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Abstract
Purpose Biochar has the characteristics of loose porosity, high specific surface area, and strong adsorption properties. Recently,
the compacted biochar amended clay has been proposed as a sustainable alternative material for the final cover of landfills.
However, the effect of biochar on saturated hydraulic conductivity (ksat) is not yet conclusive. The objective of this study was to
determine the influence of biochar content on the permeability of biochar-clay mixed soils.
Materials and methods The clay used in the study belongs to the low liquid limit clay. The biochar is produced by heating the
rice straw under an oxygen-deficient condition at a temperature of 500 °C. To study the effect of biochar content on the
permeability of biochar-clay mixed soils, the biochar-clay mixed soils with the mass percentage of biochar being 0%, 5%,
10%, 15%, and 20% were used. The saturated hydraulic conductivity of the biochar-clay mixed soils was measured by the head
pressure control permeameter. Meanwhile, the micro-pore structure of the saturated biochar-clay mixed soils was obtained by the
nuclear magnetic resonance (NMR) technique.
Results and discussion It can be observed that the saturated hydraulic conductivity ksat of biochar-clay mixed soils increases
linearly as the biochar content increases. The NMR results show that the T2 distribution curve of pure clay is a unimodal pattern,
while the T2 distribution curve of biochar-clay mixed soils presents the bimodal pattern, where T2 is the transverse relaxation
time, reflecting the pore size of the soil specimens.With the increase of biochar content, the T2 spectrum of the mixed soils moves
slightly to the right, and T2 at main peak increases gradually, correspondingly the most probable pore size of biochar-clay mixed
soils increases.
Conclusions The pore size distribution of the soil was changed by the addition of biochar and subsequently affects the perme-
ability of biochar-clay mixed soils. This study provides some useful suggestions for optimizing the pore structure of the biochar
amended clay anti-seepage layer in the final cover of landfills.

Keywords Biochar-claymixedsoils .Saturatedhydraulicconductivity .Nuclearmagneticresonance .Micro-porestructure .Most
probable pore size

1 Introduction

The landfill final cover is conducive to controlling and reduc-
ing the infiltration of rainwater. Many countries have put strict
restrictions on the saturated hydraulic conductivity (ksat) of the
landfill final cover, and the minimum ksat of the cover layer
varies in different countries. For example, ksat should be less
than 1.0 × 10−7 cm/s in the USA (Bareither et al. 2020), in
China (GB 51220–2017), and 1.0 × 10−6 cm/s in Korean
(Kwon and Cho 2011). Because of low permeability, the
compacted clay anti-seepage layer has been widely used as a
barrier layer for the final cover of landfills (US EPA 1989).
However, the shrinkage and cracking of traditional compacted
clay cover decrease the permeability of the anti-seepage bar-
rier, owing to the climate change and ground settlement (Horn
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et al. 2014). Therefore, a sustainable and environmentally
friendly soil-amended material, namely biochar, has received
wide attention from many researchers. As a carbon-rich sub-
stance produced by heating biomass, the biochar is character-
ized by lower density, the higher specific surface area, higher
ion exchange capacity, and stability (Jeffery et al. 2011;
Zornoza et al. 2016). The addition of biochar to soil can re-
duce the density, increase the porosity, and subsequently alter
the permeability and the water retention capacity of soil (Laird
et al. 2010; Lu et al. 2014; Zhao et al. 2015a; Villagra-
Mendoza and Horn 2018; He et al. 2019; Peng et al. 2019).

