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Abstract

In recent years, biochar has been widely used in environmental and geotechnical engineering applications, but minimal stud-
ies have been done on its influence on soil engineering properties. In this study, the effect of biochar on the compression and
swelling characteristics of two clayey soils, namely PKE and XS, was studied by conducting standard consolidation tests and
no-load swelling tests. The compression curves and swelling parameters of modified clays with different biochar content (0,
0.5, 1, 2%, w/w) and biochar particle sizes (< 0.15, 1-2 mm) were obtained. The microstructure of the biochar-clay mixture
was analyzed by scanning electron microscopy (SEM) test. The results showed that: (1) the compressibility of clayey soils
can be effectively reduced by adding biochar, and this effect is more significant with the increase biochar percentage; (2)
the effect of reducing soil compressibility by fine biochar was better than coarse biochar; (3) under the same pressure, the
settlement rate of soil increased with the increase of biochar content; (4) the incorporation of biochar had no obvious influ-
ence on the no-load swelling behaviour of PKE while it has significantly increased the swelling of XS (low expansive soil).

Additionally, the fine-grained biochar has a significant effect than the coarse-grained biochar on clayey soils.

Keywords Biochar - Clayey soils - Compression behaviour - Swelling behaviour

Introduction

Biochar refers to the solid materials which can be produced
by biomass through thermochemical conversion in an oxy-
gen-limited or anoxic environment under a certain tempera-
ture [1]. The primary sources of biomass are agricultural and
forestry residues, wood processing waste, animal manure,
and municipal sewage sludge [2]. Due to the favourable
properties of biochar, including high porosity, high specific
surface area, low density and others, it is widely used in
agriculture, remediation of contaminated sites, and car-
bon sequestration [3]. Biochar can change the physical and
chemical properties of soils, improve not only soil fertility
[4] but also adsorb heavy metal ions [5]. Therefore, the use
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of biochar can improve soil structure, increase crop yield,
and decontamination of polluted sites. At present, there are
many studies on the effects of biochar on the physical and
chemical properties of soil [6]. For example, biochar can
reduce soil bulk density, increase soil pH, increase soil CEC,
improve the water-holding capacity of the soil, and fix heavy
metal ions [7-10]. In general, there are relatively few stud-
ies on the effects of biochar on soil engineering properties.

It was found that the incorporation of different biochar in
desert soil can slightly enhance the formation of soil macro-
aggregates, but the effect will gradually weaken with time
[11]. Pardo et al. [12] reported that biochar could form a
complex network by interacting with water through active
chemicals on the surface and in the pores of biochar par-
ticles. It also reduced the increase of excess hydrostatic
pressure, provide partial shear resistance, and improve the
liquefaction resistance of pure sand. The effect of biochar
on different kinds of soil is distinct; generally, biochar can
reduce the saturated hydraulic conductivity of coarse-tex-
tured soils, but increase the saturated hydraulic conductivity
of fine-textured soils [13]. Three kinds of biochar (wheat
straw, woodchips, and wastewater sludge) on the mechanical
properties of clayey soil were studied, biochar reduced the
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tensile strength, cohesive of soil, and increased the angle
of internal friction [14]. The sludge biochar can increase
CEC in acidic soil because the oxygen-containing functional
groups on the surface of biochar can provide more exchange
sites [15]. Reddy et al. [16] and Wong et al. [17] found that
biochar addition to the soil can increase the bacterial popula-
tions and increase the methane oxidation capacity of the soil.
10% biochar can effectively remove methane, and improve
the water retention of soil [18]. However, compacted clay,
such as a landfill cover undergoing cycles of drying and
wetting is prone to failure due to shrinkage and cracking,
thus disturb the integrity of cover layers. It has been found
that biochar can increase the water holding capacity of the
soil and effectively inhibit the development of soil cracks
[19-22].

The compressibility and swelling behaviours are critical
geotechnical properties of landfill cover systems. Excessive
deformation will cause the infrastructure to shrink, produce
an uneven settlement, and in severe cases, cause failure.
Similarly, the addition of biochar influences the swelling
properties of the soil, which influences the stability of the
landfill and the slope. The swelling of soil can cause the slip
of slope and the distortion failure for the landfill cover sys-
tem. But minimal research has been done on the deformation
characteristics of the biochar-modified soil. Therefore, it is
necessary to study the effect of biochar on the compressibil-
ity and swelling behaviours of clayey soils. In this study, two
soils namely Pukou expansive soil (PKE) and the Xiashu soil
(XS) were used for conducting standard consolidation and
no-load swelling tests. Combined with the observation of
microstructure, the effects of different amounts of biochar
and particle sizes on the compressibility and swelling of two
clayey soils were investigated.

