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Abstract

Physio-chemical properties of biochar make it a promising material in agriculture, environment and
climatic mitigation. However, biochar usage in geoengineering is still in its early stages due to limited research
and contradictions in the literature on the influence of biochar on soil properties like hydraulic conductivity and
mechanical strength. Research is being carried out to find means and techniques for utilizing biochar as an
amendment in the geotechnical engineering infrastructure such as landfills, slope reconstruction, and green covers.
Conservation of soil is important because its formation takes hundreds of years, while erosion (landslides, rain,
floods, wind) and cracking can cause its destruction in much lesser time. Erosion and cracking of soil are related
to the water holding capacity of soil directly or indirectly. The water holding capacity of the biochar is very high
due to its porous nature (along with its other properties that add cohesion between the biochar and soil particles).
As such, when biochar is added to the soil, the porosity of the biochar soil composite is increased. The unsaturated
water retention capacity of biochar and its other cementing properties make it a suitable amendment for soil
conservation. Previous studies do not provide a clear understanding of how biochar will impact the water retention
capacity of soils with varying grain size distribution. Further, different types of biochar (produced from animal
and plant waste) could impact physiochemical properties and the cracking of soil. Such studies will help narrow

down the selection of appropriate biochar and its amount to maximise water content and minimise soil cracking.

The objective of the thesis is to explore the influence of biochar in amending the behaviour of soil
properties with respect to the water retention capacity, erosion and cracking. The study has been divided into three
sub-objectives (1) biochar effect on the water retention capacity of soils with varying grain size distributions, (2)
erosion prediction as a function of biochar content, degree of compaction, slope gradient, slope length, and rainfall
intensity and (3) Effect of the various soil properties and biochar content on the crack intensity of biochar-amended
soil. It was observed that (a) Any increase in the water retention of soil biochar composite depends on the grain
size distribution of the soil biochar composite. There is a threshold clay content (6—8%) beyond which any effect
of biochar seems less significant. In soils with higher sand content, the influence of biochar in increasing NWC
seems more pronounced on the dry side than on the wet side of SWCC, even though a relatively higher amount
of biochar (10%) was required to observe changes in the drier side of SWCC, (b) an increase in biochar amendment
helped decrease the total erosion rate and water flow rate, and (c) the addition of optimum biochar percentage

helped control cracking.

The dissertation's contribution is that the models developed are a way forward for the preliminary design
analysis for soil-biochar composite behaviour without conducting laborious, costly and time-consuming
experimentation. These models can be used for preliminary designing of the recompacted slopes, landfills,
embankments, green rooftops and other related structures in geoengineering. The models developed are very
flexible and can be extended to different types of soil, biochar amendment, particle size distribution, slope and

rainfall conditions.



Synopsis

Biochar is a black carbon product produced from organic materials by pyrolysis. It is a stable substrate.
Biochar increases the pH of the soil, nutrient retention, cation exchange capacity (CEC) and an increase in soil C
sequestration. Biochar has other benefits that include improving soil fertility, encouraging seed germination,
enhancing vegetative growth of plants, increasing soil resistance to diseases, adsorption of toxic pollutants, improving
the water holding capacity (WHC) of the land etc. Besides, biochar can also be used as energy fuel and C sink. Biochar
has a high surface area, anion and cation exchange capacity, porosity, and aromatic structure. It acts as a soil
conditioner by improving physicochemical and biological properties. Soil's bulk density is more than biochar, so
treatment of soil with biochar decreases the bulk density of soil biochar composite, thus increasing porosity. Biochar

binds nutrients and cations and improves particle size distribution and soil texture.

Observations have been made that exposure of biochar amended soils (BAS) to freezing and thawing cycles
cause changes in soil hydraulic conductivity (k), soil water retention and physical degradation of biochar. Treatment
of soil with biochar reduces nitrogen loss due to leaching and N»>O emissions, both with and without plants. Spherically
shaped micrometre-sized biochar particles are produced in hydrothermal carbonization with numerous polar
oxygenated functionalities from original carbohydrates, making the material more hydrophobic and highly dispersible
in water. Together with sequestering C, these soil amending qualities have contributed to a surge in biochar interest.
The importance of the biochar, its properties, and its uses can be understood because before 2000, a Google Scholar
search of "biochar" returned 595 papers. Between 2000 and 2010, 4,340 papers, and within the past six years, 15,400
papers were published, an almost 2,500% increase from pre-2000 levels. After 2011, there were around 19187 papers

published according to the web of science.

From the available literature about the biochar-soil composite, it is understood that the key factors which
determine the quality and quantity of biochar depend upon pyrolysis temperature and type of feedstock. Increasing
pyrolysis temperature decreases grain size and increases surface area, adsorption capacity, and pH, affecting the
oxygen-to-carbon (O/C) and hydrogen-to-carbon (H/C) ratios. The literature suggests that the O/C and H/C ratios
influence the stability and hydrophilic nature of the biochar, respectively and help understand the design life of
particular biochar and applications. The knowledge of the biochar properties like surface area, O/C and H/C ratio, pH,
and production parameters, including yield temperature, is important for its field utilization as any change in

physicochemical properties determines its effect in agriculture and engineering applications.

Many researchers pointed out contradictory observations about some basic properties of biochar.
Contradictions have been observed in various biochar properties, including biochar's effect on WHC, erosion control,
strength, alkalinity, vegetation, water-stable aggregates, and cracking. The factors affecting the landfill slope stability,

including compressibility, shear strength, and tensile strength, have not been investigated clearly.