At present, the permeability of biochar amended soils has
been studied bymany researchers; however, the effect of biochar
on saturated hydraulic conductivity (ksat) of claywith high degree
of compaction is not yet understood. Laird et al. (2010) found
that the addition of biochar had no obvious effect on the hydrau-
lic property of soil. Oguntunde et al. (2010) found that the satu-
rated hydraulic conductivity of the biochar mixed soil increased
remarkably by 88% compared with that of the soil without bio-
char. Lei and Zhang (2013) studied the effect of biochar derived
from different pyrolysis temperatures on soil saturated hydraulic
conductivity, with results indicating that biochar applications im-
proved the conductivity. Notably, the influence of increased bio-
char produced by high-temperature pyrolysis on soil saturated
hydraulic conductivity was more apparent. Ajayi et al. (2016)
studied the effects of biochar on the permeability of two different
types of soils (fine sand and sandy loamy silt). The results indi-
cated that the saturated hydraulic conductivity of the sandy
loamy silt increased with the increase of biochar content.
However, the saturated hydraulic conductivity of the fine sand
decreased with the increase of biochar content. Villagra-
Mendoza and Horn (2018) studied the effects of biochar on the
permeability of sand and sandy loam. The results indicated that
the saturated hydraulic conductivity of sand and sandy soil
decreased after adding biochar, and the decrease of ksat was
more pronounced in the sandy mixtures than in the sandy
loam. Devereux et al. (2012) found that the saturated hydraulic
conductivity decreased with the increase of biochar content.
After adding 5% biochar to the soil, it was found that the satu-
rated hydraulic conductivity decreased from 4.8 × 10−3 to 2.3 ×
10−3 cm/s. The effect of biochar application on hydraulic prop-
erties of soil was also investigated by Ibrahim et al. (2013). In
their tests, the saturated hydraulic conductivity was found to
decrease under the application of biochar. Barnes et al. (2014)
studied the permeability of three different soils modified by bio-
char (i.e., sand, organic-rich topsoil, and clay-rich soil) and found
that biochar amendment decreased saturated hydraulic

conductivity by 92% in sand and 67% in organic soil, but in-
creased by 328% in clay-rich soil.

To sum up, different variation tendencies of permeability
can be observed from above test results after adding biochar
into soil, and the reason for the difference is assumed to be
related to the physical and chemical properties of the soil
itself, and the pore structure of biochar prepared by disparate
biomass feedstock and pyrolysis temperature, and also the
mutual adaptive evolutions of micro-pore structure between
soil and biochar. Therefore, it is of necessity to study the
influence of pore structure on the permeability of biochar-
amended soils.

The objective of this paper is to explore the effect of bio-
char content on the permeability of biochar-clay mixed soils.
For this, the saturated hydraulic conductivity (ksat) of biochar-
clay mixed soils with different biochar content (i.e., 0%, 5%,
10%, 15%, and 20%) was measured by adopting a head pres-
sure control permeameter. Next, the micro-pore structures of
biochar-clay mixed soils with different biochar content were
also obtained by using NMR technique without destroying the
pore structure. Then, the effect mechanism of biochar content
on the permeability of biochar-clay mixed soils was analyzed.
Finally, the differences and their causes of the saturated hy-
draulic conductivity of different types of soils mixed with
biochar were discussed by analyzing the test results.

2 Materials and methods

2.1 Test materials

The clay used in the test belongs to the low liquid limit clay in
line with the classification plastic diagram of fine-grained soil.
The biochar used in the test is produced by heating the rice
straw under an oxygen-deficient condition at a temperature of
500 °C. The basic physical properties of clay and biochar used
in the test are listed in Tables 1 and 2. The ash content in the
biochar is 18.8% by means of ASTM D1762–84 (2007).
Twenty grams of biochar is placed in the muffle furnace at a
temperature of 800 °C for 4 h and the quality loss is obtained.

After the biochar particles are sieved through a 200-mesh
sieve, the biochar with a particle size of less than 74 μm is
prepared for use. The particle gradation curve of screened
biochar is illustrated in Fig. 1. The grain size distribution curve
of clay is also presented in Fig. 1. The particle size larger than
74 μm is measured by using the sieving method in ASTM

Table 1 Basic properties of tested
clay Clay Specific gravity Gs Liquid limit wL (%) Plastic limit wP (%) Plasticity index Ip

2.67 35.98 22.20 13.78
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D422–63 (1998), and the rest part is measured by the use of
the laser particle size analyzer.

