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Gas permeability and emission SR
in unsaturated vegetated landfill cover
with biochar addition
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Abstract

Plant-biochar interaction has been recognized to affect the hydraulic properties of landfill cover soils, while its influ-
ence on landfill gas emission is rarely studied. This study investigated the coupled effects of biochar and vegetation

on gas permeability and emission in unsaturated landfill cover through an integrated theoretical modelling and labo-
ratory investigation. First, a gas permeability model was developed for vegetated coarse-grained soils with biochar
addition. Then, a well-instrumented laboratory column test and two tests from the literature, considering bare, grass,
biochar and grass+ biochar conditions, were used for model validation. Finally, a numerical parametric study was
conducted to investigate the influence of root growth and drought conditions on the gas emission rate. Results showed
that the developed model can satisfactorily capture the gas permeability of unsaturated soils at various degrees

of saturation. The lowest water retention capacity, the highest gas permeability and gas emission rate after 24 months
of growth were observed in the grassed column. However, adding biochar in vegetated soils can maximize the water
retention capacity and decrease the gas permeability, resulting in the lowest gas emission rate. The measured gas
emission rates for the four cases meet the recommended value by the design guideline. The parametric study showed
that the increased root depth from 0.2 m to 0.4 m improved the gas emission rate by 170% in the grass case

but decreased by 97% in the grass+ biochar case. Under the severe drought condition with soil suction around 500 kPa,
the gas emission rate in the grassed case exceeded the design value by 18%, while those in the biochar cases were

far below the allowable value. Therefore, peanut shell biochar should be considered to amend the grassed landfill

cover using coarse-grained soils as it can significantly improve engineering performance in reducing gas emissions
under extreme drought conditions.

Highlights

A new gas permeability model was developed for vegetated soil with biochar.
Grassed soil with decay roots had the largest gas permeability at any water content.
Biochar—grass interaction leads to the lowest gas permeability.

Gas emission rate decreased with deeper root depth in biochar-grass case.

Biochar can reduce gas emission rate even under drought condition.
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1 Introduction

The generation of municipal solid waste (MSW) has
increased rapidly in recent years worldwide. Landfill-
ing has been one of the main alternatives for disposing
of MSW. Even though different approaches (e.g., recy-
cling, recovery and reuse) have been developed to man-
age MSW, landfilling is still the most common method,
especially in developing countries (Osra et al. 2021). Over
time, the decomposition of MSW in landfill can gener-
ate a large amount of landfill gas, including methane and
carbon dioxide, which are the main sources of green-
house gases (Nguyen et al. 2019). Final landfill covers
are commonly used as barriers between MSW and the
atmosphere. The purpose of the final cover is to reduce
water infiltration and minimize gas emissions (Ng et al.
2016a). Hence, the gas permeability of cover materials
is of great importance in assessing the performance of
earthen landfill cover. From engineering perspectives,
low gas permeability is desired to reduce the emission
of methane and carbon dioxide into the atmosphere.
Landfill cover is normally in an unsaturated state due to
the soil-atmosphere interactions. Gas permeability of
unsaturated soils is affected by soil water content and

compacting dry densities (Wickramarachchi et al. 2011;
Hamamoto et al. 2011). With the decrease in soil water
content and increase in soil dry density, gas permeability
increases (Garg et al. 2019).

Vegetation is commonly planted on the top of landfill
covers for aesthetical and ecological purposes. Recently,
it has been revealed that vegetation growth can help
remove rainfall infiltrated water from the cover sur-
face through evapotranspiration (Ng et al. 2016b). Dur-
ing the early stage of vegetation growth, active roots can
reduce water infiltration by occupying soil pore space
(Scholl et al. 2014). However, the infiltration rate for
ageing plants is quite often increased (Vergani and Graf
2015) due to the formation of macropores from root
decay (Ghestem et al. 2011). It can be easily deduced
that plant root-induced changes in soil pore structure
can also affect the gas permeability of unsaturated soils.
Indeed, Zhan et al. (2016) conducted a field test and
found that the active growth of plant roots in loosely
compacted silt caused a gradual decrease in gas perme-
ability by about one order of magnitude during the first
few months. Recently, Ni et al. (2019) investigated the
gas permeability variations of unsaturated soils planted
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with a grass species over a two-year growth period. The
results showed that after two years, the gas permeability
of grass-covered soil was up to one order of magnitude
higher than that in the bare soil. It is concluded that the
ageing plant may not be beneficial for minimizing gas
emissions in final landfill covers.

In order to promote the performance of vegetation,
biochar is commonly applied in the field to improve soil
fertility and engineering properties (Kumar et al. 2022;
Ng et al. 2022a; Yan et al. 2022). Biochar is pyrolyzed
from various wastes and feedstocks (e.g., pig manure,
wood, crop residues and poultry litter) under high tem-
peratures and low oxygen conditions (Kumar et al. 2019).
It is an environmentally friendly soil amendment which
can supply nutrients (e.g., N and K) to plants (Zornoza
et al. 2016; Hossain et al. 2020), improve soil water reten-
tion capacity and alter microbial communities (Moore
et al. 2018). As biochar has a porous structure and large
specific area (Lehmann and Joseph 2009), it can change
pore-size distribution and soil bulk density (Major et al.
2010) and hence affect soil hydraulic properties (Wong
et al. 2017, 2022). Intuitively, biochar also affects the
gas permeability of soils due to its highly porous struc-
ture (Sun et al. 2013; Nan et al. 2021). The application
of biochar to loose soil can increase its gas permeabil-
ity. However, Garg et al. (2019) revealed that adding
biochar in compacted soil decreased gas permeability
significantly compared with that of bare soil. Gas per-
meability increased linearly with soil suction in a semi-
log scale, regardless of the biochar content. Garg et al.
(2021) also found that 5% biochar was the most effective
in reducing gas permeability when the degree of compac-
tion increased from 65% to 95% at a low suction range
(<200 kPa).

