area (SSA m2/g) 385.60

pH 10.00

Ash content (%) 18.80

Biochar

Fig. 1 Morphological characteristics of biochar in the experiment
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end was connected to a compressed air supply. A digital dis-
play voltage regulator was set between the air tank and the
compressed air supply to regulate the pressure. It should be
noted that a small amount of water was placed in the air tank to
approach the sample humidity. The test method is similar to
that used by Yoshimi and Osterberg (1963) and Delage et al.
(1998). It has been shown that when the air pressure is less
than 8 kPa, the results of air permeability measured by using
Fick’s law and Darcy’s law are similar, and the effects of air
compressibility can be ignored (Yoshimi and Osterberg 1963;
Blight 1971). At the beginning of the test, a confining pressure
of 40 kPa was applied in the pressure chamber before the test.
The air permeability test began after the air pressure of the U-
shapedmanometer stabilized at the set pressure value (approx-
imately 7.8 kPa) for 2 min. At the beginning of the test (t = 0),

we opened the valve that connects the bottom of the pressure
chamber. This induced an air flow through the specimen. We
then recorded the height of the liquid level of the U-shaped
manometer at different times (Wang et al. 2017; He et al.
2017). It should be noted that the water content, mass, and
volume are re-measured after test.

200 mesh(74 µm)

400 mesh(40 µm)

800 mesh(20 µm)

Fig. 2 Preparation of biochar
with four biochar particle sizes
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Fig. 3 Grain size distribution of clay and four biochar particle sizes

Table 2 Air permeability test sample initial state

α(%) d (μm) w(%) ρd(g/cm
3) e Sr(%)

0 <74 14 1.42 0.89 42.00

5 <74 14 1.42 0.86 42.83

10 <74 14 1.42 0.85 43.06

15 <74 14 1.42 0.82 44.13

20 <74 14 1.42 0.79 45.09

0 <74 14 1.56 0.71 52.39

5 <74 14 1.56 0.70 53.15

10 <74 14 1.56 0.67 54.68

15 <74 14 1.56 0.65 55.39

20 <74 14 1.56 0.64 55.92

0 <74 14 1.65 0.61 60.85

5 <74 14 1.65 0.60 61.95

10 <74 14 1.65 0.57 63.43

15 <74 14 1.65 0.55 64.92

20 <74 14 1.65 0.53 66.78

10 >74 14 1.56 0.67 54.20

10 40-74 14 1.56 0.68 53.65

10 20-40 14 1.56 0.68 53.85

10 <74 14 1.56 0.69 52.38
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Based on Darcy’s law, Yoshimi and Osterberg (1963) de-
duced and proved that log[P(t)/ P(0)]—e.g., the logarithm of
the ratio of pressure P(t) to initial pressure P(0)—at t time
presents a linear relationship with time t. It also gives the
formula for calculating the air permeability coefficient ka
based on the linear slope.

ka ¼ −
2:3Vhμa

t
⋅

log
P tð Þ
P 0ð Þ

A Pa þ P 0ð Þ
4

� � ð1Þ

where ka is the air permeability coefficient (m2); h is the
specimen thickness (m); A is the cross-sectional area of the
specimen (m2); V denotes the air tank volume (m3); μa is the
dynamic coefficient of viscosity of air at 20 °C temperature
(1.796×10−5 Pa·s); and Pa is the atmospheric pressure (Pa).