The skeleton structure of the original biomass will not be
damaged during the high-temperature pyrolysis process, and
the microstructure of biochar can be well preserved. Figure 2
depicts the morphological characteristics of the tested biochar
by using the SEM tests, in which the porosity of the biochar
internal structure can be observed clearly.

2.2 Specimen preparation

To study the effect of biochar content on the permeability of
biochar-clay mixed soils, the mixed soils with the mass per-
centage of biochar being 0%, 5%, 10%, 15%, and 20% were
used. To eliminate the influence of ion exchange on the per-
meability of the soil specimens, the deionized water is used in
the test. The specimens with a height of 2.00 cm and a diam-
eter of 3.80 cm were prepared, with initial water content of
14% and dry density of 1.50 g/cm3.

The water content of 14%was selected, mainly considering
the natural water content of the landfills final cover. It should
be noted that the water content is re-measured before speci-
men preparation. In order to get the same dry density, the
particle density of biochar and clay was determined in ad-
vance, and the particle density of the mixed soil with different
biochar content was obtained. The mass of biochar, clay, and
deionized water can be calculated according to the target dry
density, water content, and size of the specimen. The
preweighted deionized water, oven-dried clay, and biochar
are mixed thoroughly in a large pan. After stirred thoroughly,

the mixture was sealed in polyethylene bags for 24 h to reach
water homogeneous. Then the compressed specimens with the
same dry density were prepared.

2.3 Measurement of saturated hydraulic conductivity

The head pressure control permeameter shown in Fig. 3 was
adopted to measure the saturated hydraulic conductivity of the
biochar-clay mixed soils. The air pressure was applied to the
surface of solution in the gas-liquid separator to form a stable
head pressure. An oil layer was set between the gas and the
liquid to prevent the gas from dissolving in solution. During
the test, the test head pressure was set to 50 kPa (equivalent to
5 m water head between the two end of specimen). The water
outlet of the gas-liquid separator was connected with the water
inlet at the bottom of the permeameter. Deionized water can
be uniformly infiltrated into the soil specimen through the
porous disc as air pressure was applied. When the solution
seeped out from the soil specimen, the outflow solution was
collected in a needle tubing and mass weighed at regular
intervals.

The saturated hydraulic conductivity of soil specimen can
be determined by the following equation:

ksat ¼ ΔQ � L
A �Δh �Δt

ð1Þ

Fig. 2 Morphological characteristics of tested biochar. a Picture of test
apparatus. b Schematic diagram of test apparatus
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Fig. 1 Grain size distributions of the tested clay and biochar

Table 2 Basic properties of tested
biochar Biochar

type
Specific gravity
Gs

Specific surface area SSA (m2/
g)

Bulk density ρ
(g/cm3)

Ash content
(%)

Rice straw 1.99 385.60 0.55 18.80
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where ksat is the saturated hydraulic conductivity (cm/s); L
is the height of the specimen (cm); A is the cross-sectional area
of specimen (cm2); Δt is the interval of time (s); ΔQ is the
quantity of flow for a given time interval (cm3); Δh is the
height of water head (cm).

2.4 Micro-pore structure investigation by NMR
technique

At present, the following three test methods are commonly
adopted to investigate the micro-pore structure of soils, i.e.,
the mercury intrusion porosimetry (MIP) test, the nitrogen
adsorption volume (NAV) method, and the nuclear magnetic
resonance (NMR) technique (Xi et al. 2016; Chen et al. 2019;
Zhao et al. 2015b). In MIP and NMR tests, the sample needs
to be freeze-dried and sublimated before the micro test.
During the freeze-drying process, the pore water of soil sam-
ple is freezed, and subsequently expands in volume; the pore
structure of soil sample was destroyed. Moreover, when the
MIP or NMR test is performed, the saturated biochar-clay
mixed soils are easily crushed for its lower bonding strength

of granules, especially in the high pressure stage. Therefore,
the MIP and NAV tests are not suggested to test the micro-
pore structure of biochar-clay mixed soils in this study.
However, the NMR technique is proved to be an effective
testing method to measure the micro-pore structure of soils,
with some advantages of rapid, accurate, nondestructive, and
good repeatability (Fang et al. 2018).