By considering soil-plant—biochar interactions, soil
hydraulic properties differ from those with only biochar
addition or vegetation. Root growth is mainly affected
by temperature (Maeght et al. 2015), moisture gradient
(Kobayashi et al. 2007), nutrients (Zornoza et al. 2016)
and soil density (Grzesiak et al. 2002). Biochar can mod-
ify water-holding capacity and thus soil moisture content,
affecting the growth conditions of the plant. Moreover,
biochar contains various nutrients (e.g., N, P and K),
which are slowly released into soil pores to benefit root
proliferation (Ni et al. 2018; Guo et al. 2023). Ni et al.
(2020) found that after 2 years of growth, the saturated
water permeability of grassed soil with biochar was 16
times smaller than that without biochar. The presence of
biochar could delay the root decay process in vegetated
soils. A recent study by Ng et al. (2022a) revealed that the
rainfall influence depth and factor of safety of vegetated
slopes without biochar were about 100% deeper and 60%
lower than the case with biochar, respectively. Until now,
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even though there are some studies about the gas perme-
ability of soils with only biochar addition or plant, the
effectiveness of soil-plant—biochar interactions on gas
permeability and gas emission is rarely studied. Up to
now, there is no theoretical model yet to capture the gas
permeability of unsaturated rooted soils considering bio-
char addition.

This study investigated the influence of soil-plant—
biochar interactions on gas permeability and emission
through integrated theoretical modelling and experimen-
tal investigation. First, a new gas permeability model for
vegetated coarse-grained soil with biochar was devel-
oped, considering various root decay rates. The model
can consider the influence of biochar and plant roots
on pore structure in the long-term run. Then, a labora-
tory column test with grass and biochar was carried out
to validate the performance of the new model. Finally, a
numerical parametric study was conducted to explore
the effects of soil-plant-biochar interactions on gas
emission rate in the earthen landfill covers using the
Air/W software.

1.1 Development of the new and simple gas permeability
model

Recently, Ng et al. (2022a) developed a water retention

model for vegetated coarse-grained soil with biochar. The

model is expressed as follows:

Sem4 C —ms my —mj
S, = [H( <mn+1> ) ] Y
ms3 \ Dy,

In this equation, S, (—) is the degree of saturation of the
soil, s (kPa) is the matric suction. m; (=), my (=), m3 (kPa)
and my (—) are the model parameters. m; and my deter-
mine the shape of a soil water retention curve (SWRC;
van Genuchten 1980), while m; and m, are related to the
air-entry value (AEV, a) of the soil (« = emTi). m; (—) is
a soil parameter for describing the effects of pore struc-
ture on AEV. The void ratio has a negligible impact on
SWRC at a high suction range. Hence, the product, m,
m, m,, can be set to 1 (Gallipoli et al. 2003). C, () is
a soil parameter describing the biochar effects on the
pore structure, and n (%) is biochar content. D, (-) is
a microstructural state variable of bare soil. e is the void
ratio for the soil.

The void ratio is an essential soil parameter that reflects
not only the soil-pore structure but also soil density.
However, the void ratio for the soil with biochar and
plant relied on the laboratory measurement in Ng et al.
(2022a), which takes time and is not accurate enough. In
addition, no available equation for void ratio considering
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both biochar amendment and root occupation is derived
in their work.

In this study, a simple method for calculating the void
ratio of biochar-amended soil, e; (—) is suggested as
follows:

v
o= St e @)

1+V,
where e, (—) and e, (—) are the void ratios of the soil and
biochar, respectively. V, () is the volume ratio of bio-
char-soil solid and can be expressed as

Wb Gssyw GisYw
V, = =

- - n b 3
Wis Gsb Yw Gsb Yw ( )

where Wg,(g) and W(g) are the weight of the biochar
and soil solid, respectively; Gy, (—) and Ggs (—) are the
specific gravity of biochar and soil, respectively, and i,
(kN/m®) is the unit weight of water. n (%) is defined as

Wb, —
W, ) V.=0 means

biochar content in soil by mass ( n=

the void ratio of biochar-amended soil is equal to the void
ratio of the bare soil (i.e., the pure soil without biochar).
When V, tends to be infinite, the void ratio of biochar-
amended soil equals the void ratio of biochar. By know-
ing the e, of biochar-soil composite, the saturated
volumetric water content 6,(%) can be expressed as

€

O = .
§ 1+e; )

To take into account the influence of root decay on
the SWRC, Ni et al. (2019) proposed a void ratio func-
tion that can model the decrease and increase of soil
void ratio due to root occupancy upon growth and root
shrinkage, respectively.

ei— (1 —&R/(1+¢)
e = 1 N (5)
+ 1 =85R(1+e)

where e; is the void ratio of biochar-amended soil, which
is the sum of the microstructural void ratio (e,) and the
macrostructural void ratio (em), £(%) is the root decay
rate. R, (mm?®/mm?) is the root volume ratio, which is
defined as the total volume of roots per unit volume of
soil. R,=0 means bare soil. R, is less than e;/(1 + ej),
as total root volume cannot be larger than the total soil
pore size. Depending on the plant type, R, is a function of
depth within the root zone.