Materials and Methods
Soils and Biochar

The clayey soils used in this study were obtained from Nan-
jing, China. Pukou expansive soil (PKE, Clay with high
plasticity) obtained from a depth of 0.1-0.5 m. According
to previous studies, it is a moderate to high expansive soil.
Xiashu soil (XS, Clay with low plasticity) is a typical soil
in the middle and lower reaches of the Yangtze River. Main
clay minerals are illite in XS, followed by montmorillonite,
and the swelling potential of XS is lower than that of PKE.
The basic physical properties of the two clayey soils were
shown in Table 1.

The biochar used in this study is procured from Qingdao
Biochar Environmental Bioengineering Co. Ltd., China. It
was prepared from wood waste materials by pyrolysis at
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Table 1 Basic physical properties of the clayey soils

Soil properties PKE XS

Specific gravity 2.71 2.73
Liquid limit (%) 76.0 34.5
Plastic limit (%) 29.0 17.0
Plasticity index 47.0 17.5
Max dry density (g/cm?) 1.67 1.70
Optimal moisture content (%) 18.3 15.7
Clay content (%) 42 24

Air-drying moisture content (%) 11.83 5.83

Table 2 Basic physicochemical properties of biochar

Physicochemical property Value
Pyrolysis temperature (°C) 500
Pyrolysis time (h) 5
Ash content (%) 28.26
pH 10.28
Specific surface area (m%/g) 51.7
Bulk density (g/cm?) 047

500 °C for a period of 5 h. The relevant physical and chemi-
cal parameters are tabulated in Table 2.

Methodology

The collected PKE and XS were air-dried, ground and sieved
to obtain soil samples with a particle size of 0.25-0.5 mm.
The dried biochar was sieved to obtain coarse-grained
(1-2 mm) and fine-grained (< 0.15 mm) biochar. Clay-bio-
char mixed soil samples were prepared by mixing biochar
with two-particle sizes into PKE and XS at dry state. The
content of biochar added to soils was designed at four appli-
cation rates (0, 0.5, 1, 2%, w/w). The samples were named
based on the type of the soil, amount, and particle size of
biochar. For example, the coarse biochar (1-2 mm) was
added to PKE soil at four different biochar content (0, 0.5,
1, 2% dry weight), represents PKECO, PKECO0.5, PKECI,
and PKEC2. The mechanical mixing device was used to
uniformly mix the biochar and clay particles (in a dry state)
for 5 min. A certain amount of water was uniformly added
to the soil by spraying, and the initial water content of the
sample was controlled to 15%. Then the samples were stored
in a sealed container for 24 h, the samples with a diameter
of 61.8 mm, and a height of 20 mm were prepared. The
dry density was considered as 1.5 g-cm™ by controlling the
quantity of the required sample. For the standard consolida-
tion tests and no-load swelling tests, four and two parallel
samples were required, respectively. The combinations used
for the testing are tabulated in Table 3.
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Table 3 Samples combinations and density parameters of the samples

Soil  Sample no Biochar Dry density Initial water
content (gem™) content (%)
(%)
PKE PKECO, PKEFO 0 1.5 15
PKECO0.5, PKEF0.5 0.5
PKECI, PKEFI 1
PKEC2, PKEF2 2
XS XSCO0, XSFO 0 1.5 15
XSCO0.5, XSF0.5 0.5
XSCl1, XSF1 1
XSC2, XSF2 2

The samples were named based on the soil type, particle sizes, and
the content of biochar. For example, PKEC1 and PKEFI1 represent
1% of coarse-grained biochar and fine-grained biochar added to PKE,
respectively

(a) Standard consolidation test: The standard consolida-
tion tests were performed using the consolidation
apparatus, samples were saturated by vacuuming. The
applied pressures were 100, 200, 400, 800, 1600, and
3200 kPa. After the test, sucked off the water from the
container and quickly dismantle the parts of the instru-
ment. Taken out the entire sample, a part of the sample
was carefully cut off to determine the water content and
sealed the rest portion of the specimen in an aluminum
box.

(b) No-load swelling test: Placed the prepared sample in
the dilatometer according to SSPRC [23] standard spec-
ifications, and added water to keep the water surface
5 mm higher than the sample. After the water injection
was completed, measured the dial indicator according
to 5 min, 10 min, 20 min, 30 min, 1 h, 2 h, 3 h, 6 h,
and 12 h. The test was ended when the deformation not
more than 0.01 mm within 6 h.

For microstructure analysis, each sample was cut into a
block size of ~0.5% 0.5 %2 cm and then dried using a liquid
nitrogen freeze dryer (SCIENTZ-18 N, Xinzhi, China). The
microstructural analysis was performed with the help of a
scanning electron microscope (SU3500, Hitachi, Japan).