The MacroMR12-110H-1 Mini NMR analyzer is used to
analyze the microstructure of the biochar-clay mixed soils.
The device primarily consists of four parts: a permanent mag-
net, a soil sample tube, a radio frequency system, and a data
acquisition-analysis system. The magnetic field strength of the
permanent magnet unit is 0.3 T (Tesla). The temperature of the
magnet unit is maintained at 32 °C, with a variation of ±
0.01 °C to ensure uniformity and stability of the main mag-
netic field in the test. Moreover, the effective test area of the
sample tube is 60 by 60 mm (h × d, where h and d are the
height and diameter of the sample tube, respectively). The
echo time is 0.2 ms, the repetition time is 1000 ms, and the
number of echoes is 2000.

For a fluid saturated porous, the T2 relaxation rate 1/T2 is
proportional to the surface-to-volume (s/v) ratio of the pore

(a) Picture of test apparatus

(b) Schematic diagram of test apparatus

Fig. 3 Picture and schematic
diagram of the head pressure
control permeameter
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(Coates et al. 1999; Jaeger et al. 2009). Therefore, 1/T2 can be
simplified as follows:

1

T2
¼ ρ2

s
v

� �
pore

ð2Þ

where ρ2 is the lateral transverse relaxation rate that is bound
up with the physical and chemical properties of soils (Coates
et al. 1999); s and v are the surface area and the volume of the
pore, respectively. By assuming that the shape of the pores in
the soil specimen is ideal and to be cylindrical with the pore
radius of r (Tian et al. 2013; Kong et al. 2020), it is believed
that Eq. (2) can be simplified approximately as follows:

1

T2
≈ρ2 �

2

r

� �

pore

ð3Þ

It can be observed from Eq. (3) that the value of the lateral
transverse relaxation time T2 is directly proportional to pore
radius r. Therefore, the value of T2 can be employed to reflect
the pore size of soils.

3 Results and analysis

3.1 Relationship between water outflow and outflow
time for biochar-clay mixed soils with different
biochar content

Figure 4 shows the relationship between the water outflow
and outflow time for biochar-clay mixed soils with different
biochar content. When the outflow reaches a stable stage, the
water outflow increases linearly with the outflow time. As
shown in Eq. (1), the ratio △Q/△t is related closely to the
saturated hydraulic conductivity. Figure 4 shows that the slope
of the outflow vs. time relationship in the stable stage

increases with the increase of biochar content. For example,
the slope of pure clay is 0.000084, and to mixtures with 5%,
10%, 15%, and 20% biochar content, the slope increases to
0.00019, 0.000233, 0.000332, and 0.000384, respectively. It
can be seen that when the biochar content is 20%, the slope in
the stable stage is nearly 4.5 times of pure clay, meaning that
the permeability of the biochar-clay mixed soils can be signif-
icantly enhanced when the biochar is added to soils. In addi-
tion, it can also be found in Fig. 4 that the initial outflow time
(i.e., the inflection point position of the curve in the diagram)
of the biochar-claymixed soils becomes shorter along with the
increase of the biochar content. This also means the increase
of porosity of soils with the increase of biochar content.