Table 3 Particle relative density of biochar-clay mixture with different
particle sizes

Biochar content (α) Biochar particle sizes d (mm) ρs(g/cm
3)

5 >74 2.64

40–74 2.64

20–40 2.64

<74 2.64

10 >74 2.61

40–74 2.61

20–40 2.61

<74 2.60

15 >74 2.58

40–74 2.58

20–40 2.58

<74 2.57

Compressed air supply  Air tank   Water   Digital display voltage regulator   U-shaped 

manometer(Accuracy: 10 Pa; Inner diameter:7 mm)  Water pressure controller   Pressure chamber   

Specimen

(a)

(b) 

Water pressure controller Specimen

Water inlet Bottom porous disc

Valve Loading rod

Water pump Water

Upper outlet U-type tube(Accuracy: 10 Pa)

Side wall of pressure chamber Air tank

O -rings Digital display voltage regulator

Upper porous disc Compressed air supply

Rubber membrane Water tank

Fig. 4 Experimental set-up for air permeability test. a Picture of the air permeation test device. b Sketch of the air permeability measurement system
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Microstructure analyses

The microstructure and pore size distribution of biochar-clay
mixture with different biochar content and particle size were
measured using a Quanta FEG450 field emission scanning
electron microscope (SEM) and a Macro MR12-110H-1,
which is a nuclear magnetic resonance (NMR) scanning de-
vice. The variation of the air permeability coefficient of
biochar-clay mixture of varying biochar content and particle
size was analyzed at a micro-level. The specimens were frozen
by immersion in liquid nitrogen (−195 °C) for 5 min before
SEM scanning (Gallé 2001) and then placed in a Labconco
freeze dryer for vacuum cold drying. The freeze-dried speci-
mens were pasted onto a copper sheet using conductive tape
and the surface sprayed with gold. The sheet was then placed
on the sample table of the SEM test instrument for scanning
and photographing.

Themagnetic field strength of the permanent magnet unit is
0.3T (Tesla). The temperature of the magnet unit is main-
tained at 32°C, with a variation of ± 0.01°C to ensure the
uniformity and stability of the main magnetic field in the test.
Moreover, the effective test area of the sample tube is 60 by
60mm (h × d, where h and d are the height and diameter of the
sample tube, respectively). The echo time is 0.2 ms; the rep-
etition time is 1000 ms, and the number of echoes is 2000.

A T2 distribution curve can be obtained by the NMR test.
T2 describes the decay speed of the transverse magnetization,
which is the transverse relaxation time. Olumide et al. (2009)
and Tian et al. (2018) point out that the value of T2 is directly
proportional to the pore radius r. Hence, the value of T2
can be used to reflect the pore structure of the soil
specimens. Assuming that the shape of the pores in
the soil sample is spherical, the relationship between
T2 and r can be expressed as,

1

T2
≈ρ2

3

r

� �
pore

ð2Þ

where ρ2 is the lateral transverse relaxation rate that is
bound up with the soil’s physical and chemical properties
(Coates et al. 1999). The specimen was vacuum saturated
before the NMR test. Therefore, the T2 spectrum distribution
curve of the saturated specimen can reflect the pore content in
the specimen.

Results

Air permeability of biochar-clay mixture with differ-
ent biochar content

Figure 5 shows that there is a linear relationship between
log(pt/p0) and t with different biochar content. Obviously,

when the dry density is 1.42 g/cm3, the slope of the curve
decreases with the increase of biochar content; when the dry
density is 1.56 g/cm3 and 1.65 g/cm3, with the increase of
biochar content, the slope of the curve first decreases and then
increases. Using the slope obtained in Fig. 5, the air
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Fig. 5 Relationship between -log(pt/p0) and time t with different biochar
content. a ρd =1.42 g/cm

3; b ρd =1.56 g/cm
3; c ρd =1.65 g/cm

3
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permeability coefficient of biochar-clay mixture with different
biochar content is calculated by Eq. (1), as shown in Fig. 6.