The air entry value of biochar-amended vegetated
soils considering root decay is expressed as follows:

ms ey
01—674 exp (—kero), (6)
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where k (—) is a model parameter that controls the rate of
reduction of the AEV due to root decay, and this param-
eter has to be dependent on the plant type and the soil
media where it is grown; e, (—) is the macro void ratio
“returned” from root decay:

_ ER(1+e)
1+ 1-HR(1+e)

er (7)
and e, (—) is the void ratio occupied by roots (i.e., e, — €),
when £=0

By combining Egs. (1)—(7), the influence of root growth
and decay on soil water retention curves of biochar-
amended vegetated coarse-grained soils can be expressed
in Eq. (8).

se™4 Cm s\ "
S,=|1 —— | —n+1 .
" + m3 exp(—k =) (Dm nt )
(8)
The widely used van Genuchten—Mualem-Fischer
(VGM-Fischer) model (Fischer et al. 1996) assumed that
the air permeability could be a function of the degree of

water saturation S, and maximum air permeability k
(m?). VGM-Fischer model is expressed as

a_max

ka = a_max(1 - Sr)o‘s(l - S:n)Zm’ (9)

where m (—) is a fitting parameter depending on the pore
size distribution, and k, .. is the air permeability under
completely dry conditions. Hence, by combing Egs. (8)
and (9), the gas permeability of biochar-amended unsatu-
rated vegetated coarse-grained soils can be calculated. In
the water retention and gas permeability model, there are
three parameters for biochar properties (n, e, and Ggp)
and two for root properties (R, £).

2 Materials and methods
2.1 Validation of the water retention and gas permeability
model

In order to validate the water retention and gas perme-
ability model, a well-instrumented laboratory column
test with biochar addition and grass transplantation was
carried out. In addition, some relevant data from the lit-
erature were also selected, including Mei (2017), Ni et al.
(2020) and Chen et al. (2020).

2.2 Soil, biochar and plant species

In the laboratory test, completely decomposed granite
(CDG) was used. CD@ is a common type of soil used in
landfill covers in tropical and subtropical areas, such as
Southern China (Ng et al. 2022b). The investigated soil
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Table 1 Index properties of completely decomposed granite

(CDQ)
Index property Value
Standard compaction tests
Maximum dry density (kg m=) 1870
Optimum moisture content (%) 12
Particle-size distribution
Gravel content (>2 mm) (%) 19
Sand content (<2 mm) (%) 42
Silt content (<63 um) (%) 27
Clay content (<2 um) (%) 12
Specific gravity 2.60
Atterberg limits
Plastic limit (%) 26
Liquid limit (%) 44
Plasticity index (%) 18
Unified Soil Classification System (USCS)? Silty sand (SM)

@ ASTM (2010a)

contains 12% clay, 19% gravel, 27% silt and 42% sand.
CDG was classified as silty sand, according to the Uni-
fied Soil Classification System (USCS, ASTM, 2010a).
The optimum water content and maximum dry density
are 12% and 1870 kg m™, respectively. The TOC and pH
of this soil were determined to be 49.2+3.3 mg kg and
6.0+ 0.01, respectively. The soil contains 662 mg kg™'of N
and 363 mg kg! of P. Other properties of the CDG are
listed in Table 1.

The biochar selected was pyrolyzed from the feed-
stock of peanut shell biomass. According to the obtained
thermo-gravimetric analysis (TGA) of peanut shell bio-
mass by Ni et al. (2020), the degraded mass decreases
slowly when the heating temperature is lower than
400 °C and higher than 500 °C. When the heating tem-
perature increases from 400 °C to 500 °C, the reduction
in degraded mass is the most significant. The biochar in
this study was produced at 400 °C with a residence time
of 30-40 min under limited oxygen conditions. The prop-
erties of this type of biochar have been well-studied by
Ni et al. (2018). The biochar was passed through a 425-
um sieve before mixing with CDG. The purpose was to
achieve a more uniform biochar porosity and hence uni-
form soil-biochar composite, preventing any possible
preferential flow during the test (Wong et al. 2017). It has
been demonstrated that the small biochar particle size
(smaller than 500 pm) can enhance the positive effects
of biochar application in sandy soils (Glab et al. 2016).
Based on the Fourier-Transform Infrared Spectroscopy
(FTIR) spectra of the biochar (Ni et al. 2020), there was
a high peak spectral band at 3618 cm™! named —OH
(hydrophilic) group. The spectral peak at 1708 cm™ could
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be due to the stretching vibration of C=0 bonds of the
non-ionic carboxyl groups (-COOH, —COOCHj;). The
peak at 1395 cm™! was nominated to aromatic (C=C—C)
vibrations. In addition, carbon (C) and oxygen (O) were
dominant elements in the surface composition of the bio-
char. The specific area and true density of the biochar in
this study were 8.45 m’g ! and 1.96g cm™, respectively.
After sieving, the contents of biochar particles smaller
than 0.002 mm, 0.002-0.02 mm and larger than 0.02 mm
were 32%, 41% and 27%, respectively. The pH of pure bio-
char was 7.5. The pH of the 10% biochar-CDG composite
was 7.3, which is beneficial for the survival of Cynodon
dactylon (Wong et al. 2019). More detailed description of
the studied biochar is summarized in Table 2.

