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Abstract

Biochar-amended soil (BAS) is increasingly considered an effective cover material for various geotechnical and geo-
environmental applications, owing to its potential to minimize infiltration, support vegetation and sequester carbon diox-
ide. However, the detailed hydraulic characterization of unsaturated tropical soil amended with biochar remains largely
underexplored. This study investigated the hydraulic properties of residual silty sand (SM) amended with varying biochar
contents (3.5, 5, 10, and 20% by weight) derived from corncob feedstock. This research focuses on crucial unsaturated
soil parameters, including soil-water retention curves (SWRCs), saturated permeability (kg,) and permeability (k) func-
tions. The addition of biochar increased volumetric water content by 8—10% for suction ranges between 0 and 100 kPa
compared to bare soil, due to the intraparticle voids and porosity of biochar. However, this effect was less pronounced
with biochar percentages below 3.5%, especially for suctions below 5 kPa. The SWRCs of the BAS had bimodal shape
with their fitting parameters nonlinearly increasing with biochar percentage. Biochar addition lead to notable reductions
(about 20 times) in both saturated and unsaturated permeabilities, enhancement in suction stress and reduction in volume
change upon drying. The implications of these observed behaviours were also discussed in terms of water holding capacity
of biochar cover and environmental benefit in terms of CO, sequestration.

Keywords Biochar - Residual soil - Soil-water retention curves (SWRCs) - Permeability (k) function - Suction stress -
IPM - Soil cover - Soil-bioengineering - CO, reduction

Introduction

Soil erosion stands as a serious threat in various geotech-
nical and geoenvironmental structures, with far-reaching
environmental consequences, including initiation of land-
slide, the loss of soil fertility, heightened pollution and sedi-
mentation in water bodies, etc. [ [-3]. Such erosion problem
is intertwined with water infiltration and runoff phenomena
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capillary barrier systems have gained considerable attention
to prevent soil erosion and infiltration-related challenge in
various geotechnical and geo-environmental applications
with regard to bio-slope stabilization and waste disposal
[3, 4]. Vegetation is a crucial part of such soil cover sys-

Satoshi Nishimura
nishimura@eng.hokudai.ac.jp

Wanchai Yodsudyai
fengwey@ku.ac.th

Department of Civil Engineering, Kasetsart University,
Jatujak, Bangkok 10900, Thailand

Department of Soil Science, Kasetsart University,
Jatujak, Bangkok 10900, Thailand

Division of Civil Engineering, Faculty of Engineering,
Hokkaido University, Sapporo, Japan

Published online: 30 August 2024

tem which helps to prevent soil erosion and shallow slide
through mechanical and hydrological reinforcement [5, 6].
Nevertheless, not all local soil types are suitable for the veg-
etation growth, and erosion may not be effectively arrested
in the early stages of plant establishment. This is particular
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so for tropical residual soils which, due to their high iron
oxide content, are normally acidic and largely infertile,
despite being considered as a reasonably good engineer-
ing soil. Biochar-amended soil (BAS) has been suggested
for use in landfill cover material and soil improvement for
agricultural practice [7—13]. Biochar is a stable, carbon-rich,
porous material, which is made from renewable biomass,
such as agricultural or forestry residues, within a controlled
environment in the presence of little or no oxygen in a pro-
cess called pyrolysis [14—16]. The addition of biochar to soil
has been found to improve several physical properties for
agricultural purposes, such as pore size distribution, poros-
ity, bulk density, surface area, saturated hydraulic conduc-
tivity, and soil water retention capacity [7, 11, 13, 17-25].
Due to its high surface area, high pH value (alkaline), and
high nutrient content, soil fertility can be greatly improved
by addition of biochar. The oxidation process of methane
(CH,) gas into carbon dioxide (CO,) can also be improved
by adding biochar to landfill covers in order to minimize the
emission of landfill gas [7, 14, 26, 27].

Several studies suggest that biochar can effectively store
carbon in the soil for extended durations, exceeding 100 up
to 4000 years [28—-32], due to its predominantly condensed
aromatic structure, which is highly resistant to microbial
decomposition [33]. As a result, biochar effectively halts
the emission of carbon dioxide (CO,) that would typically
occur during the degradation of biomass. Wang et al. [34]
and Sohi et al. [35] suggest that converting biomass to bio-
char can mitigate the worldwide environmental impact of
landfill on climate change through carbon sequestration.
According to Woolf et al. [36], the utilization of biochar and
its incorporation into soil have the potential to decrease cur-
rent human-caused CO, emissions by as much as 12%.

The soil water retention curve (SWRC) and permeability
(k) function are important for evaluating climate-related soil
behaviour in such geotechnical or geo-environmental engi-
neering structures, such as landfill cover, capillary barrier
systems, bioengineered slopes, and embankments, because
they control the behaviour at hydraulic boundary conditions
of unsaturated soil, such as infiltration, evaporation, etc. [3,
37—-42]. SWRC provides the link between soil suction and
water content which is in turn related to the soil’s mechani-
cal, hydraulic and thermal characteristics [43, 44]. Soil suc-
tion is one of the main stress variables used to describe the
mechanical behavior of unsaturated soil [37]. In the char-
acterization of soil in geotechnical or geo-environmental
engineering discipline that involves unsaturated soil, the
understanding of SWRC and permeability function is essen-
tial. The amendment of soil with biochar has the potential
of altering the SWRC of the soil and suction stress [9, 45,
46]. For instance, the substantial specific surface area (SSA)
of biochar is attributed to its high porosity, particularly the
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existence of intraparticle pores inside the biochar structure.
Especially, Lei & Zhang [46] revealed that the biochar addi-
tion considerably enhanced the formation of soil macroag-
gregates at the early incubation time. They also showed that
saturated permeability of biochar-amended soils, especially
those with biochars produced at high pyrolysis temperature,
were higher than those without biochars on the sampling
days. The feedstocks used to produce biochar play a cru-
cial role in determining its properties. Treatments utilizing
woodchip biochars resulted in higher saturated hydrau-
lic conductivities compared to those using dairy manure
biochar [46]. The intraparticle pores of biochars alters the
distribution of pore sizes and the overall porosity in soil-
biochar composites [14, 47-49]. The soil’s capillary action
can be affected by changes in pore size or porosity, thereby
altering the SWRC [37, 50]. The wettability of biochar,
namely its hydrophilic or hydrophobic properties, is influ-
enced by the presence of surface functional groups such as
carboxyl, hydroxyl, and phenolic groups. These features can
also have an impact on the SWRC [26].