Figure 6 shows the relationship between the air permeabil-
ity coefficient ka and the biochar content of biochar-clay mix-
ture with dry densities of 1.65 g/cm3, 1.56 g/cm3, and 1.42
g/cm3 and particle sizes of <74 μm. It can be seen that the air
permeability coefficient of the soils decreases continuously as
the biochar content increases when the dry density is 1.42
g/cm3. However, when the dry densities are 1.56 g/cm3 and
1.65 g/cm3, not less than 90% of the Standard Proctor
Maximum Dry Density (SPMDD) of clay, according to the
standard (GB 51220 2017), the air permeability coefficient
first decreases and then increases; that is, there is an amount
of biochar that minimizes the permeability coefficient of the
mixed soils. It can be speculated that there may be an optimal
amount of biochar, which would be verified by testing the
permeability coefficient of mixed soil samples with more bio-
char content. When the biochar content is less than 15%, the
air permeability coefficient decreases as the biochar content
increases, and the trend is more obvious at the lower dry
density. For example, the air permeability coefficient of the
specimen with a dry density of 1.56 g/cm3 decreases faster.
For the specimen with a dry density of 1.56 g/cm3, the air
permeability coefficient ka of biochar content α = 0% is
1.26×10−14 m2, while the air permeability coefficient ka of α
= 15% is 4.23×10−15 m2, which decreases by one order of
magnitude. However, when the dry density is 1.65 g/cm3

and the biochar content is less than 15%, the decreasing rate
in the air permeability coefficient of the mixed soils is rela-
tively low as the biochar content increases. When the
biochar content is larger than 15%, the air permeability
coefficient increases as the biochar content increases,
and the effect of dry density on the air permeability
coefficient decreases. For example, when the biochar
content is 20%, the air permeability coefficient ka of
the specimens with different dry densities is similar.

Figure 7 shows the SEM microstructure of pure clay and
biochar-clay mixture with 15% biochar content. From the micro-
scopic pore structure of pure clay in Fig. 7a, it can be seen that the
clay particles form clay aggregates through cementation, which
contact each other and rearrange to form a new pore structure.
The pores of pure clay include inter- and intra-aggregate pores.
Figure 7 b shows the microscopic pore structure of biochar-clay
mixture with 15% biochar content under the same magnification.
The figure shows that the particles of the mixed soil are evenly
distributed and dense. The number of clay aggregates is reduced as
are the specimens’ pores. This shows that biochar can fill the pores
between the clay aggregates.
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Fig. 6 Air permeability coefficient of biochar-clay mixture with different
biochar content (d < 74 μm)

Fig. 7 SEM images of biochar-clay mixture with different biochar con-
tent (d < 74 μm). a α = 0%, b α = 15%
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Figure 8 a shows the T2 spectrum distribution curve of
biochar-clay mixture (0%, 5%, 10%, 15%, and 20% biochar
content) with a biochar particle size < 74 μm and dry density
of 1.56g/cm3. When the biochar content is 0%, 5%, 10%,
15%, and 20%, the corresponding signal intensity are
117.04, 100.89, 93.66, 32.65, and 49.73, respectively. It can
be obtained that the signal intensity first decreases and then
increases. When α < 15%, the signal intensity decreases as the
biochar content increases. However, when α > 15%, the signal
intensity increases. The area of the T2 distribution curve and
horizontal axis reflects the content of hydrogen protons in soil
pores (Tian et al. 2018). For saturated specimens, the area of the
T2 spectrum is proportional to the amount of fluid in the speci-
men pores. This means that the area of the T2 distribution curve
and horizontal axis can reflect the number of pores in the spec-
imens. Figure 8 b shows the relationship between the area of the
T2 distribution curve of biochar-clay mixture and the biochar
content. It can be seen that the area begins to decrease with the

increase of biochar content and decreases to its lowest when the
biochar content is 15%. The area of the T2 distribution curve
becomes larger for α = 20%. In other words, the pore content
in the soils first decreases and then increases.

Air permeability of biochar-clay mixture with differ-
ent biochar particle sizes

Figure 9 shows that there is a linear relationship between
log(pt/p0) and twith different particle sizes. It can be seen from
the figure that the slope of log(pt/p0) and t curve of biochar-
clay mixture increases with the increase of biochar non-
intersecting particle size groups.