Studies are being carried out to study the benefits of biochar in various areas, including environmental

management, agronomy, and geoengineering. The researchers are using modern ways and techniques to analyze the

behaviour of different materials, including biochar. Artificial Neural Network (ANN) has been a widely accepted

scientific technique for developing models and analyzing soil behaviour. Researchers have determined SWCC using

ANN. The study aims at the use of machine learning techniques ANN and Multiple Regression Analysis (MRA) in

determining the hydraulic properties of biochar amended soils as mentioned below;

L.
II.
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Biochar effect on the water retention capacity of soils with varying grain size distributions,
Prediction of erosion as a function of biochar content, degree of compaction, slope gradient, slope length,
and rainfall intensity and

Effect of the various soil properties and biochar content on the crack intensity of biochar-amended soil.

Biochar effect on the water retention capacity of soils with varying grain size distributions,

Experimental Methodology: The experimental data of water content and soil suction required for the
determination of the SWCC curve was obtained from the literature to determine the hydraulic properties
of biochar amended soils consisting of sand, clay, and silt content: 58% — 98%, 0% — 20% and 2% —
37%, respectively. The biomass used for biochar production was water hyacinth, peanut shell and dairy
manure. The biomass had a lignocellulosic nature with 46% cellulose content and 21% hemicellulose.
The procedure for biochar production was adopted from the literature. The biomass was cut into pieces
of 30-50 mm. The temperature of the pyrolysis process was maintained at 300°C — 500°C for 45 min as
per the optimum conditions for water hyacinth species. The biochar was cut using an automatic crusher
and sieved through a 2-mm sieve. After achieving the desired torrefaction temperature required for
biochar production, the sample was removed and subjected to further analysis. The procedure for
establishing SWCC varied among the above studies.

ANN Methodology: Technical analysis was done using ANN for different sets of experimental data from
the literature to determine the hydraulic properties of biochar amended soils. For SWCC analysis, the
commercially available STATISTICA, version 12 software, was used. The ANN model was developed
using seven parameters soil suction, biochar content, sand content, silt content, clay content, fine content
(silt and clay), and the ratio of fine to sand content as input for the prediction of Normalized Water
Content (NWC). Seven hundred ninety-four data points from 23 soil samples were divided as 80% for
training and the balance 20% as test data. The mean percentage deviation of 13.76% and the coefficient

of determination of 0.7109 were obtained.

Vi
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Figure 1 ANN architecture used for the prediction of Normalized Water Content

»  Results: For biochar content of 3% with increasing clay content up to 4%, the NWC reduced from 0.9

(wet side) to around 0.6 (dry side). In the case of 6% clay content, the NWC reduced from 0.9 to around
0.32. For clay content beyond 6%, the NWC reduced from around 0.65 to around 0.25. This may be

because the fine biochar particles arrange themselves with clay particles to be in a compact position.

They create a dense medium and increase the capillarity action at the initial stages. However, when the

quantity of fines increases, the pores get clogged, resulting in decreased water retention. For sandy soils,

it was observed that the NWC reduced from around 0.6 to around 0.25. The fines percentage addition

works well up to 10% biochar amendment in sandy soils (from 0.95 —around 0.6), beyond which it again

clogs the pores and decreases water retention. In both cases, the low water retention creates more runoff

and can cause erosion, landslides, embankment failures, etc.

» Observations: The ANN-based model was found to predict SWCC reasonably well. Based on

predictions, it was found that there is a threshold clay content of 6—-8%, beyond which any effect of

biochar becomes less significant. For soils with higher sand content, there was an increase in normalized

water content of SWCC with the presence of biochar, even though a relatively higher amount of biochar

is required to cause changes in the drier side of SWCC for sandy soils.

II. Prediction of erosion as a function of biochar content, degree of compaction, slope gradient, slope length,

and rainfall intensity

»  Experimental Methodology: Data was also obtained from an in-house flume setup developed containing

a 1.50-meter-high rainfall simulator designed to simulate rainfall of 60 mm/hour and 90 mm/hour for

measuring hydraulic properties, infiltration and relative erosion. The width of the flume was 0.6 meters,

and the length was 2 meters, respectively, as shown in Figure 2.
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Figure 2 Flume test

A distilled water-filled tank was installed, and the calibration was done using hydraulic pressure
and a pluviograph for recordings at a rate of 0.1 MPa for 60 mm/hour and 0.15 MPa for 90 mm/hour.
An alloy steel frame was added to the setup and measured rainfall-induced runoffand subsurface seepage
flux—a drainage layer containing geotextile fibre (minimizing soil particle flow). A 6 cm thick gravel
layer was placed below the soil layers (Colluvial soil). Biochar was produced from water hyacinth

collected from the coastal region of Shantou, China.

ANN Methodology: The other soil property affected by the hydraulic property is erosion. STATISTICA
version 12 was used for model development to predict the total erosion rate and total flow rate from the
factors slope length and gradient, compaction degree, rainfall rate and biochar percentage. STATISTICA
version 12 was used for model development to predict the total erosion rate and total flow rate from the

factors slope length and gradient, compaction degree, rainfall rate and biochar percentage.

