Acta Geophysica (2020) 68:737-749
https://doi.org/10.1007/511600-020-00423-2

RESEARCH ARTICLE - HYDROLOGY q

Check for
updates

Mechanism of compacted biochar-amended expansive clay subjected
to drying-wetting cycles: simultaneous investigation of hydraulic
and mechanical properties

Hao Wang'>3 . Ankit Garg'?3 - Shan Huang'%** . Guoxiong Mei'%3

Received: 2 January 2020 / Accepted: 28 March 2020 / Published online: 13 April 2020
© Institute of Geophysics, Polish Academy of Sciences & Polish Academy of Sciences 2020

Abstract

Biochar has been extensively studied in the aspect of amendment of compacted sandy/clayed soils, whereas its application
as amendment in expansive soil is rare. Hydraulic and mechanical properties of biochar-amended expansive soil especially
impacts of drying—wetting cycles have been rarely investigated. Aiming at construction of sponge city, straw biochar-amended
expansive soil and the control soil (i.e., without biochar) are subjected to drying—wetting cycles in this study. During dry-
ing—wetting cycles, energy-dispersive spectrometer and Fourier transform infrared (FTIR) spectroscopy analyses were con-
ducted to investigate microchemical composition including. Pore size distribution and microstructure were measured using
nitrogen gas-adsorption technique and scanning electron microscope, respectively. Further, changes in soil water retention
curve, void ratio, crack intensity factor (CIF, i.e., ratio of cracked section area to the total soil area) and shear strength were
also determined. It is found that there is no difference in water retention capacity between various soils for near-saturated
samples. Under high suction, however, more water could be retained within mesopores of biochar-amended soil. FTIR analy-
sis indicates that biochar-amended expansive soil shows stronger chemical bonding, irrespective of them being subjected
to drying—wetting cycles. The weak alkalinity of straw biochar results from its main chemical composition (i.e., calcium
carbonate). It is noteworthy that straw biochar improves soil water retention capacity, which further restrains desiccation
cracks. Cohesion of biochar—soil composite is also improved due to chemical bonding. Aiming at green roofs, straw biochar
could be promising option for expansive soil amendment technically and economically.

Keywords Biochar-amended expansive soil - Sponge city - Drying—wetting cycles - Fourier transform infrared
spectroscopy - Water retention

Introduction presence of impervious material disturbs the natural bal-

ance of infiltration and evapotranspiration (Getter and Rowe

In natural areas, rainwater could infiltrate into the ground
and be returned to atmosphere via evapotranspiration.
Extensive natural surfaces are covered by artificial imper-
vious material due to large-scale urban construction. The
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2006). When precipitation exceeds capacity of municipal
sewer system, rainwater gets mixed with raw wastewater,
leading to overflowed and flood disaster. On the other hand,
evapotranspiration of water from soil plays a critical role
in lowering the temperature of surroundings (i.e., minimize
heat island effect). Compared with natural areas, less rain-
water is absorbed and then stored for evaporative cooling in
cities. Based on the water absorption and storage capability
of soil and plant roots, design philosophy of sponge city
could mitigate urban flood disaster effectively. For instance,
the green roof forms the rainwater absorbing surface, real-
izes the capture and temporary storage of rainwater and thus
alleviates the pressure of urban drainage system.

During the construction of sponge city, projects on
special soils are inevitable, and thus, relevant treatment
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measurements should be adopted. Expansive soils are widely
distributed in China, and their mechanical properties are
influenced by moisture content. Compared with unsaturated
expansive soil, shear strength of saturated one is much lower.
Since sponge city projects are located at populous areas and
exposed to natural drying—wetting cycles, more cautious
consideration should be given to shear strength. On the other
hand, expansive soils are unsuitable for ornamental plant
because of their acidity and lack of fertility. Low saturated
shear strength and lack of fertility restrict application of
expansive soil in sponge city construction.