Figure 10 shows the air permeability coefficient of biochar-
clay mixture (1.56 g/cm3 dry density and 10% biochar con-
tent) with particle sizes of >74μm, 40~74μm, 20~40μm, and
< 74 μm, respectively. From Fig. 10, we see that the air per-
meability coefficient decreases linearly with the decreasing
biochar particle size in the three non-intersecting particle size
groups of > 74 μm, 40~74 μm, and 20~40 μm. When the
particle size is < 74 μm, the permeability coefficient of
biochar-clay mixture is smaller than the other three non-
intersecting particle size groups. For example, when the dry
density is 1.56 g/cm3, the permeability coefficient of pure clay
is 1.26×10−14 m2, which is smaller than that of specimens
mixed with >74 μm particles of biochar (ka=1.78×10

−14 m2).
Figure 11 shows the NMR test results of biochar-clay mix-

ture with dry density of 1.56g/cm3, 15% biochar content, and
particle size of >74 μm, 40~74 μm, 20~40 μm, and <74 μm,
respectively. Firstly, the T2 spectral distribution curves of
20~40 μm, 40~74 μm, and >74 μm are compared with non-
intersecting particle size groups of biochar. The T2 distribution
curves of 20~40 μm and 40~74 μm are a unimodal structure,
and the T2 value corresponding to the peak of T2 spectrum is
1.20 ms and 1.38 ms, respectively. The T2 distribution curve
with particle size >74 μm has a bimodal structure. The first
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Fig. 8 T2 test results of biochar-clay mixture with different biochar con-
tent. a T2 distribution curves of biochar-clay mixture with different bio-
char content (ρd =1.56 g/cm3). b The peak area T2 distribution curves of
biochar-clay mixture with different biochar content (d < 74 μm)
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Fig. 9 Relationship between -log(pt/p0) and time t under different particle
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732    Page 8 of 12 Arab J Geosci (2021) 14: 732



peak is close to the two previous peaks, and the T2 value is
38.72 ms at the second peak with the span at 11.10~333.13
ms. The T2 distribution reflects the pore-size distribution. Tian
et al. (2018) showed that, when T2 < 60 ms, the NMR test
results reflect the water in small pores or micropores, and the
corresponding pores are micropores; when T2 is in the range
of 60~300 ms, the corresponding pores are macropores.

For mixed biochar-clay mixture with particle sizes of
20~40 μm and 40~74 μm, their T2 spectrum distribution curves
are almost the same. The ranges of T2 at main peak are
0.025~4.20 ms and 0.025~5.17 ms, respectively, and the corre-
sponding pores are chiefly small pores and micropores.
However, the T2 value at peak of the 20~40 μm group moves
to the left compared with that of the 40~74 μm group; that is, the
most probable pore diameter—the pore diameter corresponding
to the peak—is smaller than that of the 40~74 μm group.
Moreover, the peak area decreases, that is, the number of small
pores also decreases. Therefore, the air permeability coefficient
of 20~40μmbiochar-clay mixture is less than that of 40~74 μm.

For the biochar-clay mixture with the particle size >74 μm,
the soil has macropores, and the air permeability coefficient ka
of biochar-claymixed soil is highest. For biochar with a mixed
particle size of <74 μm, there exists some large carbon parti-
cles. Therefore, the spectral curve moves to the right and the
pore diameter increases. But the amount of total porosity de-
creases obviously, which makes the air permeability coeffi-
cient a minimum.

According to the experiment and mechanism analysis of
particle size and biochar content, the air permeability coeffi-
cient ka of biochar-clay mixture is the lowest when the biochar
content is 15% and the particle size <74 μm.

Discussion

Through the air permeability test results of biochar-clay mix-
ture with different biochar content and biochar particle size, it
can be observed that the air permeability is related to many
factors, such as biochar content, degree of compaction, and
the particle size distribution of soil, including the particle size
of biochar and the relative particle size of biochar and clay.

Effect of biochar content on air permeability of
biochar-clay mixture

Wong et al. (2016) observed the effects of the biochar content
and degrees of compaction on air permeability and illustrated
that the soil-biochar interactions had a significant impact on
the air transport behavior in compacted biochar-clay.