The model predicted that the slope length influenced the total erosion rate while as total flow
rate was influenced by a 5% biochar amendment. The R? value for ANN models developed was 0.788
for total erosion rate and 0.939 for total water flow rate, respectively. The error percentage for the total
erosion rate was 15%, and total water flow rates were 7%, respectively. ANN model developed for
erosion was found to be consistent with the experimental and literature data. The development of such
models can help in the preliminary designing of green cover by using the required biochar content under

various slope and rainfall conditions.
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Input Output

Rainfall rate (mm/h) —— .
Degree of
Compaction (%)
Slope gradient () ——— . /
: Hidden Layer
Slope length (m) —— .

Input Layer

| Total Water
Flow Rate

Output Layer

Figure 4 ANN architecture used for prediction of Total Water Flow Rate

Results: Observation was made that the total erosion rate and total water flow rate increased with an

increase in compaction. Compaction causes changes in the soil properties like porosity and permeability.

Pores become clogged, and water movement is impeded, reducing water availability. However, under

prolonged rainfall, there may be an enhancement in water-logging due to decreased permeability which

may cause erosion of fine soil and biochar particles present in the upper layers of compacted soil.

The total erosion and water flow rate increase with rainfall intensity. The impact and speed with

which the rainfall hits the soil particles detaches it from the soil layers and causes erosion. It was observed

that there was a decrease in both the parameters with the slope length. This may be because runoff gets

sufficient area and time for infiltration. Biochar addition causes discontinuity and surface roughness and

can resist further movement of particles.
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It was observed that the erosion rate increased gradually with increasing slope gradient from 7°
to 20° The increase was more significant from slope gradients of 7° to 12°. The water flow rate (i.e.,

runoff) is enhanced mainly due to the gravity effect.

The observation was that the erosion rate reduces with an increase in amendment ratio from 0
to 10%. The reduction in erosion rate was observed to be minimum between biochar amendments of 0%
to 5%. This implies that the biochar effect on erosion is not significant during the lower biochar
amendments. The total water flow rate is first enhanced with increased biochar content from 0% to 5%
and then decreases beyond it. With increasing biochar content to 10%, the subsurface flow of biochar on
erosion rate seems to be more dominant at 10% biochar content. However, higher percentages may

increase the alkalinity of the soils.

Slope length was the most influential parameter in determining erosion rate, followed by slope
gradient, degree of compaction, biochar amendments percentages, and rainfall rate. Biochar amendment
percentage seemed important in determining the total water flow rate, slope gradient, rainfall rate, slope

length, and degree of compaction.

Observations: 10% biochar amendment ratio seems more effective in controlling erosion and runoff than
lower amendment ratios. Slope length seems to have a more pronounced effect in controlling total
erosion rate, followed by the degree of compaction, biochar percentage and rainfall rate. Biochar content
seems to be the most influential parameter for total water flow rate, followed by slope gradient and

rainfall intensity.

Effect of the various soil properties and biochar content on the crack intensity of biochar-amended soil.
Experimental Methodology: For determining resistance and behaviour of BAS against cracking, animal
and plant feedstock-based biochar were produced in-house from pig manure (PM) and wood (W),
respectively. They were separately added to soil at 0%, 5%, 10% and 15% with clayey sandy soil under
the degree of compaction (DoC) (65% and 80% of MDD). The BAS was then compacted in the Petri
dishes. The moulds used for BAS consisted of glass dishes of 10.3 cm diameter and 1.7 cm height in
which the soil was subjected to alternate 12 and 15 days of four dryings and three wetting cycles, every
24 hours for 70 days. A high-resolution 8-bit depth camera was used to take images, and analysis was
done using open code Image J to obtain crack intensity factor (CIF).

MRA Methodology: The cracking of soils is also dependent on the hydraulic properties of soil. MRA was
used to determine crack intensity factor (CIF) from parameters of soil compaction, plastic limit, specific
gravity and the biochar content. When the value of p in the regression analysis for independent variables
shall is less than 0.05, the parameters are sufficient to reject the null hypothesis, and the model is
considered satisfactory. Otherwise (if the p-value is more than 0.05), the null hypothesis has a risk factor
of more than 5%, and the model needs re-consideration. When the MRA was run for CIF determination

using the parameters DoC, Plastic limit, liquid limit, specific gravity and biochar content, the R? value



was 0.925. The liquid and plastic limits had p-values of 0.949 and 0.079, respectively and were not
considered. MRA was re-run with three parameters, biochar content, degree of compaction and plastic
limit. The new p-values and R? were satisfactory. As such, the model was considered satisfactory. From
the model, it was observed that biochar content has the strongest p-value and, as such, was the most

influential parameter.
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Analysis (MRA)

Crack Intensity Factor
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Figure 5 Framework of MRA approach showing input and predicted parameters

»  Results: A comparison was made between the measured and predicted CIF with varying biochar content
in the BAS at 65% and 80% compaction states of the samples. When the soils were treated with two
types of biochar, the intensity of cracks decreased. A drastic reduction was observed in the CIF with
increased biochar content, probably due to high intrapores of biochar. Any increase in plastic limit and
compaction state decreased the crack intensity factor. Biochar content was the most significant, followed
by plastic limit and DoC, with Liquid Limit and specific gravity having the least influence.

»  Observations: From the MRA model, it was observed that the biochar content, plastic limit, and DoC
influence soil cracking. Wood biochar was more effective in controlling cracking intensity than pig

manure biochar, probably due to wood-produced biochar's highly porous nature.