Results and Discussion

Effect of Biochar Content on the Compressibility
of Clayey Soils

Figure 1 shows the compression curves of two clayey soils
under different particle sizes and varying amounts of bio-
char content. It can be seen that under the same pressure,

the void ratio (e) of the sample increases with the increase
of the biochar content, that is, the compressibility of the
soil decreases with the increase of the amount of biochar.
Figure 2 shows the variation of the compression coefficient
(o) with pressure, ;_, represents the compression coefficient
in the pressure range of 100~200 kPa, and so on. As Fig. 2
shows that: (1) For PKE, when the pressure is less than
800 kPa, the compression coefficient of the soil decreases
with the increase of the amount of biochar. For instance, the
compression coefficient of PKE decreased by 24.26% and
20.10%, respectively, in the pressure range of 200 ~400 kPa
after the addition of 2% coarse and fine grain biochar. When
the pressure was higher than 800 kPa, the biochar had no
significant effect on the compression coefficient of the soil;
(2) For XS, the amount of biochar and the particle size has
no significant impact on the soil compression coefficient.
Reddy et al. [24] reported that the compressibility of the
soil decreases with an increment of biochar, which in line
with our results.

The effect of biochar on the compressibility of PKE and
XS is mainly related to its high CEC and low-density char-
acteristics of biochar. When the soil particles are in contact
with water, the negative charges on the surface of the soil
particles attract hydrated ions and water molecules due to
the electrostatic effect, thus forming adsorbed water on the
particle surface. Biochar generally has a high CEC and has
a large number of negative charges and oxygen-containing
functional groups on the surface [25, 26]. It has a strong
water absorption capacity and can absorb more than ten
times its weight of water [27]. The addition of biochar can
significantly increase the CEC of the soil, enhance the nega-
tive charge on the surface of the soil particles and the cation
concentration in the pore water so that the thickness of the
water absorbed on the surface of the soil particles increases.

The thickness of adsorbed water around the biochar
modified soil particles is thicker, and the soil particles have
a larger spacing. Compared with the reference sample, it
is difficult to compress under the low-pressure. With the
increase of pressure, the adsorption of soil particles on the
water is not enough to resist the discharge of pore water,
the thickness of the absorbed water becomes thin. The soil
particles in PKE are more closely connected compared with
XS. Therefore the dissipation of pore water is more difficult
under the same pressure. Thus, the compression coefficient
of PKE is significantly smaller than that of XS. Addition-
ally, the effect of biochar on the compressibility of soil is
also related to its low density and porous structure. Under
the same dry density conditions, the relative compactness of
the sample is more significant with the higher amounts of
biochar due to the low-density of biochar. Although biochar
has high porosity, it has high particle strength [28], and it is
not easy for structural damage to occur during compression.
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Fig. 1 Compression curves of samples: a PKE with coarse biochar; b PKE with fine biochar; ¢ XS with coarse biochar; d XS with fine biochar

Therefore, the more the biochar is added, the lower the com-
pressibility of the sample.

Effect of Biochar Particle Size on the Compressibility
of Clayey Soils

Figure 2 shows the a-p relationship curve of PKE and XS
soils amended with coarse and fine biochar particles. For
PKE, the compression coefficient a shows a trend of first
increase and then decrease with the increment of the pres-
sure. The effect of rearrangement of soil particles is not
apparent with low pressure, thus, its compression coefficient
value is small. As the pressure increases, the soil particles
undergo a significant rearrangement, and the large pores
undergo more compression, which increases the compres-
sion coefficient. However, with the further increase of pres-
sure, the small pores in the soil were not easily compressed.
The lubrication effect of the water film on the surface of
the soil particles is almost invalid, and the smaller biochar
particles improve the microstructure, consequently, the
compression coefficient becomes smaller. With the same

@ Springer

amount of biochar and pressure, the compression coefficient
of fine-grained biochar was lower than that of coarse-grained
biochar. For PKE, the compression coefficient of the sam-
ples with coarse-grained biochar is > 0.2 MPa~!, and that
of fine-grained biochar is < 0.2 MPa™" in the pressure range
of 100 ~200 kPa. However, the compression coefficient of
XS shows a downward trend with the increase of pressure,
mainly because of the structure of XS is relatively loose, and
high macropores than PKE. The water in macropores is more
easily discharged at low pressures, thus its pore structure can
be compacted at lower pressures.