In recent years, extensive research has been done on how
biochar affects the SWRC of agricultural soil in soil science
discipline. The influence of biochar on tropical residual
soil’s SWRC is rarely studied in the context of geotechni-
cal or geo-environmental applications [9, 11]. Notably, to
the authors’ knowledge, direct measurements of the per-
meability function of biochar-amended soils—specifically,
the unsaturated permeability at different suctions—have
not been reported in the literature. While this information
is crucial for unsaturated seepage modeling, most previ-
ous studies on biochar have focused solely on saturated
permeability. The effect of biochar on the SWRC of soil in
geotechnical or geo-environmental engineering structures
could also be different from that of agricultural soil due to
various differences in soil traits such as density, soil forma-
tion, overburden stress, etc. [11, 17, 51, 52].

Therefore, the primary aim of this study is to investi-
gate the influences of biochar on the hydraulic properties of
unsaturated tropical soil, with a specific focus on soil-water
retention curves (SWRCs), saturated permeability (k,,), and
permeability (k) function. The research tested residual silty
sand (SM), collected from an erosion-prone slope in North-
ern Thailand, as the base soil, incorporating varying per-
centages of biochar (ranging from 3.5 to 20% by weight).
Various mathematical expressions (newly developed and
existing) are used to show the influence of biochar content
on these unsaturated properties. This study extends its rele-
vance to mechanical behavior by examining volume change
behavior and predicting suction stress retention curves
derived from SWRCs. Additionally, it demonstrates the
application protocol of biochar, highlighting the benefits in
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Fig. 1 Highly eroded back slope
at Highway No. 1192, Chiang
Mai Province, Thailand, where
the soil sample was taken

Table 1 Basic properties of residul silty sand (SM)
Property

Test standard or Value

method

ASTM D4318-10 39.8
ASTM D4318-10 26.12
ASTM D4318-10 13.68

Liquid limit, LL (%)

Plastic limit, PL (%)

Plasticity index, PI

Standard Proctor compaction test
Maximum dry unit weight (kN/m®) ASTM D698-12 19
Optimum water content (%) ASTM D698-12 11.0

Direct Shear test

Cohesion, ¢ (kN/m?) ASTM D3080 6
Friction angle, ¢’ (degree) ASTM D3081 27
Permeability Test (m./sec.) ASTM D5084 241E-07

terms of water-holding capacity and carbon dioxide seques-
tration for a hypothetical soil cover.

Materials and Methods
Properties of Soil

The soil used in this study was classified as silty sand (SM).
The samples were collected from a 45° cut slope at KM
114500 (18°3036.57 N, 98°2550.18E) of Highway No.
1192, Chiang Mai province, Northern part of Thailand.
The geology of this area consists of granitic rock, which
typically decomposes into silty and clayey sand (SM and
SC). This residual soil is highly erodible (Fig. 1), as dem-
onstrated by severe rills, sheets, and gullies in the area, that
often lead to shallow (< 1 m deep) translational soil slides at
the back slope along the route [4]. Soil samples were taken
from the top soil layer (the upper 1 m) near the toe; then,
they were air-dried, homogenized, and sieved (<2 mm).
The basic properties of soil are summarized in Table 1.
Notably, this kind of sandy residual soil is typical of prob-
lematic soils found in the tropics where severe erosions and

shallow slides have become more increasingly frequent [39,
40, 43, 53]. By focusing on this representative soil type, a
detailed understanding of biochar-soil amendment can be
obtained which also serves as a foundation for future studies

on other tropical soils.

The soil specimens (50 mm in diameter and 65 mm in
height) were formed in one layer using static compaction
method to reach the dry unit weight of 13.1 kN/m?, which
represented the field condition of surface soil and equivalent
to 69% of standard Proctor compaction. This loosely com-
pacted state represents the commonly achieveable dry unit
weight of the soil fill placed inside the geocell compartment
of a capillary barrier system in Thailand [4]. The suction of
the bare soil sample was also measured using a miniature
tensiometer and found to be above 90 kPa, corresponding to
11.4% of the gravimetric water content, which represented
the average natural field condition prior to rainy season.
PVC tubes were used to hold the samples for the hydraulic
property tests as explained in the following.

Figure 2(a) displays the grain size distribution of both bare
soil and biochar (corncob). The bare soil comprises 1.8%
gravel (>4.75 mm), 58.2% sand (0.075 to 4.75 mm), 21.8%
silt (0.005 to 0.075 mm), and 18.2% clay (< 0.005 mm). In
contrast, if the biochar is classified with the ASTM stan-
dards, it primarily exhibits a gravel-sized composition. In
Fig. 2(b), the effect of biochar amendment on the specific
gravity of the soil is presented, where the specific gravity
of bare soil and biochar is 2.69 and 1.48, respectively. The
biochar content (Bc) is defined as the ratio between biochar
mass and bare soil mass, both in air-dried condition. Nota-
bly, the specific gravity of the soil decreases in the pres-
ence of biochar [3], suggesting biochar as a lighter material
[3]. This trend is consistently observed across all biochar-
amended soils (BAS).
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Table 2 Physical and chemical properties of corncob biochar in this

study

Description Abbreviation Biochar (Corncob)
Specific Gravity G, (-) 1.48
Bulk Density p (kKN/m®) 436
pH pH (1:10) 10.26
Electrical Conductivity EC (1:5) (ds/m) 12.86
Organic Matter OM (%) 26.42
Available Phosphorus Aval. P (mg/kg) 3.173
Extractable Potassium Ext. K (mg/kg) 29,984
Extractable Calcium Ext. Ca (mg/kg) 891
Extractable Magnesium Ext. Mg (mg/kg) 416
Extractable Sodium Ext. Na (mg/kg)  54.01
Extractable Zinc Ext. Zn (mg/kg) 0.34
Extractable Manganese Ext. Mn (mg/kg) 4.06
Extractable Iron Ext. Fe (mg/kg) 1.27
Extractable Copper Ext. Cu (mg/kg) 0.15
Carbon-to-Nitrogen ratio ~ C/N ratio 18.59