» The ANN models developed show that
e  The efficiency of biochar amendment in water retention in soils seems dependent on grain size distribution.
e 10% biochar amendment was observed as the most influential in controlling total erosion and water flow
rates.
» The MRA model developed shows that

e 15% biochar amendment seems optimum for controlling the CIF.

Xi



» The models developed can be used for recompacted slopes, landfills, embankments, etc. It can provide a way
forward for the preliminary design analysis and soil behaviour on biochar application and save experimental time
and money. The models developed can be extended to any type of soil, biochar amendment, slope and rainfall

conditions.
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Chapter 1: Introduction

1.1 Background

Biochar is a black carbonaceous, fine-grained, porous, solid end product produced by thermochemical
conversion of a broad spectrum of biomass under a controlled oxygen environment [1—4]. It possesses unique
heterogeneous elemental composition, functional groups, textural properties, minerals, and electro-kinetic surface
potentials [5—7]. The material has an appearance somewhat similar to charcoal, synthesized from various types
of biomass, such as agroforestry residue, animal wastes and remains, animal manures, sewage sludge, seaweeds
[8, 9], freshwater macro-algae [5, 10], and invasive plant species [3, 11-13]. As a novel renewable material,
biochar is effectively used in agriculture, environmental remediation, climate mitigation, and geoengineering and

has proven to be a sustainable waste disposal material.

Burning or decomposing agroforestry wastes in an open environment is not a clean way to eliminate
large amounts of solid waste generated from different agricultural and forestry practices. Open burning of crop
residues leads to a loss of potential nutrient resources. It also releases air pollutants, which prevent radiative-
convective coupling of the Sun-Earth system, significantly contributing to Asian Brown Clouds [14, 15]. The
harmful emission includes particulate matter (PM.s and PMjo) in the form of ash, polycyclic aromatic
hydrocarbons (PAH), soot, and non-methane hydrocarbon compounds (NMHCs) [16, 17]. Conversion of this
waste into biochar leads to a cleaner environment and advantages of a resource that can further be used for

sustainable agronomic, environmental, and engineering purposes.

Various methods of thermochemical conversions, such as pyrolysis, carbonization, hydrothermal
treatment, etc., are being used to synthesize biochar [3, 18, 19]. However, pyrolysis is more suitable for preparing
biochar on a large scale [20], and the process mainly involves the decomposition of lignocellulosic components
thermally in an oxygen-deficient environment [21]. Further, the conventional pyrolysis process can be classified
as slow, fast, flash, hydrothermal, or gasification, depending on pyrolyzing temperature, residence time, and
heating rate. The yield of biochar and its properties is dependent on the pyrolysis process being used and the
composition of feedstock used. The feedstock undergoes a primary decomposition that produces thermally stable
solid char [20, 22] and is followed by the secondary decomposition reactions, which convert the unstable, volatile
compounds to form gas products [22, 23]. The feedstock type determines the composition and morphology of the
biochar. The biochar produced from dense woody feedstocks is of high porosity, surface area, pH, and aromatic
composition [24, 25] as compared to biochar derived from animal wastes, which have low surface areas [26] and

less porosity [27]. The biochar produced from aquatic raw materials has high nutrient content and functional



groups but has less surface area and organic carbon content [28]. Lei and Zhang [29] observed that the hydraulic

conductivity of wood-derived biochar was more than manure-derived biochar.

Biochar increases crop productivity, acts as an instrument for climate mitigation, remediates organic and
inorganic pollutants from soil and aqueous medium, and amplifies the soil carbon sequestration [2, 30-35]. The
classic example of using biochar for soil fertility and sustainability can be seen in Terra Preta (TP) of Amazon
basins, where extensive organic matter deposits have been found [1]. TP is dark-coloured fertile soil interspersed
with relatively infertile Amazonian ferrisols [36]. Studies on TP suggest that these soils result from
intentional/unintentional anthropogenic efforts that gave rise to the accumulation of large quantities of plant and
animal debris, ashes, and bone fire residues and made soil fertile and rich in pyrogenic organic matter. TP contains
high concentrations of nutrients such as phosphorus (P), nitrogen (N), potassium (K), calcium (Ca), copper (Cu),
and magnesium (Mg) [21] and high percentages of stable organic soil matter [1, 4]. Other examples of biochar in
agriculture can be dated back to the beginning of rice cultivation in Asia, when charcoal prepared from rice husks
was probably used [37]. Applying biochar to soil alters microbes’ population, diversity, activity, and interactions
of plants with microbes by cycling nutrients and modifying the habitat. Biochar prepared from weed species
Parthenium hysterophorus showed an improvement in seedling vigor index of maize, soil dehydrogenase activity,
catalase, basal soil respiration, and active microbial biomass carbon. However, soil microbial activity is not
adversely affected [11]. Biochar prepared from water hyacinth (Eichornia crassipes) at different temperatures
(200°C to 500°C) and residence time (30 min to 120 min) also showed increased maize seedling vigor index,
alkaline phosphatase, acid phosphatase, fluorescein hydrolases, soil respiration, and active microbial biomass

[12].