10% biochar (w/w) was mixed with CDG using a soil
mixture. Those two materials were mixed continuously
until the composite colour became uniform. Figure la
shows the compaction curve of the CDG, and biochar-
amended CDG. The maximum dry density for this bio-
char-CDG composite was 1740 kg m, which was 8%
smaller than that of bare CDG soil (Ni et al. 2018). With
biochar addition, the optimum water content of CDG
soil increased from 12% to 17%. 95% relative compac-
tion was adopted in each column. Such relative compac-
tion is commonly used to design slopes and landfill cover
in the USA (TDOT 1981) and Hong Kong (GEO 2011).
Cynodon dactylon can grow well under such high relative
compaction (Ni et al. 2019). In order to reduce friction
at the soil column interface, lubricant was applied on the
inner surface of each column. A thin layer of geotextile
was put at the bottom of each column to ensure uniform
gas pressure distribution during the test. The composite
was compacted in 16 layers in each column, spanning a
height of 25 mm. Between each compacted layer, the soil
surface was scarified to provide better contact and pre-
vent preferential flow channels.

Table 2 Physico-chemical properties of the 425-um sieved
peanut shell biochar

Property Value
Physico-chemical property
Specific surface area (m’g™) 8.45
True density (g m™) 196
pH 9.71+0.04
Organic matter (%) 51.9+0.09
Electric conductivity (ds m™h 1.8+0.09
Ash content (%) 48.09+0.09
Particle size distribution
>0.02 mm (%) 0
0.002-0.02 mm (%) 72.1
<0.002 mm (%) 279
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Fig. 1 a Influence of biochar on soil compaction curve and (b) test
setup for the permeability test

After sample preparation in columns, a grass species
Cynodon dactylon (also known as Bermuda grass) was
transplanted. Cynodon dactyon was selected because
it can provide ecological rehabilitation and restoration
in landfill covers (GEO 2011). The grass turf with a root
depth of 40+8 mm and shoot length of 50+6 mm was
supplied by Tung Kee Garden Horticulture Ltd. in Hong
Kong. The detailed transplantation procedures can refer
to Ni et al. (2020). The grass was grown for two years
in a well-controlled plant room. Irrigation was applied
every three days during the growth period unless stated
otherwise.

2.3 Test setup and instrumentation

There were eight columns in total, including three col-
umns with grass, three biochar-amended columns with
grass, one bare column and one biochar-amended col-
umn. Figure 1b shows the schematic diagram of each test
column. As shown in Fig. 1, each column had a height
of 400 mm and a diameter of 200 mm. The inner surface
of all columns was filled with the self-solidifying silicon
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glue to prevent any preferential gas flow through the gap
between the soil and column. (Ng et al. 2015a). At the
bottom of each column, there was a hole with a diam-
eter of 5 mm to allow for free water drainage and gas
influx during testing. All eight columns were placed in
a well-controlled plant room. The relative humidity and
air temperature were 60+5% and 25+1 ‘C, respectively.
To facilitate plant growth, a constant radiant energy of
5.0 MJ m~2 was supplied on the top of all columns using
cool fluorescent lamps (Ng et al. 2016a).

In order to measure the matric suction (i.e., negative
pore water pressure) up to 90 kPa, an array of minia-
ture-tip tensiometers (2100F, Soil Moisture Equipment
Cooperation) were installed at depths of 50, 130, 210
and 290 mm in each column. Two gas pressure transduc-
ers (Chen 2016) were installed at 130 mm and 290 mm
depths to measure gas pressure. Two types of airflow
meters were used. The measuring ranges were 0—100 mL
min! and 0-30 L min™. The accuracies were 0.5 mL
min! and 5 ml min™, respectively. It should be noted
that a similar column setup was also used by Ni et al.
(2020), who installed both miniature-tip tensiometers
and soil moisture probes at the depths of 50, 130, 210 and
290 mm, but without gas pressure sensors. Since the test-
ing conditions (soil and biochar type, grass turf, growth
duration and atmospheric parameters) between this
study and Ni et al. (2020) are the same, the measured soil
water retention curves by Ni et al. (2020) were also used
in this study.

2.4 Testing procedures

After grass growth for 24 months, gas permeability was
measured for all eight columns. Before each gas perme-
ability test, all columns were saturated by applying water
ponding on the top. Water ponding stopped when basal
water percolation occurred, and suction readings at all
depths became zero. All the columns were left for drying
in the plant room. At random suction distribution during
the drying period, a gas permeability test was carried out.
The procedures can follow Ni and Ng (2019). The applied
gas was carbon dioxide, and the adopted gas pressure at
the bottom of each column was 20 kPa, based on the sug-
gestion by Chen (2016). 20 kPa can represent the worst
scenario of bottom gas pressure in the in-situ landfill
cover. A gas flow meter was installed on the top to meas-
ure the gas flow rate after the breakthrough. Gas pres-
sures at 130 mm and 290 mm depths were also recorded
during the gas permeability test. Finally, Darcy’s law was
used to calculate the gas flow velocity.

Before the continuous gas emission test, all the satu-
rated columns were subjected to evaporation or evapo-
transpiration in the plant room until the suction at the
shallow depth (i.e., 50 mm) reached~60 kPa. The gas
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emission test lasted for ten days, during which gas pres-
sure distribution along depth and gas emission rate at the
top were recorded on Days 2, 5 and 8. During the test,
all the ambient atmospheric parameters were kept con-
stant to minimize the disturbance to the gas emission
test. After the gas permeability test, soil cores 76 mm in
diameter and 100 mm in height were sampled from 0 and
100 mm depths in each column using a cylindrical core
cutter. Three replicated cores were collected from veg-
etated columns. In total, there were eight core samples
tested. The saturated permeability of each core sample
was then measured using the falling head method accord-
ing to ASTM (2010b) standard D5084. The detailed
testing procedures can refer to Ni et al. (2017). Finally,
saturated permeability values of 8 core samples were cal-
culated using Darcy’s law. After the water permeability
test, all soil core samples from the shallow depths of each
column were carefully washed, and roots were analyzed
to determine the root volume ratio (R,). Detailed meas-
urement procedures can be found in Ni et al. (2019). By
excavating the soils in each column, root depth was also
measured.