Properties of Biochar

The biochar in this study was produced from corncob feed-
stock using top-lit updraft (TLUD) technology [54, 55]. The
TLUD technology is considered to have high thermal effi-
ciency, ease of fuel ignition, low smoke emissions, and a
higher biochar yield as compared to other technologies [54].
The corncob feedstock are residues from corn cultivation
that are commonly disposed of through open-air burning by
local farmers in Thailand and other parts of Southeast Asia,
which leads to air pollution in the region. Thus, converting
these corn cobs to biochar not only provides improvement
in geotechnical soil cover, but also contributes to circular
approach to the waste problem, improving carbon seques-
tration and air pollution reduction. The biochar specimen
was obtained from Warm Heart foundation situated in Chi-
angmai province, Thailand which was typical of those pro-
ducible from local farmers in Northern Thailand. Table 2
summarizes properties of the corncob biochar used in this
study. With its alkaline pH of 10.26, biochar can help neu-
tralize acidic conditions on slopes, enhancing vegetation
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Biochar content (%)

growth and ultimately increase the root reinforcement, and
improve soil stability.

Furthermore, the high organic matter content, showcased
at 26.42%, contributes to improved soil structure and mois-
ture retention, a key advantage when implementing capillary
systems for effective water distribution. As a soil cover, bio-
char forms a protective layer that not only conserves water
but also promotes nutrient retention and microbial activity.
Moreover, the scanning electron microscopy (SEM) images
(Fig. 3) of biochar can help visualize its porous structure.
All the images of corncob biochar showed highly porous
morphology at 10, 20, 50 and 100 pum with nearly rounded
honeycomb surface, highlighting its potential to enhance
capillary systems by facilitating water movement and root
access, crucial for sustaining vegetation on slopes.

FTIR-ATR Spectroscopy Analysis of Biochar

Fourier Transform Infrared (FTIR) spectroscopy results
provide a qualitative description of the surface functional
groups that are present in the biochar and soil. Figure 4
presents the FTIR-ATR (Attenuated Total Reflection) spec-
tra of samples of corncob biochar and residual soil. In the
figure, the ordinate represents the intensity of the absorption
of a given wavelength in arbitrary units (a.u.). The specific
chemical bond or functional group within the samples as
determined through comparison with standard compound
spectra [14].

The FTIR analysis results suggest that biochar contains
a mixture of both hydrophilic and hydrophobic functional
groups. The presence of hydrophilic functional groups (e.g.,
C-O at 1000 cm™ ") indicates that certain parts of the bio-
char may have an affinity for water, potentially making it
effective for retaining moisture in soils. Conversely, the
presence of hydrophobic aromatic carbon structures (e.g.,
1400 cm™!, 800 cm™!, 700 cm™!) suggests that other com-
ponents may repel water, making the biochar hydrophobic
in some aspects.

The presence of small peaks in the 3700 and
3600 cm™! region, along with the high peaks in the region
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Fig. 3 Morphological scanning
electron microscopy (SEM)
images of various scales: (a)

10 pum; (b) 20 pum; (¢) 50 pm; (d)
100 um of corncob biochar in
this study
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1000-1100 cm™! range, suggests that the soil contains
hydrophilic functional groups (e.g., hydroxyls and amines)
that can readily interact with water. On the other hand, the
presence of peaks in the 1600 cm™' range, along with those
in the 800, 700, and 500 cm~! range, indicates the pres-
ence of hydrophobic organic matter, possibly from nonpolar
and aromatic compounds. This dual hydrophobicity/hydro-
philicity could be beneficial for promoting plant growth, as
hydrophilicity improves the water retention, while hydro-
phobic trait allows for soil aeration. Nevertheless, more
studies are required to confirm this.

Amendment Rate and Quantity of Biochar

The amendment rate of biochar does not only affect the soil
fertility, but also influences soil hydraulic characteristics in

3500 3000 2500 2000 1500 1000 500
Wave Number, cm-1

the geotechnical context [11, 56]. A low biochar amendment
rate may not be enough to change the SWRC [11], while a
higher rate may not be economically feasible or effective
for large-scale applications, such as in bioengineered slopes
and landfill covers. Therefore, the identification of optimum
amendment rate is crucial for the effective utilization of bio-
char. Figure 5 shows the calculated rate of biochar amend-
ment per unit area of soil slope (kg/m?) for various BAS
cover thicknesses. The calculation was performed based
on the typical field-observed dry unit weight of soil of 13.1
kN/m®. This kind of plot can be used for control of biochar
application rate during construction of capillary barrier sys-
tem. The rate of biochar per unit area can also be used to
estimate the carbon dioxide sequestration as shown in sub-
sequent section.
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Fig. 6 Instantaneous profile method (IPM) for
drying test

Testing Methods for Hydraulic Properties

In this study, the drying “instantaneous profile” (IP) method
was used for measuring permeability of soils. This IP method
is a typical transient-state testing method [42], which relies
on continuous measurement of suction and mass (water
content) gradient in order to obtain an unsaturated perme-
ability function [53, 57]. The IP technique adopted in this
study employ tensiometers for suction measurement along
the sample which was continuously weighed for mass
change during drying from the upper face [53, 57, 58]. The
test program involved first soaking the sample in water for
about 4 days before the drying IP test, whereby soil suction
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increased from 0 to about 100 kPa at the end of testing. After
the completion of the IP test, the sample was re-soaked for 4
days prior to the saturated permeability test.