Lime and cement are commonly used as expansive soil
amendments to minimize expansion and also improve their
mechanical properties. However, these materials are not
environment friendly for large-scale construction. One of
the alternatives for improving mechanical properties of
expansive soil could be biochar, which is formed by thermal
decomposition of biomass (such as crop straw and livestock
manure) under oxygen-deficient environment at relatively
low temperature (200-700 °C) (Wong et al. 2019). The con-
version of agricultural waste to biochar is a promising option
for the cost reduction, control of nutrient loss and improving
plant productivity (Yadav et al. 2019). It should be noted that
performances of biochar on soils are influenced by feedstock
of biochar. Chemical composition and structural properties
are expected to be different among plant-derived biochar
(PDB), manure-derived biochar (MDB) and animal-derived
biochar (ADB; i.e., biochar originates from pyrolysis of ani-
mal carcasses). According to Lei et al. (2019), ADB shows
high calcium (Ca;>27%) content and relatively low car-
bon (C; < 8%) content, which could be used to immobilize
heavy metals, instead of soil amendment for vegetation due
to low carbon content. Negative effects of MDB on veg-
etation are also reported in previous studies (Sigua et al.
2016), and an application of poultry litter biochar leads to
reduction in belowground biomass. Biochar used in this
study is produced by crop straw. The conversion of straw
to biochar is a promising option to mitigate the threat posed
by straw combustion to the environment. Biochar is mostly
alkaline, which can replace lime to modify acidity of expan-
sive soil and provide a suitable acid—alkali environment for
vegetation growth. Furthermore, biochar is highly porous
and therefore provides shelter for microorganisms; they can
either live in the pores or attach onto the surface of bio-
char (Abujabhah et al. 2018; Wong et al. 2019). In addition,
porous surface assists soil to store nutrients by adsorption;
thus, biochar can improve nutritional utilization of fertilizer
as a sustained-release vector of fertilizer (Mukherjee and
Zimmerman 2013; Chathurika et al. 2016). Biochar also
takes an active part in sequestration of carbon and mitigating
greenhouse effect, because CO, could be captured and then
stored in soil by porous biochar (Ghani et al. 2013). As engi-
neering sorbents, specific biochar can remove or immobilize
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environmental contaminants, such as Pb>* in polluted soil

(Wang et al. 2015; Tian et al. 2019). Recent studies reveal
biochar-amended clay is potential landfill final cover mate-
rial to mitigate noxious gas escape to the atmosphere and
minimize rainwater infiltration into the waste layer (Wong
et al. 2019).

Exposed to natural conditions, green roofs are subjected
to drying—wetting cycles and extreme weather inevitably.
Aging of biochar is part of natural drying—wetting cycles of
biochar-amended soil. According to previous studies (Mia
et al. 2017; Xu et al. 2018), aged biochar contributes better
to C sequestration, immobilization of heavy mental (such
as Cd) and nutrient retention which further improves agri-
cultural productivity. The effects of drying—wetting cycles
on clay, especially expansive soil, have been widely stud-
ied in cracks (Tang et al. 2016), air permeability (He et al.
2017) and shear strength properties (Chowdhury and Azam
2016; Chen et al. 2018). Meeting the requirements of fertil-
ity improvement and environment protection, biochar is a
promising option for expansive soil amendment. However,
as potential amendment, investigation on influences of bio-
char on expansive soil is scare, especially mechanical and
hydraulic properties of biochar-amended expansive soil
subjected to drying—wetting cycles. Without a suitable soil
amendment, construction of sponge city in expansive soil
areas would be restricted.

The objectives of this paper are to explore (1) effects
of biochar on microstructural properties of expansive soil
and (2) evolution of mechanical properties and soil water
retention characteristics of biochar-amended soil under dry-
ing—wetting cycles.

Materials and methods
Test material

Two types of soil are tested in this study, i.e., bare expan-
sive soil without biochar (named as B) and straw biochar-
amended expansive soil (named as S). Based on the usage
of biochar in previous studies (Reddy et al. 2015; Chen et al.
2016; Bordoloi et al. 2019; Wong et al. 2019), an amend-
ment of 5% (w/w) is chosen as biochar application ratio.
The expansive soil tested in this study was obtained from
Nanning, China. Mercury intrusion porosimetry (with a
5-1,000,000 nm range; AutoPore IV 9500 mercury porosim-
etry, Micromeritics Instrument Corporation, USA) was con-
ducted. The basic physical properties of tested biochar and
soil are summarized in Table 1. The air-dried expansive soil
and biochar were crushed and then passed through 2-mm
and 0.5-mm sieves, respectively. Effects of biochar amend-
ment in coarse textured soils are greater than in fine textured
soils (Omondi et al. 2016). It is reasonably speculated that
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Table 1 Basic physical properties of biochar and expansive clay
tested

Biochar Expansive clay

Average pore diameter (nm) 38.3 112.3
Median pore diameter based on volume 44 121.1
(nm)