3.2 Effect of biochar content on saturated hydraulic
conductivity of biochar-clay mixed soils

Figure 5 shows the variation of the saturated hydraulic con-
ductivity with biochar content of compacted biochar-clay
mixed soils. It can be observed that ksat of biochar-clay mixed
soils increases almost linearly as the biochar content increases.
For pure clay, the value of ksat is 2.96 × 10−8 cm/s. However,
the value of ksat rises to 6.7 × 10−8, 8.22 × 10−8, 1.17 × 10−7,
and 1.35 × 10−7 cm/s when the biochar contents are 5%, 10%,
15%, and 20%, respectively. Compared with the pure clay
specimen, the value of ksat increases by about 4.5 times for
the biochar-clay mixed soil with 20% biochar content.
However, it still meets the requirements of the saturated hy-
draulic conductivity in the technical specification for landfill
final cover of municipal solid waste (GB 51220–2017).

The test results of this paper are compared with the previ-
ous studies on the permeability of biochar-amended soils, as
shown in Table 3. Yaghoubi (2011) studied the saturated hy-
draulic conductivity of biochar-amended clay with the dry
density of 1.60 g/cm3. It was found that the saturated hydraulic
conductivity increased first and then decreased with the

Fig. 4 Relationship of outflow and outflow time of biochar-clay mixed
soils with different biochar content
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increase of biochar content. When the biochar content is 20%,
the saturated hydraulic conductivity decreases. Wong et al.
(2018) tested the saturated hydraulic conductivity of
biochar-amended kaolin clay with the dry density of 1.14 g/
cm3. It was concluded that the saturated hydraulic conductiv-
ity increased continuously with the increase of biochar con-
tent. Barnes et al. (2014) tested the saturated hydraulic con-
ductivity of biochar-amended sand and biochar-amended clay
with dry density of 1.38 g/cm3 and 1.39 g/cm3, respectively. It
was found that the saturated hydraulic conductivity decreased
for the biochar-amended sand. However, when biochar was
added to the clay soil, the saturated hydraulic conductivity
increased. It can be observed that there are wide differences
in the saturated hydraulic conductivity of different kinds of
biochar-amended soils.

4 Results of NMR tests

Figure 6 shows the T2 distribution curve of biochar-clay
mixed soils with different biochar content (0%, 5%, 10%,
15%, and 20%). It can be observed that the T2 distribution
curve of pure clay (α = 0%) is a unimodal structure with the
largest peak. Besides, the T2 value corresponding to the peak
of T2 spectrum is between 1 and 2 ms. The T2 spectrum of
biochar-clay mixed soils with different biochar content shows
the bimodal pattern. The first peak (the main peak) appears in
the range of 1~2 ms, and the secondary peak (the small peak)
appears in the range of 10~100 ms. With the increase of bio-
char content, the T2 spectrum of the biochar-clay mixed soils
moves slightly to the right. It can be seen that the T2 distribu-
tion range corresponding to the main peak of the specimen
added with 0%, 5%, 10%, 15%, and 20% biochar is 0.11 to
5.17 ms, 0.13 to 7.80 ms, 0.14 to 11.89 ms, 0.16 to 14.65 ms,
and 0.11 to 16.83 ms, respectively. In addition, T2 at peak
increases with increasing the biochar content, and when the
biochar contents are 0%, 5%, 10%, 15%, and 20%, the corre-
sponding T2 at peak is 1.48 ms, 1.70 ms, 1.83 ms, 2.09 ms,
and 2.41 ms, respectively.

The T2 distribution reflects the pore-size distribution. Yu
et al. (2019) showed that the movement of the T2 spectrum can

reflect the variation tendency of pore size. As it is known from
Eq. (3), T2 is proportional to r; therefore, the increase of T2
represents the increase of pore size, and T2 at main peak of T2
spectrum symbolizes the most probable pore size (Zhang et al.
2014), that is, the pore radius of those pores with maximum
probability.