The experimental setup of the drying IP test in this study
is shown in Fig. 6. This setup was similar to the simpli-
fied evaporation IP method proposed by Peters and Durner
[59] and Jotisankasa and Sirirattanachat [43]. The top sur-
face of the soil sample was exposed to ambient air, induc-
ing a controlled one-dimensional upward flow of moisture
due to evaporation. The sample’s base was underlain by an
impermeable solid plate. Typical results of a drying IP test
are shown in Fig. 7. Profiles of soil suction were monitored
continuously using miniature tensiometers [58] at three
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Fig.7 Typical test result of drying IP test (Biochar 3.5% (w/w) of air-died soil): (a) matric suction versus time; (b) hydraulic gradient versus time;

(¢) change of soil mass versus time; (d) discharge velocity versus time

locations on the sample’s side, as shown in Fig. 6 and the
typical result in Fig. 7a, following the calibration process
with an accuracy of +0.15 kPa. Additionally, a data-logging
balance with a precision of 0.01 g was utilized to continu-
ously measure the weight of the soil sample, as shown in
Fig. 6, facilitating the calculation of the total moisture flow
rate across the sample. It is noted the range of maximum
suction measurement during IP test was only limited to
100 kPa. This range of suction is important for slope appli-
cation as observed in our previous field measurements on
silty sand slopes in rainy seasons, e.g. Jotisankasa et al.
[60]; Jotisankasa, and Mairaing, [61]

The hydraulic gradient, i, was determined by utilizing
the suction values obtained from three different locations,
as follows:

dihe - (wl)] (1)
dz

1=

where 4, is the elevation head at each tensiometer location,
w is the matric suction, y,, is the unit weight of water, and
z is the elevation. The hydraulic gradient value, i, shown
in Fig. 7b, was calculated by using linear regression on the
three suction readings.

The discharge velocity, v, at any given time was calcu-
lated as shown in Fig. 7d, as follows:

Y dVy,
T Adt

2

The change in volume of water in the soil sample, denoted
as dV,, is determined by measuring the change in soil mass
throughout testing, as seen in Fig. 7c. 4 represents the cross-
sectional area of the sample, while ¢ represents the elapsed
time. Darcy’s law can be employed to calculate the per-
meability value at any given suction and volumetric water
content.

k= 3)

v
7

Suction Measurement

There are a variety of methods for measurement of matric
suction such as axis translation, tensiometer, filter paper etc.
[37, 53, 62]. A small tensiometer with microelectromechan-
ical system (MEMs) pressure sensor, 1BAR High-Air-Entry
porous ceramic, and transparent acrylic tube developed by
Kasetsart University (KU) was used in this study (Fig. 8a&b).
The pointwise method involves taking measurements of soil
suction at various moisture levels. A minimum of 2-3 days
was given between each step of increase in soil suction. The
compacted sample in the pointwise SWRC experiments had
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Fig. 8 Experimental setup and equipments used (a) pointwise measurement of matric suction on a sealed sample (b) miniature KU-tensiometer
and (¢) WP4C potentiometer for total suction measurement
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the same diameter of 63 mm as the drying IP specimens
with an average height of 23.5 mm. Typical results of matric
suction measured by the KU-tensiometer, using the point-
wise and continuous method (IP-Instantaneous profile), are
shown in Fig. 9. A good agreement was observed between
the two kinds of tests, indicating the reliability of the IPM
method in determining the relationship between volumet-
ric water content and matric suction. Among the curves
examined, the middle curve exhibits the best fit with the
pointwise data, as demonstrated by the lowest Root Mean
Square Error (RMSE) of 1.67% and the highest coefficient
of determination (R?) value of 0.829. This suggests that the
middle curve most accurately represents the relationship
between volumetric water content and matric suction. The
bottom curve also shows a strong correlation with the point-
wise data, although it is slightly less precise than the middle
curve, with an RMSE of 1.80% and an R? value of 0.805,
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Matric suction, kPa

indicating a reliable but slightly less accurate fit. The top
curve, while still in good agreement, is less precise than the
other two curves, with an RMSE of 1.83% and an R? value
of 0.720.

This study also relied on the WP4C potentiometer
(Fig. 8c) for measuring total suction beyond 500 kPa in
soil specimens. It is noted that separate samples (measured
3.75 cm in diameter and 0.8 cm in height), of similar density
to specimens in other suction tests, were used in the WP4C
total suction measurement. The method, outlined in previous
works by Fredlund et al. [63], Rahardjo et al. [41], and Joti-
sankasa et al. [4], involves thermodynamically equilibrating
the soil specimen in a temperature-controlled chamber. The
chamber is sealed for precision, and a Peltier cooling device
cools a mirror to its dew-point temperature. Condensation
onset is detected using a photoelectric sensor, while an
infrared thermometer measures chamber temperature. This
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method yields essential data, including both saturated and
above-specimen water vapor pressures, which can then be
used to calculate total suction and determine the SWRC in
higher suction range (> 500 kPa).

Results and Discussion
Effects of Biochar on Saturated Permeability

The variation of saturated permeability with biochar per-
centage is shown in Fig. 10. There is a noticeable decrease
in saturated permeability (k) as the biochar content in
the soil increases to 0.035 (3.5%) and its effect seemed to
level off as the biochar amount increased further. This is an
important finding because it signifies that optimal biochar
addition in soil cover that can retard the water infiltration
into the underlying soil. In this study, a new mathematical
expression (Eq. 4) was proposed to model the variation of
saturated permeability with biochar content as follows.

ksal —ex Be 4
P (b x Bc) “)

ksat,o

In this equation, the saturated permeability of BAS (k,,,) is
normalized by that of bare soil (k,,, ,) and related with the
biochar content (Bc). The two parameters, = and p, are the
soil constants (¢=0.00198, »=0.32204) that capture how
changes in Bc influence permeability and were calculated
using Microsoft Excel Solver to obtain the minimum value
of root mean square error of 1 ki‘jlj‘“ (RMSE=0.017), yield-
ing the R? value of 0.9998. The a:parameter determines the
point at which the influence of Bc on permeability becomes
significant, while the b parameter regulates the rate of change
in permeability concerning biochar (Bc). Biochar is known
for its porous structure [17, 25], which can help retain water
and nutrients, thus improving the ecological value of slope.
It is quite interesting to observe that this porous material can

also reduce the soil permeability. The highest percentage of

Fig. 10 Correlation between biochar content and the saturated
permeability of biochar amended soil

ksal/ksal,o

1.LE+00 ¢

1.E-01

1.E-02

biochar in the study, which is 20%, resulted in the lowest
saturated permeability, k,,, at 1.187E-08 m/sec.