In order to highlight the effects of grass and biochar on
measured field capacity (FC), permanent wilting point
(PWP) and gas permeability, one-way ANOVA analysis
was adopted. In the analysis, significant differences were
assessed, followed by post hoc Fisher’s least-significant-
difference test. Results were considered statistically sig-
nificant when p-value <0-05. Different letters (a, b, c, d)
were used to indicate the statistical significance of differ-
ences among groups.

2.5 Numerical plan, model setup and procedures

In order to investigate the significance of biochar and
plant growth on gas emission in conventional one-layer
landfill covers, a series of numerical analyses were car-
ried out using commercial software Air/W (Geostudio).
The numerical study was composed of two stages. In the
first stage, the laboratory column test results from this
study were used to calibrate the numerical model setup.
In the second stage, parametric studies were conducted
using the calibrated numerical model setup to further
explore the influences of root depth and extreme drought
conditions on gas emission rate.

In the first stage, a one-dimensional model was estab-
lished according to the configuration of the soil column
test. The soil thickness was 0.4 m, and the initial depth
of the grass root zone was 0.2 m, based on the measured
results. For simplicity, root distribution was assumed to
be in a uniform pattern. A uniform mesh configuration
for 1D geometry was adopted. A total number of 800 rec-
tangular elements were generated in the mesh configura-
tion to simulate the soil column. Regarding the hydraulic
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boundary conditions, the top surface was set to a zero-
flux boundary, and the bottom end was set as a unit-gra-
dient flux boundary for free water drainage. Zero water
flux was specified as the side boundaries. For the gas flow
boundary, a zero-gas pressure was applied at the top,
while a constant gas pressure of 20 kPa was applied at the
base of each column. Zero gas flux was specified as the
side boundary conditions. The calculated water reten-
tion curves and gas permeability functions using the new
theoretical model were input for each soil domain in the
numerical model. The required unsaturated permeability
functions of the materials were calculated from their cor-
responding water retention curves in Fig. 2a based on the
van Genuchten—Mualem equation (van Genuchten 1980;
Mualem 1976). The saturated water permeability of bare,
grass, biochar and grass+biochar cases after 24 months
of grass growth were determined to be 4.26x10™® m
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0.4 qNietal.| o Grass (measured) %Q\ ..
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Fig. 2 Comparison between the measured and calculated (a) water
retention curves and (b) gas permeability function
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s1,123x10° ms™, 547x107 ms” and 1.74x107 m
s, respectively. The average R, values within the shal-
low depth of 100 mm were measured to be 0.046 and
0.069 mm®mm™ in the grass and grass+biochar cases,
respectively. The root depths after 24 months of growth
were about 0.2 m in both cases. For the grass column or
grass + biochar column, the domains within the root zone
(top 0.2 m) and below the root zone should be specified
with different soil hydraulic properties and gas perme-
ability functions. Before the gas emission simulation, the
initial suction distribution in each column was set based
on the measured results. Gas emission simulation last
for ten days, during which evaporation and evapotranspi-
ration were not simulated.

In the second stage, two series of parametric analy-
ses were carried out. The first series focused on the
effects of root depth on the gas emission rate. Apart from
the 0.2 m root depth in the model calibration run, another
root depth of 0.4 m was considered in the analysis. For
simplicity, soil hydraulic properties and gas permeability
functions in the original top 0.2 m root zone were copied
to the bottom 0.2 m for both grass and grass+biochar
cases. Uniform root distribution was specified along
the entire soil domain. The second series aimed to study
the extreme drought on the gas emission in four soil
conditions. A high initial suction of 500 kPa was speci-
fied for all the soil columns to represent the extremely
dry scenario. The calculated gas emission rate from this
high suction condition was compared against that in the
model calibration run in the first stage. The boundary
conditions and other testing procedures were exactly the
same as those in the first stage of numerical analysis.

3 Results and discussion

3.1 Interpretations of test results

Figure 2a shows the comparison between the measured
and calculated water retention curves under four condi-
tions (i.e., bare, grass, bare + biochar and grass + biochar).
All the measured data were from Ni et al. (2020). By fit-
ting the SWRC of bare soil, the parameters m;, m,, mg
and m, (see Table 3) were calibrated. The parameters m;
and D, were selected based on the suggestions by Ng
et al. (2022a). The parameter for biochar effects on soil
microstructure was back-calculated to be 0.28. Based
on the calibrated parameters in Table 3, the SWRCs of
grass, bare+biochar and grass+biochar were calcu-
lated. Good matches were found for all three cases, with
a maximum discrepancy of less than 14%. It can be seen
that after 24-month growth, grassed soil has a relatively
smaller water retention capacity than bare soil. S, values
at field capacity (FC) and permanent wilting point (PWP)
for the grass case were statistically larger than those of
the bare case, respectively, with a p-value less than 0.05
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(Table 4). However, for biochar-amended soil or grassed
soil, the water retention capacity was consistently higher
than that of the bare soil over the wide range of suction
(0-1100 kPa). The water-holding capacity was the most
significant when biochar and grass were present. The
significant differences (p-value<0.05) among the four
cases (i.e., bare, grass, bare +biochar and grass + biochar)
in terms of S, values at FC and PWP have been demon-
strated by the one-way statistical analysis (Table 4). This
is because biochar has stable chemical and physical prop-
erties (Burrell et al. 2016). Biochar has a porous structure,
which behaves as additional capillary tubes with smaller
pore throats, favouring additional water storage in soils
(Blanco-Canqui 2017). In addition, the biochar pro-
duced from peanut shells has high polarity and an abun-
dance of O-containing functional groups, enhancing the
water adsorption capacity (Jing et al. 2018). Biochar can
beneficially promote the growth of plants by increasing
water retention capacity and providing nutrients. Even
though there might be a small number of decayed roots
in grassed soil with biochar amendment, the promoted
growth of healthy roots by biochar can occupy more soil
pores, outweighing the negative effects of decay roots
induced macropores. Both the model and test results
indicate that biochar can enhance soil water retention
capacity due to its unique micropore structure and pro-
motion of plant growth.