Median pore diameter based on area (nm) 31.3 64.9

Liquid limit (%) N/A 58
Plastic limit (%) N/A 29
Liquidity index N/A 29
Shrinkage limit (%) N/A 16
Specific gravity N/A 2.71
Free swelling ratio (%) N/A 55

effects of biochar amendment for same soil increase as bio-
char particle size decreases (Zheng et al. 2010; Liu et al.
2016). After that, both soil and biochar were then placed in
an oven at 105 °C for more than 12 h for removing any initial
moisture content. For amended soil, the expansive soil and
biochar were mixed proportionally (5% biochar content) and
stirred after oven-drying. Both untreated and amended soils
were mixed with deionized water to target moisture content
of 30%. After that, slurry was sealed in a container for at
least 48 h to ensure homogenization of moisture content.
Soil samples were made by cutting ring with 20 mm height
and 61.8 mm diameter, and the dry density of samples was
controlled at 1.4 +0.01 g/cm®.

Drying-wetting cycles

Saturation was conducted by immersion instead of vacuum
saturation, which restricted the axial swelling deformation.
During saturation, swellings of samples amended with and
without biochar were measured. During saturation, a vertical
weight load of 2 kPa was applied on the top of each sample
for simulating overburden pressure acting at very shallow
depth (about 15-20 cm) in cover material (Ni et al. 2019).
Such puny load is not applied by the consolidometer or any
other indirect way, considering the influence of mechanical
errors. The saturation time was kept more than 72 h in order
to ensure degree of saturation reaching 95%. In order to con-
trol the environmental conditions of each drying process,
all samples were dried using oven maintained at 105 °C.
According to Liu and Sun (2017), oven-drying results in
higher moisture content gradient as compared to air-drying,
therefore contributing to the development of microcracks.
The simulated path of drying—wetting cycles for all sam-
ples is shown in Fig. 1. The lower limit of 13.7% is the
natural air-drying moisture content, and the upper limit is
saturated moisture content. Samples were first saturated to
initial mass water content of W0. WnC means samples reach

Moisture content/ %

1C 2C 3C 4C 5C

Fig. 1 Path of drying—wetting cycles

saturated moisture content for the nth time; DnC means
moisture contents of samples reach 13.7% for the nth time.
SnC or BnC represents biochar-amended expansive soil or
control (without biochar) samples subjected to drying—wet-
ting cycles for nth times. The value of n mentioned above
couldbe 1, 3 and 5.

Microstructural analysis of biochar-amended
expansive soil samples before and after drying
wetting cycles

FTIR spectroscopy

By irradiating the sample with continuous wavelength infra-
red light, and recording unabsorbed infrared light, Fourier
transform infrared (FTIR) spectroscopy can identify chemi-
cal compositions of the sample. Nicolet iS10 Fourier infra-
red spectrometer, produced by the Thermo Fisher Scientific
Company, is used in this study for chemical analysis, and
samples are made by KBr technique. All spectra have been
treated by baseline correction, smoothing and ordinate nor-
malization. For the spectra measured by KBr-technique,
because of infrared light scattering phenomenon, there is
baseline incline problem. In order to reduce influences of
spectral noises and reveal the true spectral peaks covered by
noises, spectral smoothing is needed. Standardized spectra
obtained by ordinate normalization, in which all absorption
peaks are at the range of 0 and 1, are more convenient to
compare different samples.

Scanning electron microscope and energy-dispersive
spectroscopy

Since different chemical elements have their own X-ray
characteristics (i.e., wavelength), the element types and
their amounts are measured by energy-dispersive spectros-
copy. Micromorphology of sample surfaces was detected
by EVO18 scanning electron microscope (SEM) equipped
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with energy-dispersive spectroscopy, produced by Carl Zeiss
Company.

Pore size distribution

Pore size distributions were measured by V-Sorb 4800P
apparatus (GAPP Inc., China), based on nitrogen gas-
adsorption technique (Jaroniec et al. 2003; Kuila and Prasad
2013). For all samples, mesopore (pore with diameter of
2-50 nm) and macropore (diameter > 50 nm) were meas-
ured, based on Barrett-Joyner—Halenda (BJH) method.
And micropore (diameter < 2 nm) of biochar was measured
additionally, based on Horvath—-Kawazoe (HK) method. As
compared to mercury intrusion porosimetry (with a range of
5-1,000,000 nm), nitrogen gas-adsorption technique (with
a range of 0.35-500 nm) is more suitable for microporous
biochar and biochar—soil composite.