Since the soil-biochar mixture is composed of the silty
sand and lighter biochar particles, the biochar would occupy
more space than the silty sand particles of the same weight,
given the biochar’s lower specific gravity. Provided that
all the BAS samples were compacted to the same dry unit
weight as the bare soil, the silty sand particles in BAS would
need to be squeezed into a smaller volume than those in
the bare soil. Therefore the silty sand parts in BAS would
be of higher density than the bare soil. Understandably, the
denser sand matrix with biochar inclusion is expected to
be of lower permeability than the bare soil, despite the fact
that the whole mixture of BAS was compacted to the same
unit weight. This finding is particularly interesting for such
applications as landfill cover and bioengineered embank-
ment and cut slope, which have simultaneous requirements
of controlling water infiltration and retaining moisture for
plant growth in the upper soil layer. Traditional low per-
meability soil covers used in geotechnical engineering, like
compacted clay or soil-cement mixture, in the other hands,
are normally too dense to facilitate plant growth or to pro-
vide ecological services for slope. These traditional soil
covers are constructed with processes that induced carbon
emissions while the biochar helps to offset carbon. As more
emphasis is placed on low carbon design in geotechnics,
this information is particularly useful to accerelate carbon
neutrality in our discipline.

Effects of Biochar on SWRCs
Lower Suction Range

In Fig. 11, soil-water retention curves (SWRCs) for the silty
sand (SM) in a suction range lower than 100 kPa (matric
suction range) are depicted under different biochar content
conditions (3.5%, 5%, 10%, and 20% by weight). These
curves were calculated, as was previously stated, from mid-
dle tensiometer suction measurements, which were taken to

® Measurement
=—Modelling

0.00 0.05 0.10 0.15 0.20
Biochar content, Bc (-)
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Fig. 11 Soil-water retention curve (SWRC) of clay sand 60
fitted to the van Genuchten equation for biochar amended
soil
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Table 3 Van Genuchten equation fitting parameters for biochar amendment soil for matric suction

Description Symbols Concentrations of biochar with silty sand (SM) by weight

0** 3.5% 5% 10% 20%
Model parameter close to air-entry value (AEV), kPa® o 0.322 0.021 0.026 0.093 0.101
Model Parameter n 1.191 1.400 1.537 1.250 1.212
Saturated volumetric water content, % 0, 40.000 35.000 39.649 44.062 47.000
Residual volumetric water content, % 0, 5.000 5.000 5.000 4.000 5.000
Coefficient of determination R’ 0.990 0.883 0.975 0.999 0.978

0** = Control (Bare soil), Model parameter, m = (1-(1/n))

reflect typical suction levels. The curve fitting models using
van Genuchten [64] (see Eq. (5)) is also shown in Fig. 11
and the fitting parameters are summarized in Table 3;

1 m
0 =000 gy o ®

;where, 6 is the volumetric water contetent (%);y is the
soil suction; 6, and 0, saturated and residual volumetric
water content;  is the empirical scale parameter; and
and y, Are the curve shape factor which controls the slope
of the SWRC (m =1 — (2)). The van Genuchten model,
widely used in geotechnical engineering, soil science and
hydrology, offers a valuable representation of the soil water
retention curve in unsaturated soils, and simplifies the rela-
tionship between soil water content and soil water potential.
To determine the fitting parameters (a’ m and n), a graphi-
cal method can be used but often considered to be subjective
and time-consuming [65]. In this study, a solver function in
Excel was utilized to vary the fitting parameters until the
minimum value of root mean squared error (RMSE) was
obtained. Nevertheless, the equation may still not always
be suitable to capture the bio-modality in SWRC as will be
explained thereafter.

@ Springer

Entire Suction Range

Figure 12, representing soil water retention curves (SWRCs)
and curve-fittings based on Gitirana and Fredlund’s equa-
tion, over the entire range of matric and total suctions. The
curve fitting parameters using Gitirana and Fredlund [66]
are summarized in Table 4.

The SWRCs obtained for samples tend to have bimodal
distributions once illustrated over the entire suction range.
Hence, bi-modal SWRC equations proposed by Gitirana
and Fredlund [66] were selected with the additional benefits
of its clear physical meaning with independent properties.
As described in Fredlund and Gitirana [66] degree of satu-
ration, S mainly depends on nine parameters, which are the
SWRC features for given suction, .

S = f(w bl /w resls Su'slv U b2 S’n /l/} res2y Srs;s% Qp, STVI,II.’I,‘7 U ) (6)

where®) ,represents the air-entry suction of the drying
SWRC or water-entry suction for wetting SWRC, 1 .,
being the residual soil suction, S, the residual degree of
saturation, and ,, the sharpness of the transitions at bend-
ing points. The subscripts 1 and 2 denote the two levels of
soil structures. S, is the degree of saturation at the air-entry
of the second structure level. S,,,, is maximum degree of
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Fig. 12 Soil water retention curves (SWRCs) for biochar 100
amended soil and fitted with Gitiran and Fredlund . ?;32i:¥§$2§;“f“{
equation 20 o St Biocher)
Bimodal (5% of Biochar)
80 A 10% of Biochar
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g 60
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Table 4 Gitirana and Fredlund’s equation fitting parameters for biochar-amended soil
Bi-modal Fitting Parameters, Symbols ~ Description Biochar amended soil
0 3.5% 5% 10% 20%
ap Sharpness of the transtistions (slope of SWRC)  0.02 0.02 0.025 0.03 0.06
Wy;» kPa Ist air entry value (AEV) 1.2 4 4 4 4
W,es1> KP2 Ist residual soil suction 88 200 200 200 200
Syes1 () 1st residual degree of saturation 0.57 0.75 0.83 0.60 0.61
Wy, kPa 2nd air entry value (AEV) 340 550 2000 2800 7000
S, (=) 2nd degree of saturation 0.55 0.74 0.79 0.59 0.59
Wyes2» KP2 2nd residual soil suction 17,000 20,000 60,000 68,000 70,000
Ses2 (<) 2nd residual degree of saturation 0.07 0.12 0.13 0.10 0.13
S, (=) Maximum degree of saturation (wetting) 0.780 0.770 0.838 0.860 0.950

saturation upon soaking the sample during wetting which
can be less than 100%. Gitirana and Fredlund’s formula-
tion applies four hyperbolae to model the bimodal feature of
SWRC in log (1) ) — S coordinates. Their full descriptions
are lengthy and thus omitted here for brevity. Table 4 sum-
marize the curve-fitting parameters for the SWRCs.