Figure 2b compares measured and calculated gas per-
meability under various degrees of saturation. This rela-
tionship is also called the gas permeability function. Gas
permeability values under four ground conditions (i.e.,
bare, grass, bare 4+ biochar, grass +biochar) are presented.
The maximum air permeability was back-calculated
based on the measured data, and the fitting param-
eterm was calibrated to be 2.0. Generally, gas perme-
ability (k,) decreased nonlinearly with the increase in the
degree of saturation (S,). When the S, was larger than 0.8,
the reduction of gas permeability became much faster.
This is because at higher S, air pores in soils are much
less connected and hence fewer channels are available for
airflow. It shows clearly that at any given S,, the k, of the
grass case was larger than that of the bare case by about
four times. At S5,=0.6, the significant differences in k,
between the grass and bare cases are shown in Table 4
(indicated by the letters). However, compared with the
bare case, the biochar-amended soil and grassed soil had
smaller k, by up to 2 times of magnitude, depending on
the S,. The reduction of average k, in the grass+biochar
case was the most substantial. However, based on the
statistical analysis for the k, results at S,=0.6, the dif-
ference between the biochar case and grass+biochar
case was not significant (p-value >0.05), while the grass
case and bare case were significantly larger than both the
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Table 4 Variations of the degrees of saturations (S,) at
field capacity (FC), permanent wilting point (PWP) and gas
permeability (kg) at S,=0.6 (mean *standard error of mean)

Test case S,atFC(-)  S,atPWP(-)  kjatS,=0.6(m?)
Bare 055+£003b  030£002b (34%09)x107""p
Grass 047+0.03a 0.24+0.03a (16+1.1)x1071%
Biochar 0.76+004c  043+0.03c (54+10)x107"%a
Grass+Biochar ~ 0.85+0.03d 0.51+0.02d (23+1.1)x107%a
p-value <0.001 <0.001 0.067

bare and grass cases. Biochar-induced decrease in k, was
also observed by Villagra-Mendoza and Horn (2018) in
a sandy loam amended with mango-wood biochar and
Garg et al. (2019) using water-hyacinth biochar parti-
cles. Even though adding biochar can slightly increase the
average pore void ratio, the measured gas permeability
in biochar-amended soil decreased. This is because the
additional water in the intra-pores of biochar reduces the
air conductive channels for gas migration, resulting in a
decrease in k, of biochar-amended soils. On the other
hand, the increase in biochar addition could increase the
possibility of pore-clogging and tortuosity in soil (Gith-
inji 2014) and hence offset the increase of saturated water
permeability due to the increased average void ratio.
Besides, biochar can decrease the number of desiccation
cracks by at least 50% compared to bare soil (Bordoloi
et al. 2018). This can be another reason that causes the
reduction of gas permeability in biochar-amended soils.
When considering the plant root-biochar interactions,
the promoted plant root can further occupy the inter-
and intra-pore voids of biochar, hence reducing the avail-
able channels for gas migration.

Figure 3 shows the comparison between measured and
calculated gas permeability function in four soils veg-
etated with Vetiver grass. Gas permeability values under
four conditions (R,=0, 0.0032, 0.012 and 0.018 cm®cm™)
were measured in the laboratory (Mei 2017). There was
no biochar addition in this test (y=0). No root decay
was observed. Under each vegetated soil, four soil water
contents were considered. The overall trend between k,
and S, was similar to that in Fig. 2b. The gas permeability
model can almost capture the variations of k, with S, and
R,. The presence of young roots can decrease gas perme-
ability at any water content. The decreased amount of k
is due to plant roots becoming smaller under higher S,.
This is because plant roots occupy soil pore space and
decrease the flow channels for gas migration. In order
to further demonstrate the feasibility of the proposed
model, another dataset from Chen et al. (2020) was
selected, as shown in Fig. 4. In Chen et al. (2020), the
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Fig. 3 Comparison between the measured (Mei 2017) and calculated
gas permeability function

soil was amended with peanut shell biochar but without
the transplantation of vegetation (R,=0). k, decreased
gradually with the increase of S,. The presence of biochar
particles decreased the k, at the same magnitude when
S, varies from 0.1 to 0.4 due to the clogging of soil pores
by biochar particles. The gas permeability model can
capture the variations of k, with S.. All the results from
Figs. 2, 3, 4 demonstrate the practical feasibility of the
model.