Geotechnical testing of materials
Consolidation tests

The loading and unloading paths of consolidation tests in
this study are as follows: 0 kPa— 50 kPa— 100 kPa— 20
0 kPa— 300 kPa— 400 kPa— 300 kPa— 200 kPa— 100 k
Pa— 50 kPa— 0 kPa. Each load lasted more than 24 h, until
the settlement rate was lower than 0.005 mm per hour. And
72 h was required for loads of 400 kPa and O kPa to allow
sufficient time for consolidation and re-swelling.

Direct shear tests

Strain-controlled direct shear apparatus was adopted in the
test. A shear rate of 0.02 mm/min was set to limit excess
pore-water pressure during shearing. Considering that the
depths of biochar-amended soils are generally shallow (i.e.,
cover material of 0-0.3 m depth in slopes; Garg et al. 2019),
the shear strength of biochar-amended soil under lower ver-
tical load is reasonably meaningful. According to the con-
solidation test results, all soil samples were pre-consolidated
for more than 6 h before shearing, ensuring that vertical
deformations met requirements.

Soil water retention curve

In order to measure soil water retention curve, two poly
(vinyl chloride) (PVC) cylindrical containers with 30 cm
diameter were filled with bare soil and biochar-amended
soil, respectively. The dry density of soil column was as
same as cutting ring sample (i.e., 1.4 g/cm?), and the height
of each saturated soil column was 20+ 0.5 cm. One suction
sensor (TEROS-21; Decagon Company) and two moisture
sensors (EC-5; Decagon Company) were installed at 10 cm
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soil depth of each soil column. According to previous stud-
ies (Bordoloi et al. 2019; Garg et al. 2020), gap of at least
40 mm is sufficient to prevent any interference between dif-
ferent sensors.

Results and discussion
Microstructural analyses

Pure biochar, BOC, BSC, SOC and S5C samples were
observed at 500 x and 5 K X magnifications using SEM.
The images of these samples are shown in Fig. 2. There are
two kinds of pores in biochar—soil composites: first, inter-
pores among biochar and/or soil particles, and the second
intra-pores inside biochar. As expected, biochar has higher
porosity than soil samples (BOC, B5C, SOC and S5C), espe-
cially at 5 K x magnification. The observation is consistent
with that of biochar obtained from water hyacinth weed and
silty sand sample (Bordoloi et al. 2019). Also, BOC sample
possesses larger pore size as compared to pure biochar at
500 x magnification. In other words, biochar has different
pore size distributions with bare soil. Intra-pore size of bio-
char is much lower than inter-pore size of soil, which fur-
ther influences water holding capacity of soil (Gopal et al.
2019). At 500 X magnification, BOC sample shows more and
larger pores as compared to B5C sample. However, surface
porosity of BSC sample is larger at 5 KX magnification.
Biochar-amended soil also shows higher surface porosity
after drying—wetting cycles at 5 K X magnification. But there
is less difference between SOC and S5C samples at 500 X
magnification. The observations suggest that pore size dis-
tribution of both bare soil and composite is changed due to
drying—wetting cycles.

In order to interpret microstructural properties after dry-
ing—wetting cycles, pore size distributions of biochar, bare
soil and biochar-amended soil were further explored by
nitrogen adsorption test. Since samples subjected to fewer
drying—wetting cycles were still unstable, soil structure may
be disturbed during preparation and testing. Therefore, only
pure biochar, BSC and S5C samples were discussed. It is
also of more engineering significance to study the soil struc-
ture after enough drying—wetting cycles. As shown in Fig. 3,
total pore volumes of S5C and B5C are similar. However,
their pore size distributions are totally different. Most pores
of S5C are mesopores, because of the amendment with bio-
char. Only few pore diameters were larger than 50 nm (i.e.,
macropore) in S5C sample. For BSC sample, the macropore
accounts for 40% of the total pore volume approximately.