Figure 13 (a-i) illustrates the impact of varying biochar
concentrations (0%, 3.5%, 5%, 10%, and 20%) on soil-
water retention curve (SWRC) parameters of the Gitirana
and Fredlund [66] model. The plots reveal insights into the
alteration of soil properties. The sharpness of transitions
(Fig. 13(a)), as reflected in the slope of the SWRC, exhibits a
progressively increasing value with higher biochar content,
reaching its peak at 0.06 for a 20% biochar concentration.
The first-level air entry value suction (AEV), representing
the suction at which air enters the macro soil-water sys-
tem, is notably lower at 1.2 kPa for bare soil (0% biochar),
while becoming higher at 4 kPa for biochar concentrations
of 3.5%, 5%, 10%, and 20%. This implies a smaller maxi-
mum pore size with biochar inclusion. This observation
seems counterintuitive at first, given the larger particle size
of biochar (Fig. 2). However, the same explanation could be
proposed as for the smaller permeability of BAS. The silty
sand matrix in BAS would be ofhigher density than that of
bare soil and thus of higher AEV suction at this first level.

The second AEV suction demonstrates a non-linear trend
with biochar content, with a notable increase from 340 to
7000 kPa as the biochar concentration rises from 0 to 20%.
This can be attributed to the increase in smaller intrapar-
ticle pores present in biochar mixture, resulting in higher
air entry values in the second level of soil pores [67, 68].
In Fig. 13(c-d), the first residual soil suction stays about
the same at 200 kPa for biochar concentrations of 3.5%,
5%, 10%, and 20%. For bare soil with no biochar, it shows
a slightly lower value of 88 kPa. The increasing trend in
the second residual soil suction, ranging from 17,000 to
70,000 kPa with rising biochar content, indicates a potential
enhancement in the soil’s ability to retain water. Examining
the degree of saturation parameters in Fig. 13 (e-f) suggests
the first residual degree of saturation peaks at 0.83 for 5%
biochar, which indicates improved water retention after the
first stage of drying. The fluctuations in the second degree
of saturation and the second residual degree of saturation,
particularly reaching a maximum of 0.13 for 5% biochar,
suggest the intricate relationship between biochar content
and the distribution of water within the soil matrix. Further-
more, the maximum degree of saturation (Fig. 131) exhibits
an ascending trend with biochar, reaching its peak at 0.950
for 20% biochar. This is expected to be related to the hydro-
philicity trait observed in biochar which was not so well
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Fig. 13 The influence of biochar on SWRC using Gitirana and Fred-
lund (2004) model: (a) sharpness of the transitions; (b) Ist air entry
value (kPa); (¢) 2nd air entry value (kPa); (d) 1st residual soil suction

(kPa); (e) 2nd residual soil suction (kPa); (f) 2nd degree of saturation
(-); (g) 1st residual degree of saturation (-); (h) 2nd residual degree of
saturation (-); (i) Maximum degree of saturation (-)
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observed in the bare soil without biochar. In other words,
the biochar inclusion could improve the hydrophilicity of
the BAS and related to the higher maximum degree of satu-
ration of the mixture in soaked condition.

Effects of Biochar on Permeability (k) Functions

In Fig. 14, the effect of biochar on permeability (k) func-
tions of silty sand (SM) with varying biochar contents

(3.5%, 5%, 10%, and 20%) is presented. Additionally, the
saturated permeability (k,,), which was previously illus-
trated in Fig. 10 through conventional testing (falling-head
permeability test), is included in the same graph, providing
a reference £k, value and conveniently plotted at a suction
of 1 kPa for ease of comparison in logarithmic suction scale.
To better compare the biochar influence, these plots are pre-
sented together in Fig. 15, using the curve-fitting equations
of Gardner (1958), showing a reduction in permeability

1.E-06 LR
O Control sample (Ksat) ’ Gardner Model (3.5%)
0o — Gardner Model (Bare soil) A 3.5% Biochar Data Marker
1E-07 m Bare soil Data Marker A 3.5% Biochar (Ksat)
3 A
a 2 LE
g 1E-08 g 1B L
= o :
Z z
S 1E-09 3 A
2 E A4a
5 2 LE-09 A
=9 5]
1.E-10 ]
1E-11 LE-10
e 1500 1900 1.00 ) 10_‘00 100.00
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1.E-07 1.E-06
Gardner Model (5%) + 10% Biochar Data Marker
® 5% Bgochar Data Marker —— Gardner Model (10%)
, 1E-08 | 2 S5 Biochar (Eed) 1E-07 10% Biochar (Ksat)
2 3
8 E |
2 LE-09 > 1.E-08 Y
B 2
L L
g 1.E-10 g 1.E-09
o 5]
[ [
1.E-11 ° 1E-10
(©
1.E-12 1E-11
1.00 10.00 100.00 1.00 10.00 100.00
Matric suction, kPa Matric suction, kPa
1.E-07
—— Gardner Model (20%)
A A 20% Biochar Data Marker
A 20% Biochar (Ksat)
1E-08 4
S A
2
F| A
£ 1E-09 4
5 1l
g
[
A 1E-10
(e)
1E-11
1.00 10.00 100.00

Matric suction, kPa

Fig. 14 Permeability (k) functions for BAS: (a) bare soil; (b) 3.5% of biochar; (¢) 5% of biochar; (d) 10% of biochar; (e) 20% of biochar
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with increasing suction. It is well established that as suc-
tion in unsaturated soils increases, permeability decreases
due to reduced water content, formation of water menisci,
drainage of larger pores, and the dominance of film flow in
smaller pores.

Notably, the 5% biochar-amended soil demonstrates the
maximum reduction in unsaturated permeability when com-
pared to other biochar concentrations. Further observations
on the 3.5% biochar treatment exhibit a trend almost simi-
lar to the unamended soil, hinting at a potential threshold
effect. In contrast, the 20% biochar-amended soil displays
a smaller reduction in permeability compared to the 5%
and 10% concentrations. This indicates that incorporating
higher amounts of biochar into the soil can help reduce the
unsaturated permeability until a certain threshold is reached
where further biochar addition may not be as effective.
The exact explanation for this threshold effect is currently
unknown, but it is likely related to changes in the fabric of
the biochar-amended soils and the distribution of intercon-
nected water-filled voids. More detailed SEM studies are
required to confirm this.