Biochar has a high surface area, cation and anion exchange capacity, porosity, and aromatic structure. It
also has alkaline pH, varied functional groups (hydroxyl, phenolic and carboxyl), and minerals (dolomite, calcite,
sylvite, periclase, quartz, and montmorillonite) [30, 38, 39]. It acts as a conditioner to the soil by improving
physicochemical and biological properties [40]. The bulk density of soil is more than biochar, so treating the soil
with biochar decreases the bulk density of SBC, thus increasing porosity. Biochar primarily binds nutrient cations
and improves particle size distribution and soil texture [41]. Biochar has a porous structure, due to which its water
holding capacity (WHC) is high. Biochar addition to soil and its effects on freezing and thawing have recently
gained attention. It is observed that exposure to freezing and thawing cycles in BAS causes changes in soil
hydraulic conductivity (k) and SWR. This happens because of biochar’s physical degradation by freeze-thaw
cycles [42]. Treating soil with biochar reduces nitrogen loss from leaching and N,O emissions, both with and
without plants [43]. Spherically shaped micrometre-sized particles are produced in hydrothermal carbonization
with numerous polar oxygenated functionalities from original carbohydrates, making the material more
hydrophobic and highly dispersible in water [4, 43—47]. The physicochemical and functional properties of biochar
vary as a function of feedstock and pyrolysis conditions employed during preparation. Hence, complete
awareness/information on the effect of feedstock and pyrolysis conditions is essential in designing and modifying

biochar for its desirable specific applications. Observations from previous literature show that biochar produced



at the pyrolyzing temperature greater than or equal to 500°C has more surface area, high aromaticity, increased
pH, and more ash content, improving other soil physical properties [48—50]. Higher pyrolysis temperature results
in a high pH of biochar [51-54], even though some researchers have reported otherwise. For example, studies by
Nguyen et al. and Zhang et al. [55, 56] have reported the acidic nature of biochar produced at 350°C to 600°C.
Biochar preparation at high temperatures has a high aromatic structure and surface area (making it more water-
absorbent), resulting in higher carbon sequestration and environmental remediation [57]. However, an
unprecedented increase in pyrolysis temperature resulted in the breakdown of structural and textural properties
and decreased surface area [39, 41]. For example, in an investigation, Ramola et al. [39] observed that the
maximum surface area was achieved at a temperature of 500°C, but it started to decrease at 700°C. Besides,
Ahmad et al. [58] and Ghanim et al. [59] observed that increased pyrolytic temperature increased the C content,
whereas N, O», and H decreased due to decarboxylation and dehydration. The O/C and H/C ratios started
decreasing with an increase in the pyrolysis temperature due to the condensation of aromatic hydrocarbon
structure [60]. The decrease in the O/C ratio indicates loss of polar functional groups and more carbonization,
making the biochar more hydrophilic. Dehydration is caused due to removal of hydroxyl groups, and
decarboxylation causes the removal of carboxyl and carbonyl groups [61, 62]. Considering novelty and unique
inherent characteristics, biochar helps modify soils' physicochemical and biological properties [41, 63]. The
porous nature and high surface area of biochar affect the soil’s hydraulic conductivity, WHC, porosity, aggregate
stability, and bulk density [64]. The decrease in bulk density of soil biochar composite (SBC) is caused due to
low bulk density of biochar [63, 65]. However, the authors reported a minor decrease in the second year of the
experiment, and in the third year, no decrease was observed in bulk density [65]. Some researchers observe that
the biochar amendment to soil increases the formation and stability of aggregates but reduces soil strength [66—
68]. The increase in the liquid limit, plastic limit, pH and moisture content of the biochar-treated soil, and decrease

in the maximum dry density of ordinary soil was reported by several researchers [69—71].

A few researchers have explored the use of biochar as a construction material. Choi et al. [72] observed
that the free water in concrete during mixing could be absorbed by biochar (due to high pH and WHC), which it
can release during the hardening of concrete and help in curing [73]. Gupta and Kua [73] illustrated that plastering
done during the Ithaka Institute restoration in Switzerland was done with 50% biochar and a balance of 50% with
other cementing materials [73]. The properties of low thermal conductivity, high chemical stability, and low
flammability make biochar appropriate as a construction material. The insulation provided by biochar plaster is
excellent with the required indoor humidity. Few authors have considered biochar an excellent material for
humidity control, as biochar is a microporous carbon [73, 74]. The porous structure of biochar acts as insulation
and prevents thermal bridging; thus, it helps prevent heat/cold travel from inside to outside or vice versa of a
building [73]. Biochar (specially produced at a higher temperature) is chemically stable and helps prevent concrete
from chemical attacks whether used as a coating on concrete or mixed with concrete. The addition of 2% biochar
to concrete samples increased seven (7) day’s strength by 40% [73], whereas when 1% of cement was replaced
by biochar, the flexural strength and toughness of concrete increased [73, 75]. Because biochar is less flammable,

it can reduce fire in construction [73, 76]. Riera et al. [77] reported an increase of up to 20% in compressive and



tensile strength by amendment of 1-2% of biochar with cement [77, 78] also an increase in early strength and
water tightness [77]. Biochar is also considered a possible cheap admixture and alternate modifier in bitumen for
road construction [72, 73, 79-82]. Biochar addition of 10% by weight improves viscosity and rutting resistance
of asphalt [73, 81], higher resistance to water penetration, and increased durability [73, 79]. However, the
literature on biochar as a construction material for buildings or roads is in the infancy stage. The gaps at various
levels, especially testing standards for durability, water penetration, humidity control, strength, CO, sequestration,
and use of an optimal percentage of biochar and field data, have been noticed in research. The effects of cost-
effectiveness, a life of RCC given its CO; content, and other technical issues need to be investigated as the

researchers are still not clear about these important aspects.