Figure 3 shows the SEM images of biochar-modified
clay. It can be seen (Fig. 3a, b) that the biochar particles
are filled between or within the aggregates of the soil [29],
which changes the pore structure of the soil. Compared with
coarse-grained biochar, fine-grained biochar (< 0.15 mm)
easily filled the pores of two clayey soils (0.25-0.5 mm),
making more small pores in the soil. The coarse-grained bio-
char (1-2 mm) has a larger particle size, and the filling effect
is not as good as that of fine-grained biochar. Moreover,
when biochar is filled between soil aggregates, there will be
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Fig.2 Relation between compression coefficient and pressure: a PKE with coarse biochar; b PKE with fine biochar; ¢ XS with coarse biochar; d

XS with fine biochar

a certain spatial distance between the biochar particles and
the aggregates (Fig. 3c). The effect of "spreading” obvious
with the large particle size of biochar, there is a large pore
between the aggregates and the biochar. Therefore, under
the same pressure conditions, the pore structure of clay
samples treated with coarse-grained biochar is more easily
compressed. Compared with the addition of coarse-grained
biochar to clay, the compression coefficient of fine-grained
biochar is low at low pressure.

Effect of Biochar on the Settlement Rate of Clayey
Soils

Figure 4 shows the settlement rate of samples with different
biochar content (particle size < 0.15 mm) under the same
pressure (400 kPa). It can be found that the addition of bio-
char can increase the settlement rate of clayey soil, and has
a positive correlation with the amount of biochar.

In the microstructure image of biochar modified soil
(Fig. 5), it can be seen that biochar embedded into soil

particles, and connected the soil particles in PKE. Due to
the porous structure of biochar, effective drainage channels
can be formed in the soil. The interface between biochar and
soil particles accelerates the drainage process of the soil.
The high content of biochar leads to more developed hydro-
phobic channels between soil particles and biochar, and the
faster the drainage process, therefore, the addition of biochar
promotes the drainage of soil water.

Effect of Biochar on the Swelling of Clayey Soils

The addition of biochar increases the cation exchange
capacity and negative charge density of the soil enlarges
the thickness of the electric double layer around the soil
particles. Moreover, C—H and C-OH on the surface of
biochar can form bonds with water molecules and adsorb
water molecules [30]. Furthermore, the large number of
hydrophilic oxygen-containing groups on the surface of
biochar (reflecting higher cation exchange capacity) can
enhance the binding of H,O molecules. Therefore, high
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cation exchange biochar can affect the overall swelling
of the soil. PKE contains 42% of clay content, which is
mainly composed of highly hydrophilic clay minerals
montmorillonite and illite, has a strong water absorption
capacity [31]. The impact of biochar on swelling is small
due to the high swelling potential of PKE (Fig. 6). For XS,
the water absorption capacity is weak because of the lower
mineral contents. Therefore, the effect of biochar on XS
is more obvious than that of PKE. For XS, the swelling
percentage of the biochar mixed soil increases with the
increase of biochar content. The results were consistent
with the studies of JaCka et al. [30], who demonstrated that
biochar could increase the swelling of sandy loam soil, and
the highest swelling was measured to be 13.2% with 5%
biochar. The effect of fine-grained biochar is significant
than that of coarse-grained biochar at the same biochar
content. The specific surface area of fine-grained biochar
is higher than that of coarse-grained biochar at the same
biochar content, more water molecules are adsorbed on the
surface of particles, and the soil is more prone to swelling.
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Subsequently, the swelling soil amended with fine-grained
biochar is higher than that of coarse-grained biochar. It
is necessary to avoid the damage caused by the change
of swelling properties of the soil by biochar when using
biochar to improve low expansive soil.

Conclusions

The effects of biochar on the compressibility and swelling
properties of two clayey soils were studied by standard con-
solidation tests and no-load swelling tests. The following
conclusions can be drawn:

(1) Biochar can effectively reduce the compressibility
of clayey soils due to the high CEC and low-density
characteristics of biochar. Higher biochar content has
a significant on the compressibility of both clayey soils.

(2) The effect of fine-grained biochar on reducing the com-
pressibility of PKE and XS soil is better than that of
coarse-grained biochar because of the changed pores
structure. The filling effect of fine-biochar is condu-
cive to the formation of small pores. However, coarse-
grained biochar and aggregates form larger pores and
are easily compressed.

(3) During the compression process, biochar is filled in the
pores of the aggregates, forming a connected drainage
channel due to the porosity of biochar. Thereby, the
compression process of the soil accelerates, and the
compression rate increases with the increase of biochar
content.

(4) The addition of biochar has no obvious effect on the
swelling characteristics of PKE, but it can signifi-
cantly increase the swelling characteristics of XS, and
the effect of fine-grained biochar is better than that of
coarse-grained biochar.
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