1.E-04
® Bare (measured)
W Baretbiochar (measured)
Bare (calcualted)

- = Bare+biochar (calculated)

1.E-08 T T T T
0 0.1 0.2 0.3 0.4 0.5

S,
Fig. 4 Comparison between the measured (Chen et al. 2020)
and calculated gas permeability function
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Fig. 5 Comparison between the measured and simulated gas
pressure distribution along soil column

3.2 The significance of biochar and vegetation on gas
emission in landfill covers

3.2.1 Calibration of the numerical model

Figure 5 compares the simulated and measured gas pres-
sure distribution along depth in the validation. Gas pres-
sure increased from 0 to 20 kPa along the depth. The
gas pressure gradient at the shallow depth (150 mm)
was much smaller than that at the deeper depth (below
300 mm) for the bare, biochar and grass cases. How-
ever, the gas pressure gradient at shallow depths in the
grassed column was much smaller than that of bare
and biochar cases. In the grassed column, the observed
decay roots at shallow depths can become preferential
flow channels (Ni et al. 2020) for gas migration. Hence,
less energy is required to transport the gas from the mid-
dle to the top of the column. However, compared with
the bare and biochar cases, the grass+biochar case had
a larger pressure gradient at the shallow depth. Accord-
ing to the result in Fig. 2b, the grass+ biochar case had
the smallest gas permeability among the four cases when
plant roots and biochar coexisted within the top 200 mm
of the column. Therefore, a larger gas pressure gradient
is required at the shallow depth under a given gas flow
rate. At the deeper depth between 200 and 400 mm, it
became the opposite that the grass case had the largest
gas pressure gradient, followed by bare or biochar cases
and then the grass + biochar case. By comparing the com-
puted and measured results, the established numerical
model can capture gas pressure distributions in vegetated
soils with biochar addition quite well, except for the bare
case. This is likely because the observed tiny cracks in the

Page 11 of 15

1.E+02
Allowable gas emission rate
(Carbon Farming Initiative, 2013)
§~1E+00 1
£ S - S
SN S e
grE02 Y P - /'Q:_ _____ s .
2 : -~
[ / A O Bare (measured)
S 1.E-04 1 / L & Grass (measured)
ﬁ / ® Biochar (measured)
E . ¢ Grass+biochar (measured)
$ 1.E-06 - / ===-Bare (simulated)
] — =Grass (simulated)
© — - Biochar (simulated)
— - Grass+biochar (simulated)
1.E-08 T T T T
0 2 4 6 8 10
Time (day)

Fig. 6 Comparison between the measured and simulated gas
emission rate in each soil column

bare column are not taken into account in the numerical
simulation.

Figure 6 compares the measured and simulated gas
emission rates in all four types of soil columns. The
allowable gas emission rate required by design guideline
(CFI 2013) is also superimposed to interpret the results.
The comparison demonstrates that the numerical model
can reasonably capture the variations of gas emission
rate with time when vegetation and biochar are pre-
sent. Overall, the gas emission rates in different columns
increase rapidly with time and then approach the steady
state. A similar pattern was also reported by Ng et al.
(2015b) and Feng and Liu (2022). It took about half a day
for bare and grass cases, while it took about six days for
grass+biochar cases to reach a constant gas emission
rate. At the steady state (Day 10), the gas emission rate in
the grass case was about two orders of magnitude higher
than that in the grass+biochar case. This difference is
consistent with the gas permeability results in Fig. 2b.
The presence of biochar with small particles increases the
possibility of pore-clogging and tortuosity in soil (Githinji
2014). Hence, it takes more time for gas to fully break-
through the soil column. However, it should be noted
that when coarse biochar with particle size >0.425 mm
is mixed in the soil, the amount of macropores and pore
connectivity in the soil might increase, and it is easier for
gas to migrate through the soil (Chen et al. 2020). The gas
emission rates in all four cases are at least one order of
magnitude smaller than the allowable value in the design
guideline (CFI 2013). The results imply that the landfill
cover can perform well when soil suction is not higher
than 60 kPa, even though biochar is not added.



Ni et al. Biochar (2023) 5:47

1.E+02

Allowable gas emission rate
(Carbon Farming Initiative, 2013)

TE+ 0 {f — — — — — — — — — — — — —

1.E-02

Gas emission rate (mol-d-'-m)

1.E-04
Root depth
[+~ — Grass (simulated)

1.E-06 A —— Grass+biochar (simulated) 20em

: — =Grass (simulated) 40 cm

------ Grass+biochar (simulated)
1.E-08 T T T T
0 2 4 6 8 10

Time (day)
Fig. 7 Influence of root depth on gas emission

3.2.2 Influence of root depth and extreme drought on gas
emission rate

Figure 7 shows the influence of root depth on gas emis-
sion rate when the surface suction is about 60 kPa. Only
grass and grass+biochar cases are presented. When
root depth increased from 0.2 m to 0.4 m, the steady-
state gas emission rate in only the grass case increased
by about 170%. This is because when grass root depth
extends from 0.2 m to 0.4 m, the bottom half of the col-
umn changes from bare soil to grass soil. The gas perme-
ability of grass soil is always larger than that of bare soil
at any given degree of saturation (Fig. 2b). Hence, gas
migration becomes easier when the root depth is 0.4 m,
resulting in a higher gas emission rate. Even though the
deeper root depth (i.e., from 0.2 m to 0.4 m) can cause an
increase in gas emission rate, it is still below the allow-
able gas emission rate required by design guideline (CFI
2013). Caution should be taken that the allowable gas
emission rate can be exceeded when the further growth
of roots (i.e., higher root length density) and more decay
roots are observed. However, for the grass+biochar
case, the gas emission rate at the root depth of 0.4 m was
up to 97% smaller than that at the root depth of 0.2 m.
When the bottom half of the column changes from bio-
char soil to grass+biochar soil, its corresponding gas
permeability function shifts downwards, as shown in
Fig. 2b. The reduced gas permeability at any degree of
saturation causes the reduction in gas migration and
hence lower gas emission rate in the grass-biochar case.
The results in Fig. 7 imply that in order to minimize the
negative influence of root growth (i.e., deeper root depth)
on the gas emission in landfill cover, biochar is highly
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recommended to be mixed in soils to promote the posi-
tive contribution from grass.