From the literature, it has been observed that there are no preliminary guidelines for using biochar in the
construction sector. Future research jointly with the industry is needed to promote its usage in construction.
However, different biochar initiatives/guidelines are available for biochar production and application in the
agriculture sector. These initiatives include EBC, IBI, etc. The basic criteria for biochar production, feedstock,
and constituents are almost similar. Some of the important guidelines summarized from EBC (effective from 1st

January 2012) certified by g—inspecta for biochar production in Europe are summarized as under:

1. Biochar in Europe shall be provided from local forestry-based organic material feedstock (with a proper
record) free from contaminants and proof of sustainable forest management.

2. The pyrolysis temperature and composition of biochar produced shall not fluctuate more than 20° and 15%,
respectively. After one year (or any interruption), the sampling process should be repeated.

3. Either 2.25 Liter biochar samples have to be obtained from 1 day’s production properly mixed (as per EBC
guidelines), or 100-gram samples taken randomly every 30 min and sent to the laboratory for testing. Also,
random sampling by the controlling inspector has to be sent to the laboratory.

4. To guarantee protection from negative environmental impacts and avoid uneconomical physicochemical
characterization, EBC has marked limits for different constituents of biochar among which some are C-
Content > 50% of dry mass C—content; molar H/Corg < 0.7; molar O/Cor < 0.4; Pb < 150 g/t dry mass; Cu
<100 g/t dry mass; PAH < 12 mg/kg dry mass.

5. Pyrolysis (production process) shall preferably avoid the use of fossil fuels. Gases produced shall not be
allowed to escape into the atmosphere. No less than 70% of heat, which remains in the pyrolysis gas, shall
be effectively used.

6. Fire and dust protection safety measures (including personal protection equipment), feedstock transportation

in a moist form and self-declaration of workers shall be obligatory.

Biochar has been proven as a substance with multidimensional applications. However, its use in
geotechnical engineering infrastructure is relatively new. Geotechnical engineering mainly deals with soil
engineering properties such as shear strength, compressibility, hydraulic conductivity, and bearing capacity.
These properties are mainly governed by soil particle size, WRC, and porosity. The reinforcing techniques of soil

stabilization are formed by mixing soil with reinforcing agents like cementitious, synthetic, metallic, or fibrous
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materials. The design criteria for a stable landfill cover system depend upon its compressibility and shear strength
[70, 83—85], which the authors believe, can be achieved using biochar as a reinforcing agent. In their study, Pardo
et al. [86] observed that the fine biochar particles form a thin layer around the soil/ sand particles that get thicker
over 30 days afterwards. It was found that the biochar particles around the sand particles minimize the movement
of sand particles, due to which there is less contraction in the mixture. The mixture’s shear strength increases due
to negative capillary water pressure and water film around the particles [86]. In their study, Zong et al. [87], using
three biochars, woodchips, straw, and wastewater sludge, observed that tensile strength decreased from 466 kPa
to 233, 164 and 175 kPa at 6% biochar amendment, respectively. The cohesion and angle of friction, the basis for
the shear strength, are affected by aggregation’s bonding mechanism. The study reported that the cohesion
decreased (significantly for wood chips), whereas no effect was noticed on the angle of friction. The study
concludes that shear and tensile strength decrease with biochar amendment. Wallace et al. [88], in their study on
two biochars (softwood and hemp), noticed that Young’s modulus of elasticity and hardness were sufficient to

use biochar as a composite filler material.

Similarly, GuhaRay et al. [89] studied 5% and 10% biochar amendment to the soil. They found that CBR
and UCS increased, which they attributed to the increased shear strength due to increased cohesive bonding
between the particles by adding biochar [89]. In another study by Reddy et al. [70] on silty soil and biochar, the
values of compressibility were 0.054 cm and 0.027 cm after 24 h; cohesion was 6.62 kPa and 51.71 kPa, and the
angle of friction was 24.9° and 42.8°; hydraulic conductivity 4.3 x 107 and 1.2 x 1072 /second respectively [70].
The biochar composite soil was accordingly found to have low compressibility, high hydraulic conductivity, and
shear strength, increasing the biochar amendment percentage. The general DoC of soils used in agriculture is
65%, and that of soils used for geotechnical applications is around 80% to 95% [1, 90-93]. For biochar prepared
from wood feedstock (pine wood, fir wood, aged wood chips, and wood pellets), the factor of safety for slope
covers increased to about two times when used in drained soil [94]. This was attributed to increased cohesion
values, shear strength and angle of friction of BAS. Biochar derived from water hyacinth feedstock was used to
treat soils to increase water retention capacity and decrease gas permeability [93]. The authors observed that gas
permeability decreased by 50—65% when adding 5% to 10% biochar to the soil. This may be due to increased soil
suction in BAS, thereby demonstrating an increase in soil stability. The increase in soil stability can be correlated

with the biochar’s surface area [24].

From the above discussion, it is observed that even though the researchers observed an increase in shear
strength, tensile strength, and reduced compressibility, there are researchers that report otherwise [95]. These
contradictory results highlight the knowledge gap about the strength parameters of biochar amendments in various
soil types under different testing conditions. Future systematic research is required to understand the efficiency

of biochar in enhancing strength properties under different testing conditions, including stress paths.

Similarly, keeping in view various research and the requirements of geotechnical engineering, it is
observed that biochar acts as a reinforcement material for soil when considered as an agent for soil stabilization.