According to the proportional relationship between T2 and
r, as shown in Eq. (3), and the variation of T2 spectrum of the
biochar-clay mixed soils with different biochar content, as
shown in Fig. 6, it can be observed that the T2 at main peak
of T2 spectrum of biochar-clay mixed soils increases, corre-
sponding the increase of the most probable pore size of soils
with the increase of biochar content. It is common practice to
categorize the T2 components below about 3 ms as being
associated with clay bound water (Dunn et al. 2002).
Prammer et al. (1996) suggested the possibility that the con-
venient T2 cutoff at about 3 ms can be used for clay typing.
Therefore, T2 cutoff at about 3 ms was adopted as the bound-
ary between the micropores and meso/macropores. It is
known that the area of T2 distribution curve and horizontal
axis can reflect the pore amount. Figure 7 represents the
amount of meso/macropores for the biochar-clay mixed soils
with different biochar content according to the T2 distribution
curves. It can be observed that the meso/macropores amount

Fig. 6 T2 distribution curves of biochar-clay mixed soils with different
biochar content

Table 3 Effect of biochar on the saturated hydraulic conductivity of biochar-amended soils

ρd (g/cm
3) Type α (%) Reference

0 5 10 15 20

ksat (cm/s) 1.50 Biochar + clay 2.96 × 10−8 6.70 × 10−8 8.20 × 10−8 1.17 × 10−7 1.35 × 10−7 This paper

1.60 Biochar + clay 4.30 × 10−9 5.70 × 10−8 6.50 × 10−7 – 1.80 × 10−7 Yaghoubi 2011

1.14 Biochar + clay 1.20 × 10−7 2.10 × 10−7 – – 1.30 × 10−6 Wong et al. 2018

1.38 Biochar + sand 2.90 × 10−4 – 2.30 × 10−5 – – Barnes et al. 2014

1.39 Biochar + clay 3.20 × 10−6 – 1.20 × 10−5 – – Barnes et al. 2014
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increases with biochar content increasing. Generally speaking,
the saturated hydraulic conductivity is significantly affected
by macropores in soils (Jirku et al. 2013; Ajayi et al. 2016; Fei
et al. 2019). Therefore, from the variation of the most probable
pore size, as shown in Fig. 7, and the amount of
meso/macropores, as shown in Fig. 6, with the biochar con-
tent, it can explain the increasing trend of saturated hydraulic
conductivity with the increase of biochar content.

5 Discussion

He et al. (2019) studied the effect of biochar on the physical
and chemical properties of soils, and concluded that the addi-
tion of biochar will not only vary the porosity of soil, but also
lead to the reorganization of the aggregation process of soil,
which alters the pore size distribution of soil.

In general, the permeability is related to the microstructure
of soils, that is, micro-pore structure, particle size distribution
of soil, the particle size of biochar, and the relative particle size
of biochar and clay. Among them, the influence of the relative
particle size of biochar and clay on the micro-pore structure of
soils, and subsequently the saturated hydraulic conductivity, is
more significant. 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 the saturated hydraulic conductivity.
However, for materials whose particle size is larger than that
of biochar, such as sand or organic soil, biochar is filled in the
particle pores as filler. Hence, the porosity of soil decreases
and subsequently the saturated hydraulic conductivity of the
mixed soils decreases.

In this study, the effect of biochar content on the saturated
hydraulic conductivity of biochar-clay mixed soils was stud-
ied. The macroscopic permeability test results showed that the
saturated hydraulic conductivity ksat of the biochar-clay mixed

soils increased linearly by adding biochar. That is, the addition
of biochar has the potential to improve the permeability of the
clay.

The reason may be related to the particle size of biochar
and the pore size of clay. It can be obtained from Fig. 1 that the
optimal particle size of biochar is about 70 μm, and clay is
about 150 μm. Moreover, from MIP results of clay, it can be
seen that the optimal pore size distribution of clay is between
0.01 and 1 μm (Chen et al. 2017; Wong et al. 2018).
According to these results, the optimal particle size of biochar
is generally the same order of magnitude as that of clay; there-
fore, it can be judged that the distributionmode of biochar is to
act as the soil skeleton in the mixtures. Because biochar is
porosity and acts as the skeleton of mixture, the porosity of
biochar-clay mixed soils increases, which leads to the increase
of the saturated hydraulic conductivity. In the results of this
paper and Wong et al. (2018), the mixture’s saturated hydrau-
lic conductivity increases with the increase of biochar content.
For example,Wong et al. (2018) tested the saturated hydraulic
conductivity of clay with a compaction degree of 90%, and the
results showed that the addition of biochar increases the satu-
rated hydraulic conductivity of compacted kaolin clay.