Table 2 shows mass percentages of chemical elements
for each sample obtained by energy-dispersive spectroscopy.
As observed from the table, pure biochar contains around
35% carbon. Infrared absorption spectra of five samples are
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Fig.2 SEM images of pure biochar, bare soil and biochar-amended soil before and after drying—wetting cycles a pure biochar, b BOC, ¢ B5C, d
SOC, e S5C

shown in Fig. 4. For each absorption peak, tangent line for ~ point to the local baseline is taken as corrected peak height.
lowest points at both sides of the peak was drawn as local =~ Table 3 shows identification of absorption peaks with cor-
baseline (Heller et al. 2015). The distance from the peak  rection peak height greater than 0.1.
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0.045 s absorption peaks coincide. These absorption peaks appear
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Fig.3 Pore size distribution of biochar, bare soil and biochar-
amended soil

Generally, application of biochar leads to higher soil pH
as compared to unamended control soil (Chathurika et al.
2016). For biochar sample, strong absorption peaks at 1445
and 877 cm™! are corresponding to carbonate bond, while
bond at 604 cm™! represents CaSO,. Neither of them is
observed for all other samples. Results of energy-dispersive
spectroscopy indicate that mass percentage of calcium is
over 10%. Therefore, main chemical compositions of bio-
char are CaCOj; and CaSO,. The slight alkalinity induced
by CaCOj; provides a friendly environment for most plants
and bacterial communities.

For 4 soil samples, absorption peaks at 1031, 800 and
470 cm™! are attributed to Si—O-Si or Si—O bond in quartz.
Peak intensities in these samples follow the same order
S5C>B5C > S0C > BOC. Interestingly, peak positions of
Si—O-Si bending vibration and Fe,O; are so close that their

larger contents of functional groups are likely to result in
greater intensities of the corresponding absorption bands.
Iron oxide can provide cohesive force partly by cementing
soil particles. Cohesion resulting from chemical bonds is
determined by bond strength or so-called bond energy. With
452 kJ mol~! bond energy, Si—O bond is a kind of strong
chemical bond. FTIR results indicate that biochar-amended
soil possesses more cementations and chemical bonds to
provide cohesion as compared to bare expansive soil.

Consolidation of biochar-amended expansive soil

Swelling ratios of saturated samples subjected to different
drying—wetting cycles are shown in Fig. 5. With an increase
in drying—wetting cycles, the irreversible compaction of
expansive soil occurs. Comparatively smaller biochar par-
ticles are embedded into relatively larger pores of soil par-
ticles, leading to a higher degree of compaction (Chowd-
hury and Azam 2016), and thus lower void ratio. Before
drying—wetting cycles, saturated swelling of SOC sample is
slightly larger than that of BOC sample. Beyond that, the bio-
char mitigates the swelling characteristic of expansive soil

Table 2 Mass percentages of

; Element Atomic number Biochar/% BOC/% B5C/% S0C/% S5C/%

chemical elements
Carbon 6 34.57 26.22 22.8 27.4 26.38
Oxygen 8 17.78 32.25 26.85 24.5 33.68
Sodium 11 0.06 0 0 0
Magnesium 12 1.11 0.43 0.25 0.01 0.03
Aluminum 13 4.4 9.82 10.46 12.94 14.25
Silicon 14 5.62 11.34 13.57 10.37 16.44
Phosphorus 15 0.76
Sulfur 16 1.51
Chlorine 17 1.69
Potassium 19 3.75 1.75 1.07 0.86 0.81
Calcium 20 10.27 0.11 0.31 0.19
Titanium 22 0.35 0.22 0.13 0.18
Iron 26 0.76 1.52 2.12 1.69 2.51
Zirconium 40 2.45
Total 82.22 86.19 77.45 78.21 94.47
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Fig.4 FTIR spectra of biochar and soils before and after drying—wet-
ting cycles

effectively (Zong et al. 2014). The swelling of S5C sample
is significantly lower than that of B5C after repeated shrink-
ages and swellings. With repeated drying and wetting, swell-
ing properties of both B and S samples weaken and then tend
to be stable. At the first drying—wetting cycle, the height of
S sample decreases from 24.0 mm to 22.2 mm (i.e., swelling
ratio decreases from 20% to 11%) dramatically, while that of
B sample decreases gradually during 5 cycles.

Table 3 Functional group identification

The dry density of all soil samples is 1.4 g/cm?; the
specific gravity of bare and biochar-amended soils is 2.71
and 2.69, respectively. Therefore, the void ratio could be
calculated after measuring sample heights using vernier
caliper and dial gage. Void ratios of S samples and B sam-
ples under same drying—wetting cycles are compared (refer
to Fig. 6). Before drying—wetting cycles, void ratios of two
soil samples are similar. Under low pressure, void ratio
of SOC sample is smaller than that of BOC sample, while
the opposite is true under high pressure. The compaction
effect of drying—wetting cycles on biochar-amended soil
is more crucial. After the first drying—wetting cycle, void
ratio of S sample under different vertical loads is lower
than that of B sample.