Another interesting trend in Fig. 15 is the difference dif-
ference between the unsaturated permeability (k) from the
instantaneous profile (IP) test at suction of 1 kPa and the
kg, values determined through conventional testing. The
suction of about 1 kPa correspond to a degree of satura-
tion between 77% (for bare soil) and 93% (for 20% biochar
content) (see Fig. 12), indicating that the soil was nearly
saturated and still of occluded air. The difference between
k and k, values is attributed to a combination of factors.
These include the permeability’s dependency on positive
pore pressure and effective stress, as documented in pre-
vious studies [69]. Moreover, it could be due to the lower

Fig. 15 Permeability (k) functions of BAS fitted

to Gardner’s (1958) equation 1.E-06

1.E-07

S
&
i

1L.E
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1.E-10

1.E-11
1.00
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Saturated permeability, K,

Baye soil

accuracy of permeability determined by the IP test at small
suction [59] and the presence of air bubbles and their dis-
solution with testing time [43, 59].

Relative Permeability

The study explores the influence of biochar on the relative
permeability of residual silty sand (SM), utilizing the Gard-
ner (1958) as shown in Eq. 7;

ksa,t

k@)im

()

; where, y is suction (kPa), k,,, is the saturated permeabil-
ity (m/s), k (y) is the permeability function (m/s) related
to suction, and ¢ (dimensionless) is the parameter related
to the air entry value (AEV), "9 (dimensionless) parameter
controls the subsequent slope of the decrease in conductiv-
ity with increasing suction. Figure 16 unveils a distinctive
curve within the lower suction range (0.01 to 1 kPa), sug-
gesting a potentially more sensitive response of permeabil-
ity to changes in a lower range of suction. This nuanced
behavior may be indicative of the soil’s macro-pore struc-
ture. Beyond 1 kPa, Fig. 16 exhibits a pattern similar to
Fig. 15, implying a consistent trend in permeability under
higher suction conditions.

Table 5 shows the fiftting parameters into these relation-
ships, indicating that ¢s values increase with higher concen-
trations of biochar, ranging from 0.003 for bare soil to 1.789
and 0.688 for soil with 10% and 20% of biochar respec-
tively. Additionally, "¢ values exhibit variation with biochar
concentration, indicating a shift from 0.650 in unamended

—— Gardner Model (Bare soil)
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—— Gardner Model (3.5%)
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Fig. 16 Relative Permeability (k) function for
silty sand (SM) fitted to Gardner’s (1958) equa- LE+00
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Table 5 Gardner’s (1958) equation fitting parameters for biochar-amended soil
Concentrations of Biochar Curve fitting parameters
Ky (M/5) Cg n, RMSE R?
0** 2.41E-07 0.003 0.650 2E-03 0.855
3.5% 1.69E-08 0.437 0.852 3E-04 0.654
5% 1.56E-08 0.150 0.850 3E-04 0.682
10% 1.27E-08 1.789 1.624 3E-03 0.897
20% 1.19E-08 0.688 1.060 2E-02 0.820
0%* = Control parameter (Bare soil), k,,, = saturated permeability (m/sec),
RMSE =root mean square error
Fig. 17 Effect of biochar on volume change of 1.40
silty sand
o
g
g
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040 ¢ 5% of Biochar
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. .
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soil to 1.624 and 1.060 in soil with 10% and 20% biochar
respectively.

Effect of Biochar on Soil Volume Change

Figure 17 shows the impact of varying biochar concentra-
tions on void ratio, e, and gravimetric water content, w,
during drying. Table 6 shows the curve fitting equations of
the observed trend. As biochar concentration increases, the

Gravimetric water content, w

maximum void ratio and water content increase due to the
higher porous structure as explained earlier. The decrease in
void ratio with decreasing water content suggest the poten-
tial amount of dessication volume change experienced by
the soil during drought period. A smaller reduction in void
ratio of the biochar-soil mixture at 20% Bc is evident, with
an equivalent volumetric strain of 7.8% upon drying as
compared to the volumetric strain of 22.1% for bare soil.
This clearly indicates that the biochar could be used as a soil
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Table 6 The equations for curve fitting parameters for biochar-
amended soil

Biochar concentation, % Equation R’
0 (bare soil) y=0.5187¢>0% 0.936
3.5 y=0.726¢" 208 0.773
5 y=0.5899¢!- 705 0.994
10 y=0.8609¢"6/28 0.899
20 y=1.1048¢"2976 0.897
100

90 5% of Biocha

80

70 3.5% of Biocha

10 & 20 % of biochar:

Bare soil

Suction stress, kPa
W
S

0.1 1.0 10.0 100.0
Suction, kPa

Fig. 18 Effect of biochar on suction stress characteristic curve

amendment to alleviate the volume change problem and the
dessication crack of unsaturated soil.

Engineering and Environmental Benefits
Enhancement of Suction Stress

Suction stress (¢°) in unsaturated soils [71] is a macroscopic
stress arising from interparticle forces at or near contacts,
including physicochemical, cementation, surface tension
forces, and negative pore-water pressure. Suction stress
contributes to enchancement of shear strength through such
interparticle forces and bonding. Jotisankasa & Mairaing
[61] suggested an estimation of the suction stress based on
the soil-water retention curve (SWRC) as follows:

,@_Q_QTX< o ) 8
g = 95 — 97‘ Uq Uy ( )

where ¢ is volumetric water content; 6§ , is saturated volu-
metric water content; 6, is residual volumetric water con-
tent; and Uy and u,, are pore-water and pore air pressures.
The observed SWRC was then used to estimate the varia-
tion of suction stress with suction as shown in Fig. 18. It is
evident that there is enhancement of suction stress in soils
with 3.5% and 5% biochar, attributed to the porous structure
of biochar creating microsites that enhance capillary forces.

@ Springer

Since suction stress is theoretically the product of the nor-
malized water content (f S:%’r) and suction, an increase in
suction stress at any given suction for 5% biochar is caused
by enhanced water retention capability and a corresponding
rise in the normalized water content. However, for higher
biochar percentages (20%), a minor increment in suction
stress is noted, likely due to the corresponding increase
in residual volumetric water content of the higher biochar
level that could reduce the normalized water content used
to calculate suction stress, hence causing a slower rate of
suction stress increase. This nuanced relationship demon-
strates the importance of carefully optimizing biochar levels
in soil to improve the suction stress. However, the observa-
tion is not conclusive and still requires further experimental
validation.