Figure 8 shows the effects of extreme drought on gas
emission rate in four column conditions. A high suction
of 500 kPa was assumed in each column to represent the
extreme condition. The gas emission rate increased dur-
ing the initial half day and then became constant until ten
days. Compared with the low suction condition (60 kPa)
in Fig. 6, at higher suction (500 kPa), a shorter time was
required to stabilize the gas emission rate, and the steady-
state value was larger by at least 12.5 times. Among the
four soil conditions, gas emission rates in bare and grass
cases were very close, which was at least one order of
magnitude larger than that in biochar and grass +biochar
cases. According to the water retention curves in Fig. 2a,
retained water in soil reduces significantly at high suc-
tion conditions, including the water in inter- and intra-
biochar pores in biochar particles. Hence, a high suction
leads to a high air permeability (Fig. 2b), and more avail-
able connected pore channels can facilitate the gas
migration under a pressure gradient. Ng et al. (2015b)
reported that after drying for 34 days, the single-clay
layer and conventional capillary barrier landfill covers
could not effectively act as a gas barrier due to the rapid
increase of gas permeability under high suction. In this
study, the final steady-state gas emission rate in the grass
case was 18% larger than the allowable value stated in
the guideline (CFI 2013). The bare case reached the same
gas emission rate as the allowable value. However, with
the presence of biochar, the gas emission rate was still
much lower than the allowable value. This is because, in
the biochar or grass+biochar case, the degree of satu-
ration at the suction of 500 kPa was 15-50% larger than
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those in bare and grass cases (Fig. 2a). Hence, a much
smaller gas permeability resulted, according to Fig. 2b. It
should be noted that in the simulated drought condition,
drying-induced soil cracks were not considered in the
simulation. Several researchers have studied gas migra-
tion in cracked fine-grained soil, such as clay. Zettwoog
et al. (1982) measured the gas flux density from cracked
and uncracked surfaces and quoted an order of magni-
tude change. Rogers et al. (1984) investigated the effect
of cracks on surface gas emission and observed that
4% of an area opened by cracks could halve the effec-
tive thickness of a tailing cover. Commonly, desiccation
cracks occur when the drying shrinkage is constrained
and the soil tensile strength is reached (Roy and Rajesh
2023). However, desiccation cracks were rarely found in
the coarse-grained soils as the coarse-grained particles
can reduce soil shrinkage (Zhao and Santamarina 2020).
Therefore, the soil cracking induced by desiccation on the
gas emission through the coarse-grained soil would be
insignificant. It has also been reported that biochar addi-
tion can minimize the propagation of soil cracks (Zhang
et al. 2020; Yang et al. 2021). The results in Fig. 8 indi-
cate that when designing the earthen landfill cover, the
most unsafe condition (grass or bare case at high suc-
tion) should be avoided. Instead, the approach of using
both biochar amendment and vegetation can be adapted
to retain relatively higher water content and lower gas
permeability.

4 Conclusions

This study developed a new and simple gas permeabil-
ity model for vegetated coarse-grained soil with biochar.
A laboratory soil column test and two tests from the lit-
erature were used to validate the gas permeability model
and calculated gas emission rate. Based on the validated
model, a series of numerical analyses were carried out
to investigate the influence of root depth and extreme
soil drought on gas emission rate. The result was inter-
preted together with the design guideline. Finally, some
design recommendations were provided for researchers
and engineers. The key conclusions are summarized as
follows:

1. The newly developed gas permeability required five
parameters for peanut shell biochar and Bermuda
grass. By comparing the measured and calculated
results, the model was demonstrated to satisfactorily
capture the influence of biochar particles and plant
roots on gas migration in unsaturated landfill cover.

2. Among the four soil conditions (bare, grass, biochar
and grass+biochar), the grass case had the high-
est gas emission rate, followed by bare, biochar and
grass +biochar cases. The largest difference can be up
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to two orders of magnitude. This is because grassed
soil with decayed roots has the largest gas perme-
ability at any water content. On the contrary, peanut
shell biochar- Bermuda grass interaction reduces the
root decay rate and retains the highest water reten-
tion capacity and the lowest gas permeability.

3. With the further growth of Bermuda grass roots (i.e.,
deeper root depth), gas emission increased obvi-
ously in grass and grass+biochar cases. When the
soil suction increased to 500 kPa (extreme dry con-
dition), the gas emission rate in the grass case fur-
ther increased, and its steady-state value was larger
than that in the design guideline, indicating the fail-
ure of grassed cover acting as a gas barrier. However,
the gas emission rate in the grass+biochar case was
still lower than the value in the design guideline.

4. To promote the effectiveness of vegetated landfill
cover in reducing gas emissions, it is highly recom-
mended to use peanut shell biochar (e.g., 10%) as a
soil amendment to promote the performance of Ber-
muda grass in maintaining high water retention and
low gas emission even under drought conditions.
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