Void ratios of B samples and S samples under differ-
ent stages of drying—wetting cycles are shown in Fig. 7a,
b, respectively. Before vertical loads are applied, initial
void ratios of two kind of saturated soil samples decrease
with cyclic drying and wetting. The results are similar
to those obtained by previous studies (Kholghifard et al.
2014; Chen et al. 2018) for only bare soil (i.e., without
biochar). Both bare and amended soil samples are influ-
enced by compaction effect induced by drying—wetting
cycles. However, the effect on biochar-amended soil is
more prominent. The decrease from SOC to S1C is larger
than that from S1C to S5C, indicating that more micro-
disintegrations of soil have likely occurred during the first
cycle as compared to the subsequent cycles.

Peak Corrected peak height Assignment Representative  References

position/ - characteriza-

em-1 Pure biochar BOC B5C SO0C S5C tion

3622 0.025 0.078 0.069 0.056 0.104 O-H stretching of phyllosilicates, Illite Xiao et al. (2018)

Fe and Al oxides
3309 0.177 NF NF NF NF Intermolecular hydrogen bonds Gu et al. (2016)
1445 0.851 NF NF NF NF Antisymmetric stretching vibra-  Carbonate Du (2012), Frost et al. (2015),
tion of CO,*~ Linker et al. (2005)

1031 0.255 0.093 0.123 0.103 0.153 Stretching of Si-O Quartz Linker et al. (2005), Wu et al.
(2014), Heller et al. (2015), Liang
etal. (2018)

912 NF 0.083 0.147 0.081 0.164 -OH Kaolinite Du (2012), Wu et al. (2014)

877 0.386 NF NF NF NF CO32’ Carbonate Du (2012), Frost et al. (2015), Reig
et al. (2002)

800 NF 0.052 0.083 0.067 0.128 Si-O-Si Quartz Reig et al. (2002)

604 0.223 NF NF NF NF CaSO, Choe et al. (2010)

533 NF 0.201 0.303 0.222 0.496 Fe,0; Hematite Weng and Xu (2016), Schwert-
mann and Cornell (2000)

470 NF 0.266 0.38 0.342 0.41 Bending vibration of Si—O-Si Quartz Reig et al. (2002), Wu (1994)

Fe,0, Hematite Schwertmann et al. (1998), Schw-

ertmann and Cornell (2000)

NF not found
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Fig.5 Swelling ratio of saturated samples under drying—wetting
cycles

Water retention and crack development

Soil-water retention curves (i.e., the relationship of volu-
metric water content (VWC) and matric suction) are shown
in Fig. 8. Under low suction (less than 100 kPa, i.e., near-
saturated moisture content), water retention capacities of B
and S samples are approximately similar. However, more
water could be held in S samples under high suction (espe-
cially when suction exceeds 1000 kPa). In other words, water
retention capacity of unsaturated expansive clay is improved

by biochar. Considering pore size distribution of soil-bio-
char composite, this phenomenon could be explained. For
near-saturated soil samples, suction mainly influences water
within macropores. With decreasing moisture content, more
suction is needed to extract water from mesopores as com-
pared to macropores. Mesopores (as shown in Fig. 3) created
by biochar in soil-biochar composite contribute to water
retention capacity via capillarity.

Further, it is possible that biochar could inhibit crack
propagation due to improved soil-water retention capacity.
According to Zhang (Zhang et al. 2020), cracking behav-
iors are affected by biochar mainly in evaporation process.
Crack intensity factor (CIF, i.e., ratio of cracked section area
to the total soil area) is used to show crack development
quantificationally in this study. As shown in Fig. 9a, crack
images were inputted to Image] software and converted to
grayscale images. After the thresholding and de-noising,
final images were obtained where it was easy to calculate
pixel numbers of cracked and intact parts of soil. For each
sample, average CIF was calculated by 4 parallel samples,
as shown in Fig. 9b. Desiccation cracks would emanate
from the surface when tensile force induced by air—water
menisci surpasses soil strength (Li et al. 2009). After the
first cycle, main cracks are formed in B samples. Widths
of main cracks tend to increase along with development of
secondary cracks gradually during subsequent drying—wet-
ting cycles. After the fourth cycle, subsequent cycles have