For soils with particle size is larger than that of biochar,
how will the saturated hydraulic conductivity change after
adding biochar? Kong et al. (2020) showed that the most
probable pore diameter of the standard sand is about
100 μm, which is larger than biochar particle size.
Therefore, the pores among sand particles could be filled by
biochar, and the water-conducting pores may be clogged,
which could cause the decrease of ksat. Villagra-Mendoza
and Horn (2018) showed that the saturated hydraulic conduc-
tivity of biochar-amended sand and sandy loam decreased,
and the saturated hydraulic conductivity of biochar-amended
sand decreased more significantly. This is because the parti-
cles of sand are larger than those of sandy loam. Barnes et al.
(2014) measured the saturated hydraulic conductivity of three
kinds of biochar-amended soils. For the coarse soil (sand and
organic soil) amended by biochar, the saturated hydraulic con-
ductivity decreased. However, when biochar is added to the
clay-rich soil, the saturated hydraulic conductivity increased
again. The above study fully showed that the saturated hy-
draulic conductivity of biochar-amended soils is closely relat-
ed to the particle size of biochar and the relative particle size of
biochar and soil.

Due to different degrees of compaction, the saturated hy-
draulic conductivity of soils can go in two different directions,
although the biochar is added to the same type of soil. For
example, Zhao et al. (2015a) tested the saturated hydraulic
conductivity of silty clay loam improved by biochar, and
found that the addition of biochar reduced the saturated
hydraulic conductivity of silty clay loam. However, the
research results of this paper and the test results of Wong
et al. (2018) showed that the saturated hydraulic conductivity
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of biochar-amended clay increases gradually with the increase
of biochar content. Zhao et al. (2015a) studied the agricultural
silty clay loam; the degree of compaction of soil is generally
required to be lower (Garg and Ng 2015). However, in this
research and Wong et al. (2018), it is aimed at the final cover
of landfills, which requires a high degree of compaction, not
less than 90% of maximum dry density (GB 51220–2017).
Therefore, the saturated hydraulic conductivity of the same
type of soil amended by biochar has the opposite permeability
test results.

To sum up, the saturated hydraulic conductivity of biochar
amended soils is related to the micro-pore structure of soils,
which is connected to the compactness, the particle size of
soils and biochar, and pore size distribution of soils.

6 Conclusions

In order to study the effect of biochar content on the perme-
ability of biochar-amended clay soil, the saturated hydraulic
conductivity of biochar-clay mixed soils with different bio-
char content was determined adopting the head pressure con-
trol permeameter. Subsequently, the micro-pore structure of
the saturated biochar-clay mixed soils was measured using
NMR technique. The results show that the addition of biochar
changes the micro-pore structure of soil and subsequently af-
fects the permeability of biochar-clay mixed soils.

The saturated hydraulic conductivity of biochar-clay mixed
soils has a nearly linear increase with the increase of biochar
content. The shape of the T2 spectrum changes from a
unimodal pattern of pure clay to the bimodal one of biochar-
clay mixed soils. In addition, the T2 distribution curve of
biochar-clay mixed soils gradually shifted to the right, and
the most probable pore size of the mixed soils increased with
the increase of biochar content, verifying the macroscopic
permeability of biochar-clay mixed soils.

The permeability of soil is related to the microstructure,
furthermore, the pore structure, particle size distribution of
soil and biochar, and the interaction effect between biochar
and clay such as the pore size distribution of mixed soils. The
permeability of different types of soils mixed with biochar is
quite different.
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