As reinforcement material’s function is to increase strength and decrease compressibility, the biochar selected
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should possess these desirable functional properties for engineering purposes. It shall also help reduce water
infiltration in soil slopes and landfill covers. Studies demonstrate that water retention capacity increased from
29.5 + 0.89% to 48.45 + 0.59% for bare soil and soil amended with 15% water hyacinth biochar. This was
attributed to biochar's fine-grained and porous textural properties prepared from water hyacinth. A reduction in
CIF was observed from 7 to 2.8%. The authors observed that the decrease in crack intensity would reduce
infiltration in slopes [90]. Studies also suggested that biochar intrapores retain water in BAS, reducing gas
permeability [93]. Huang et al. [96] stated that soils could be made impermeable by compacting BAS to 95%

suitable for engineering applications.

Many studies have been put forth in agriculture, environmental sciences, and energy resource
conservation regarding biochar and optimization of pyrolysis conditions. However, it is observed that relatively
less literature is available on the production and use of biochar in geotechnical engineering. There is a lack of
studies considering the mechanical aspects (i.e., shear strength, tensile strength and compressibility) and the
adverse effects of biochar and BAS. It is observed that the geotechnical applicability of BAS has not been done
to its optimum use, especially for the stabilization and reinforcement of soil slopes. The availability of feedstock
and its cost-effectiveness is a primary concern. Its scale and cost of production, applicability in a specific field,
and properties are significant factors. As far as the authors are aware, very little research seems to have been done
in this field and needs a thorough discussion. More research is needed for the validation of biochar benefits in

geoenvironmental engineering.

1.2 Objective

The principal objective of the research is to explore the efficiency of biochar in affecting the hydraulic

properties of BAS by developing and using Al-based models. The sub-objectives as detailed below:

1. Exploring the biochar efficiency in improving the water retention capacity of soils with varying grain size
distributions.

2. Erosion prediction as a function of biochar content, degree of compaction, slope conditions, and rainfall
intensity.

3. Effect of the various soil properties and biochar content on the cracks intensity of biochar-amended soil.

1.3 Organization of Thesis

This thesis has been presented in eight chapters: Chapter 2 involves a general introduction and provides
a brief description of biochar, raw materials from which it is produced, various methods for production, general

properties and uses. Chapter 2 also includes a literature review. In this part, a brief description of previous work



done in various connected parameters like properties of biochar, the influence of properties of biochar on soil or

any other medium in which it is added like concrete, road construction.

Chapter 3 involves the methodology adopted for the study and gives a brief description of ANN and
MRA used for the model developed in the study.

Chapters 4, 5 and 6 consist of the studies presented to achieve the objectives using ANN and MRA. In
this part, AI models have been developed to predict results, compare results obtained by different models with

the experimental results, and discuss the accuracy of results obtained by different check systems.

Chapter 7 presents conclusions that have been observed from chapters 4", 5%, and 6™. Chapter 8 presents

the future scope and recommendations of the work.



Chapter 2: Literature Review

2.1 General

Agriculture, forestry, animal and aquatic materials, residues and wastes are organic materials. They form
raw materials for biochar production, known as feedstocks or biomass [3, 5, 8, 10—13]. Biomass or feedstock is
subjected to thermochemical degradation under controlled conditions of air, heat and temperature. The end
products obtained in the process include biochar (solid), bio-oil (liquid) and syngas (gas). The quantity and quality
of these three end products are governed by the parameters of thermal degradation (temperature, heat, and air
supply) and the type of feedstock. Biochar obtained is solid, black in colour, porous in nature, and light in weight,
with carbon (C) constituting a major part [2, 4, 24, 35, 91, 96]. This solid material, biochar, resembles charcoal
in colour to a large extent. It is composed of different constituents [6] with a carbon content of around 44%—
93.7% depending on the type of raw material used, manufacturing process, and parameters [97, 98]. Carbon
percentage from less than 1% to greater than 80% has been reported by some researchers, again depending on the

biomass type and the methods of preparation [99, 100].

Biochar is considered a new, modern, unconventional material and has a life span of thousands of years
[97, 98]. It has emerged as a soil modifier for crop production, a novelty material in environmental remediation,
and a carbon sequester [1, 6, 101, 102]. It has made its way in agriculture, environmental remediation, climate
mitigation, and geoengineering and provides scientific and profitable disposal of all bio-wastes. The Amazonian
Tera Preta (TP) soils provide a typical example of agricultural use of biochar [1]. These soils are dark in colour,
probably produced by human or natural activities resulting in huge quantities of organic debris and, in turn,
making the soil fertile. Terra Preta soils are dark-coloured fertile soils interspersed with relatively non-fertile
Amazonian ferrisols [36]. The constituents in addition to carbon present in biochar include nitrogen (N), calcium
(Ca), phosphorus (P), potassium (K), magnesium (Mg) and copper (Cu) [103] and higher amounts of stable

organic soil matter [1, 4].



2.1.1

Climate mitigation

Figure 6 Use of biochar in various fields

Biochar, char and charcoal

Biochar includes the application of charred organic matter apart from agricultural and
environmental applications, such as promoting its use for soil remediation and geo-environmental and

geoengineering purposes.