Fig.6 Variation of void ratio (b)
with different soil samples a 0C (@)
samples, b 1C samples, ¢ 3C 1.2r —e—B0OC 12¢ —e—BIC
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60 negligible influence on further crack development, and CIF
DR A T va e B xS tends to be stable. The crack development of S samples lags
50 v behind that of B samples. There is only shrinkage deforma-
® Y tion without any macroscopic crack during the first cycle;
g 40 "y therefore, CIF value is close to zero. However, shrinkage
% v further results in breaking of microbonding and rearrange-
; 30 . ment of soil structure. This implies that soil strength has
§ % been actually reduced during shrinkage. Thus, soil sample
2 5 v may do not possess enough strength to resist surface tensile
g : vy force in the following cycle. Crack intensity factor decreases
3 10 due to the presence of biochar (Zong et al. 2014; Bordoloi
> et al. 2019; Zhang et al. 2020). Main cracks of S samples
0 I L H appear at the second cycle, but CIF is still less than that of B
10’ 10° 10° 10° 10°

Suction / kPa

Fig.8 Soil water retention curves of bare soil and biochar-amended
soil

samples. This phenomenon can be explained as followed: On
the one hand, straw biochar improves soil-water retention
capacity (as shown in Fig. 8), as reported for other porous
biochar (Wong et al. 2019). There are two kinds of pores
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\
\

%
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Drying-wetting cycle numbers

Fig.9 Measurement and comparison of crack intensity factor (CIF) a procedures of measuring CIF, b CIF of bare soil and biochar—soil compos-

ite under drying—wetting cycles
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in biochar—soil composite: first, inter-pores among biochar
and/or soil particles, and the second intra-pores inside bio-
char (refer to Fig. 2). As compared to bare soil, intra-pores
of biochar make the composite susceptible to absorb and
hold additional water (Lu et al. 2014; Bordoloi et al. 2019).
For bare soil, water within macropores is relatively easy to
be extracted under evaporation. For biochar-amended soil,
however, water held in mesopores and micropores (mainly
in biochar) helps to resist crack propagation. On the other
hand, biochar particles filled in soil particles generate the
Fe,0; cement according to the FTIR analysis results (refer
to Fig. 4). Such cement bonds soil particles in weak area,
thus delaying the generation of cracks.

Shear strength

The low shear strength of saturated expansive soil limits its
application in the field of sponge city. In order to compare
saturated shear strength, the cohesive force and angle of
internal friction of two kinds of soils are shown in Fig. 10a,
b, respectively. In general, both angles of internal friction
and cohesive force of S samples are higher than those of B
samples. This indicates that the shear strength of saturated
expansive soil is improved by addition of biochar. According
to Lu et al. (2014), rice husk biochar improves internal fric-
tion angle of expansive clay before drying—wetting cycles.
With an increase in cycle numbers, transition from decrease
to increase is observed for cohesive force of both S and B
samples, but at different inflection points. For B samples,
cohesive force decreases sharply during the first cycle and
then rises gradually and eventually stabilizes. For S sam-
ples, cohesive force decreases to the minimum at the third
cycle, but the minimum value is much greater than that of
B samples. After 5 drying—wetting cycles, cohesive force of
B samples is slightly lower than that of the original state,
while S samples show stronger cohesion compared with
the original state. FTIR analysis (refer to Fig. 4) shows that
biochar-amended soil is more susceptible to microchemical
changes induced by drying—wetting cycles. More cementa-
tion and chemical bonds provide stronger cohesive force for

S5C sample as compared to BSC sample. For both B and S
samples, angle of internal friction fluctuates within a certain
range, which is similar to previous test results for bare soil
(Dong et al. 2019; Huang et al. 2019). After the fifth cycle,
subsequent cycles have little influence on cohesive force
(Dong et al. 2019; Huang et al. 2019).

There are mainly 3 factors by which drying—wetting
cycles affect shear strength: (1) crack development; (2)
increasing chemical bonds and cementation; (3) reducing
void ratio. Development of crack damages shear strength of
soil samples, while the latter two factors are beneficial to the
improvement of shear strength.