The air permeability coefficient of the biochar-clay mixture
decreases continuously as the biochar content increases when
the dry density is 1.42 g/cm3, as shown in Fig. 6. This is
because the gaps between the clay aggregates are partly filled
by the biochar. The smaller the dry density, the more the inter-
aggregate pores in the clay. Some of these pores are filled with
biochar particles, and the soil becomes dense. It can be obtain-
ed from Fig. 1 that the pores between clay aggregates are
partly filled with biochar. The air permeability coefficient of
the specimens gradually decreases as the biochar content in-
creases. The higher the biochar content, the more significant
the filling effect. Hence, the permeability coefficient of mixed
soil decreases significantly as the biochar content increases.

However, for specimens with a dry density not less than
90% of the maximum dry density of clay, such as those of
1.56 g/cm3 and 1.65 g/cm3, the air permeability coefficient
first decreases and then increases. The reasonmay be that with
increasing biochar content, part of the biochar occupies the
clay particle pores and fills the pores in the internal structure
of the soil, and the other part of the biochar is dispersed in clay
agglomeration. The air permeability coefficient rises with an
increase in biochar content since biochar is a loose and porous
material. Moreover, at low biochar content (i.e., α<15 %), the
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impact of compactness is greater, but it is smaller at higher
biochar content (i.e., α>15 %). The reason is that there are
more inter-pores of clay aggregates at low compaction. After
adding biochar, the filling effect is more obvious, and the air
permeability coefficient of the specimen decreases greatly.
With the increase of biochar content (α > 15%), some biochar
particles fill the pores between soil particles, and some carbon
particles contact with each other to form a carbon skeleton. The
porosity of biochar can improve the permeability coefficient of
soil. At this time, the filling effect of biochar has less effect, and
the porosity of biochar plays a leading role in the air permeability;
therefore, the air permeability coefficient increases. The phenom-
enon can be explained by NMR results, as shown in Fig. 8b. At
higher dry density of 1.56g/cm3, the area of the T2 distribution
curve first decreases and then increases. This reveals the mecha-
nism of the variation of the air permeability coefficient with
biochar content changing for mixtures with higher dry density
at the level of the microscopic pore structure.

The results of this study were not consistent with those
presented by previous researchers (Sun et al. 2013;
Amoakwah et al. 2017; Garg et al. 2019). Sun et al. (2013)
revealed that the air-filled porosity was markedly greater in
the biochar-amended soil than in the reference soil. The air
permeability is related to the air-filled porosity of soils. Under
the same dry density, the relationship between air permeability
coefficient and void ratio of biochar-clay mixture is shown in
Fig. 12. The results show that the addition of biochar de-
creases the void ratio of the biochar-clay mixture. This de-
crease in void ratio is the result of the change in the overall
solid density due to increase in biochar content. It is known
that the permeability of soil is often related to the void ratio;
therefore, decrease in air permeability as shown in Fig. 6 can
be explained and related to the change in void ratio. When the
dry density is 1.56 g/cm3 and 1.65 g/cm3, with the increase of
biochar content (α > 15%), some biochar particles fill the
pores between soil particles, and some carbon particles contact