Removal of CO,

In Fig. 19, the potential benefit of biochar-amended soil for
carbon dioxide (CO,) removal is illustrated. As a first esti-
mate, an analysis was made based on the assumption that
1 kg of biochar can sequester 1.9 kg of CO, based on pre-
vious studies [72, 73]. The concentration of biochar in the
soil, together with the thickness of the soil layer were used
to calculate the resulting potential CO, removal. At a 3.5%
biochar concentration, the CO, removal increases with
increasing soil thickness, ranging from 0.39 kg at 0.5 cm to
7.73 kg at 10 cm. Similarly, for a 5% biochar concentration,
the emissions exhibit a proportional increase, varying from
0.53 to 10.58 kg across the same range of soil thickness.
This kind of plot would be useful for geotechnical engineers
to justify the benefit of biochar application not only based
on improvement in geotechnical performance but also on
the environmental benefit in terms of carbon sink.

Water Storage Capacity

Water storage capacity in soil refers to the maximum water
content a soil can hold before it drains downward and
approximated as its field capacity (FC), which is the water
content after free or gravity drainage. Field capacity is often
arbitrarily reported as the water content at suction of 33 kPa
[53, 74, 75]. Figure 11 was used to determine the volumetric
water content () at the field capacity and then the storage
capacity (SC) of a soil layer can be determined by integrat-
ing its volumetric water content () over its thickness (b; ).
Assuming a constant field capacity, the water storage capac-
ity for a simple soil cover can be described by

b
SC = / 0 dz= (FC)b, ©9)
0
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Fig. 19 Potential CO, emission reduction

for different thickness of biochar application 30
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Fig. 20 Field water storage capacity of biochar
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Figure 20 show the data on water storage capacity (SC)
of soil at varying thicknesses and different percentages of
biochar amendment. It provides valuable insights into the
potential benefits of biochar in enhancing soil’s water reten-
tion capabilities. As observed, the addition of biochar sig-
nificantly increases the water storage capacity compared to
bare soil. At a 3.5% biochar concentration, the soil exhibits
a noticeable improvement in its ability to hold water, which
becomes more pronounced as soil thickness increases. The
trend continues with 5% biochar, 10% biochar, and 20%
biochar amendments, with the highest biochar concentra-
tion resulting in the most substantial water storage capacity.

The data on net storage capacity (NSC) in relation to
biochar concentration and soil thickness provides another
outlook. The NSC, often referred to as the available water
capacity, is calculated based on the difference between the
field capacity (FC) and the permanent wilting point (PWP)

—+—CO02 (3.5% of Biochar)

4 CO2 (5% of Biochar)
25 % CO2 (10% of Biochar)
—*—CO02 (20% of Biochar)

2 4 6 8 10

Thickness of biochar-amended soil, cm

—&— Bare soil (SC)

3.5% of Biochar (SC) A
5% of Biochar (SC) X
10% of Biochar (SC) A 1
20% of Biochar (SC) .

X

6 8 10
Thickness of biochar-amended soil, cm

of the soil over its thickness (b;). The PWP is typically
defined as the water content at a suction head of 150 m [76,
77]. The net storage capacity (NSC) of a soil layer can be
approximated by Eq. 10.

NSC =(FC — PWP)b, (10)
Surprisingly, the result in Fig. 21 suggests a counterintui-
tive trend where increasing biochar concentrations leads to
a significant reduction in the soil’s NSC as soil thickness, b,
, increases. The plausible explanation for this phenomenon
lies in the effect of biochar on the volumetric water con-
tent (@) in the soil at the PWP. It appears that the addition
of biochar results in higher 8 levels at the 150 m suction
head, effectively causing the PWP to rise, which reduces
the net storage capacity of water. On the other hands, the
higher PWP of biochar-soil mixture implies improved
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Fig. 21 Net storage capacity (NSC) of water of
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water availability for plants in severe drought conditions,
emphasizing the potential benefits of biochar supporting
plant resilience in bioengineering application. Nevertheless,
Philip [75] and Raats et al. [77] emphasize the complexity
of the wilting point in soil and warns against using the wilt-
ing point as a fixed index for soil moisture availability due
to its potential for misleading conclusions. This observation
warrants further studies by using numerical analysis and
field trial to validate this.

Conclusions

This study investigated the effects of biochar amendment on
key hydraulic properties of tropical residual silty sand with
varying biochar concentrations (3.5%, 5%, 10%, and 20%
by weight). The following conclusions can be made based
on the findings from this study.

e The addition of biochar led to an increase in volumetric
water content by about 8 to 10% for the suction range
between zero and 100 kPa as compared to bare soil.
This reflects the intraparticle voids and porosity of the
biochar particles which improve the water retention of
the BAS. However, the effect was less pronounced if the
biochar percentage was less than 3.5% by weight espe-
cially for suction lower than 5 kPa.

e The soil-water retention curves (SWRCs) of the BAS
had bimodal shape. Their curve fitting parameters tend-
ed to non-linearly increase with biochar percentage,
including sharpness of the transitions; 1st and 2nd air
entry suctions, 1st and 2nd residual soil suctions, 1st and
2nd maximum degrees of saturation and 1st and 2nd re-
sidual degrees of saturation.
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e An increase in biochar percentage of 20% brought about
a significant reduction in saturated permeabilty (k,,,) by
about 20 times, despite an increase in void ratio of the
BAS with biochar. The same trend is also observed in
unsaturated permeability (k) functions at a given suc-
tion value and overall density. The observed phenome-
non can be attributed to the abundant intraparticle pores
found within the biochar structure and likely reduction
of interconnected pores in BAS matrix, as well as the
presence of hydrophobic and hydrophilic functional
groups on the surface of the biochar.

e The biochar addition led to reduction in volume change
upon drying. The biochar-soil mixture at 20% biochar
(Bc) showed a smaller reduction in void ratio, with a
volumetric strain of 7.8% upon drying, compared to
22.1% for bare soil.

e The theoretical variation of suction stress predicted us-
ing SWRC indicated that BAS with 3.5% and 5% bio-
char had enhanced suction stress due to biochar’s po-
rous structure, while at higher biochar percentages (10%
and 20%), only a minor increase in suction stress was
predicted.

e This study also highlighted the environmental benefits
of biochar as a carbon sink and discussed the water stor-
age capacity of the BAS cover system, indicating a need
for further research in these areas.
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