The presence of cracks would form weak zones and sig-
nificantly damage soil structure, thus causing reduction in
the overall mechanical strength (Tang et al. 2012; He et al.
2017; Chen et al. 2018; Huang et al. 2019). At the same
cycle number, there are more and wider cracks (i.e., higher
CIF) in B samples as compared to S samples. During the
first cycle, main cracks are formed in B samples, which
destroy the original structure of soil samples and create weak
zones, so cohesive force reaches the minimum value. How-
ever, for S samples only shrinkage deformation and small
cracks occur during the first two cycles, and cohesive force
decreases gradually. At the third cycle, main cracks emanate,
and cohesive force of S sample reaches the minimum value.

After crack propagation reaches a certain scale, increas-
ing microchemical bonding and decrease in void ratio play
dominant roles in affecting shear strength. The cementation
and chemical bonds between soil particles contribute to
cohesion partly. FTIR results indicate that drying—wetting
cycles improve shear strength by forming more cements and
chemical bonds, such as Fe,0; and Si—O bond. Drying—wet-
ting cycles not only produce damages but also densify soil
samples (Chen et al. 2018). Void ratios of both B and S sam-
ples decrease after repeated drying—wetting cycles. Accord-
ing to previous studies (Zhang and Wang 2018; Dong et al.
2019), the peak and steady-state shear strengths increase as
void ratio decreases. Biochar-amended soil is more suscep-
tible to the compaction effect, after 5 drying—wetting cycles
biochar-amended soil is relatively denser than the control.
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soil and b?ochar—ar.nended soil 14 —e—B 20 - —e—B
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Feasibility and cost-benefit analysis

As far as the authors are aware, green roof substrate could
de designed as multilayers. Compacted biochar-amended
clays could be used as multifunctional layer below the veg-
etated soil layer. On the one hand, roots could relatively
easily develop and elongate in loose soil. Compacted bio-
char-amended clays may act as root-barrier layer, due to its
inhibition to root expansion and elongation. On the other
hand, soil water retention is much more critical in green
roofs as compared to agricultural fields. It is more feasible
and reasonable to store rainwater in soil as compared to fre-
quent irrigation. More rainwater could be stored in biochar-
amended clay due to improved soil-water retention capacity
(refer to Fig. 8).

Biochar-amended clays could contribute well to reduction
in maintenance cost of green roofs. On the one hand, irriga-
tion costs may be noticeable in green roofs, considering no
groundwater could be utilized. Frequent irrigation could be
avoided as results of improved soil water retention capacity.
On the other hand, ornamental plants are generally expen-
sive and highly environmentally demanding. More water and
nutrient could be provided by biochar-amended soil, further
ensuring flourishment of ornamental plants. Potential eco-
nomic losses could be avoided via amendment with biochar.
The cost of biochar amendment could be easily covered by
economic benefits mentioned above.

Conclusions

As far as the authors are aware, investigation on influences
of biochar on compacted expansive clay is scare, especially
taking drying—wetting cycles into consideration. The study
aims to explore mechanism of hydraulic and mechanical
behaviors of biochar-amended expansive clay subjected to
drying—wetting cycles. The following conclusions can be
drawn:

(1) Infrared spectrum indicates that the weak alkalinity of
straw biochar results from its main chemical composi-
tion, calcium carbonate. Chemical bonds and cementa-
tion between soil particles contribute to cohesive force
partly. Drying—wetting cycles enhance these chemical
bonding effects, especially for biochar-amended soil.

(2) Under high suction, biochar—soil composite shows
greater water retention capacity as compared to bare
soil due to pore size distribution. There are more
mesopores in biochar-amended soil instead of macropo-
res. Water held in mesopores is relatively hard to be
extracted under evaporation, which further influences
crack propagation. For near-saturated soil samples, suc-
tion mainly influences water within macropores. There-

fore, the difference between water retention capacities
of bare and biochar-amended soils is negligible under
low suction.

(3) For both bare expansive clay and biochar-amended
soil, drying—wetting cycles can reduce void ratio and
restrain swelling behavior. Biochar-amended soil is
more susceptible to compaction effect induced by dry-
ing—wetting cycles. Biochar can restrain the formation
and propagation of soil cracks. In general, both angles
of internal friction and cohesive force of expansive soil
are improved by the addition of biochar. Drying—wet-
ting cycles are likely to influence shear strength mainly
through formation of microchemical bonding, reducing
void ratio and CIF.

(4) Aiming at green roofs, biochar has potential values to
act as amendment in soil substrate economically and
technically. Frequent irrigation could be avoided by
amendment with biochar due to improved soil water
retention capacity.
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