with each other to form a carbon skeleton. The porosity of
biochar can improve the permeability coefficient of soil. At
this time, the filling effect of biochar has less effect, and the
porosity of biochar plays a leading role in the air permeability;
therefore, the air permeability coefficient increases. Water
content has a significant effect on air permeability. Porosity
can also influence air permeability. The relationship between
degree of saturation and air permeability coefficient can reflect
the influence of water content and porosity synthetically on
the air permeability coefficient of mixed soil, as shown in Fig.
13. It can be seen from the figure that with the decrease of
saturation, the air permeability coefficient has a gradually in-
creasing trend. The air permeability of biochar-amended soil
was higher than that in non-amended soil. Previous studies
mainly focused on the application of biochar to agricultural
soil, such as sandy loam and silty clay. In addition, agricultur-
al soil usually has a low degree of compaction to benefit root
growth (Mchenry 2011; Garg and Ng 2015). However, it is
aimed at the final cover of landfills in this research, which
requires a high degree of compaction, not less than 90% of
the standard proctor maximum dry density (SPMDD), accord-
ing to the standard (GB 51220 2017). At this time, the degree
of compaction, the biochar content, and the relative particle
size of clay and biochar can affect the air permeability coeffi-
cient of specimens. But the influence of the relative particle
size of biochar and clay on the air permeability is more sig-
nificant. This is because of the influence of the relative particle
size of biochar and clay on the micropore structure of soils.
For clay whose particle size is smaller than or equal to that of
biochar, biochar may exist as a part of the soil skeleton of the
mixed soils, which increases the porosity of soil and
subsequently air permeability. However, for materials
whose particle size is larger than that of biochar, bio-
char is filled in the particle pores as filler. Hence, the
porosity of soil decreases and subsequently the air per-
meability of the mixed soils decreases.
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Effect of biochar particle size on air permeability of
biochar-clay mixture

The air permeability coefficient decreases linearly with de-
creasing biochar particle size in the three non-intersecting par-
ticle size groups of >74 μm, 40~74 μm, and 20~40 μm.When
the particle size is <74 μm, the permeability coefficient of
biochar-clay mixture is smaller than the other three non-
intersecting particle size groups. The results indicate that the
addition of biochar with a large particle size can improve the
soil’s permeability. With the decrease of the particle size of
biochar, the small size biochar fills the pores in the internal
structure of the clay, and the filling effect is better. As a result,
the soil becomes relatively dense, as shown in Fig. 6b, and the
air permeability coefficient gradually decreases. For the bio-
char of particle size <74 μm, it is a mixed particle size group,
and the distribution of carbon particles is relatively uniform.
However, there are carbon particles with particle size < 20
μm, as shown in Fig. 3; therefore, the filling effect of biochar
on clay pores improves under this particle size group. For the
large particle size group with biochar particles >74 μm, the
pores in the soil increase after being mixed, and hence, the
permeability coefficient is higher. The relative particle size of
biochar and clay can also affect the air permeability coefficient
of biochar-clay mixed soil. Chen et al. (2019) and Wong et al.
(2018) studied the optimal pore size distribution of clay which
is between 0.01 and 1 μm fromMIP results of clay, that is, the
pore size of those pores with maximum probability.
According to these results, the biochar particles >74 μm is
larger than that of clay; therefore, it can be judged that the
biochar acts as the soil skeleton in the mixtures. Therefore,
the porosity of biochar-clay mixture increases, which leads to
the increase of the air permeability.

To sum up, the air permeability coefficient of biochar
amended soils is related to themicropore structure of soils, which
is connected to the biochar content and particle size, the degree of
compaction, and the relative particle size of biochar and clay.

Conclusion

The air permeability of biochar-clay mixture with different
biochar content and particle sizes was measured using a flex-
ible wall air permeability testing device. Pore structure and
pore size distribution of biochar-clay mixture were obtained
using SEM and NMR tests, and the effect of biochar content
and particle size on the air permeability of biochar-clay mix-
ture were analyzed. Main conclusions are as follows:

(1) The influence of biochar content on the air permeability of
biochar-clay mixture varies with the degree of compaction.
When the dry density is 1.42 g/cm3, the air permeability
coefficient decreases with the increase of biochar content;

when the dry densities are 1.56 g/cm3 and 1.65 g/cm3, with
the increase of biochar content, the air permeability coeffi-
cient first decreases and then increases.

(2) By comparing the air permeability coefficient of biochar-
clay mixture with non-intersecting particle size groups, it is
found that the air permeability coefficient decreases as the
biochar particle size decreases. The air permeability coeffi-
cient of biochar-clay mixture with biochar particle size <
74 μm is lowest compared with other particle size groups.
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