Char and charcoal differ in that char can be obtained by charring a raw material to a lesser extent
than charcoal [104]. The terms burning, charring and pyrolysis are altogether different processes. Burning
is the complete or incomplete combustion of any material in an open-air supply into ashes where no char
or charcoal is left behind. The charring process produces char or charcoal with limited or no oxygen
supply. On the other hand, pyrolysis is used for scientific procedures to examine the organic chemistry of
organic substances [105] and for bioenergy systems that capture the off-gases emitted during charring
and produce hydrogen syngas bio-oils, heat or electricity [106]. Sometimes, some traces of char or biochar
in the ashes affect ash properties in technology and the environment. Burning, charring and pyrolysis also

differ from each other in terms of gaseous produce.



Table 1 Difference between Char, Charcoal and Biochar

Char

Charcoal

Biochar

It is obtained by partially burning
organic raw material in an open-air

supply.

It is similar to charcoal in
appearance but has less carbon
content, is less porous and has lesser
nutritional properties than charcoal.

Black solid porous material consists
of an amorphous form of carbon.
We can obtain this material as a
residue when wood, bone, or other
organic matter is burned without air.

It is produced using biomass by
burning in the limited supply of
oxygen at lower temperatures,
usually up to 300°C

Due to the low production
temperatures, charcoal is less
porous, less stable and holds less
water and nutrients

During the production, a major
portion of harmful gases are
produced, which are released into
the atmosphere causing
environmental pollution

Carbon-rich solid derived from
biomass (organic matter) produced
using  pyrolysis at  higher
temperatures above 400°C.

High production temperature leads
to high porosity and stable structure.

Biochar has a half-life of more than
500 years

During the production of biochar,
bio-oil and syngas are produced,
which can be further used as fuels

2.1.2  Feedstock

Biomass is a heterogeneous material. Its availability is so huge globally that, if exploited, these

raw materials can provide about 10%-20% of the world's fuel demand. The available biomass can reduce

the demand for fossil energy sources and thus help conserve energy. The amount and quality of the

biochar obtained rely on the structure and type of biomass used to prepare biochar to a large extent. The

cellulose, hemicellulose, lignin, and a considerable moisture content form the main components of the

plant material and inorganic species [107].

i)  Cellulose constitutes about 40% - 60% of the plant material (depending upon the biomass quality)

and is a common form of carbon in biomass. The glucose (six-carbon sugar) forms a complex sugar

polymer (polysaccharide) and is resistant to hydrolysis due to its crystalline structure. The

polysaccharide is obtained from the fermentable sugars in the chemical reaction.

ii) Hemicellulose, another carbon source, constitutes about 20% - 40% of the plant material. It is a

complex polysaccharide made from a variety of five and six-carbon sugars. It is easy to hydrolyze

into simple sugars but undergoes difficulty in fermentation.
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iii) Lignin accounts for about 10% to 24% of plant material, providing structural stability to the plant.
It is not composed of sugars but is a complex polymer and is left behind as a residue during the
sugar conversion process. When burnt, it can produce good heat energy.

The thermal decomposition of hemicellulose occurs in the temperature range of 200°C - 260°C,
for cellulose between 240°C - 350°C, for lignin usually at 280 - 500°C, whereas evaporation of moisture
takes place between 100°C - 120°C[1, 5, 34, 107—-110]. Biomass is usually cut into predetermined small
sizes and pre-treated as per the requirements of thermochemical conversion techniques [111]. Dense raw
materials like dense wood produce biochar of high porosity, surface area, pH, and aromatic composition
[24, 25] as compared to biochar derived from animal wastes, having low surface areas [26] and less
porosity [27]. Biochar produced from aquatic raw materials has high nutrient content and functional
groups but a low surface area and organic carbon content [28]. Lei and Zhang (2013) observed that the

hydraulic conductivity of wood-derived biochar was more than that of manure biochar [29].

Major biomass constituents

Biomass has a complex structure and consists mainly of cellulose, hemicellulose, lignin, and
moisture content. Percentages of these biopolymers vary in dissimilar biomass sources. The degree and
rate at which the components decompose depend on the temperature, oxygen provision, heating rate,
residence time, particle size, reactor type, etc., used for biochar preparation processes. Hemicellulose
decays at 200°C to 260°C, followed by the cellulose breakdown at 240°C to 350 °C and finally, at a
temperature between 280°C and 500°C, decompositions of lignin occur (Figure 7) during pyrolysis [34,
107, 109, 110, 112].

Cellulose, hemicellulose, and lignin are the principal sub-components of biomass, some
inorganic elements [107] and other nutrient-based constituents. The composition of these constituents in
specific biomass establishes the nature of the product formed. A brief characterization of these

constituents has been discussed in the following sections.
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Figure 7 Molecular structure of the biochar produced at different pyrolysis temperatures [107]

The decomposition at low heat and temperature causes cellulose polymerization (slow
pyrolysis). However, levoglucosan is formed by volatilization by fast pyrolysis. Initial cellulose
depolymerization causes the formation of oligosaccharides. Further cleavage of glucosidic bond produces
de-glucopyranose. More molecular rearrangement leads to the formation of levoglucosan. Levoglucosan
undergoes a series of intermolecular rearrangements and dehydration, forming hydroxyl- methyl furfural,
producing volatile bio-oil and syngas on further decomposition. Alternatively, levoglucosan undergoes
dehydration, producing levoglusenone. Biochar is produced due to polymerization, aromatization, and
intermolecular condensation reactions of levoglucosenone (Figure 8) [51, 107, 113—121]. The yield of
charcoal is good at high pressure in the case of feedstock with higher moisture content [62—66]. For
biochar production, initially, the moisture content evaporates from the feedstock as white smoke and is

then followed by pyrolysis.
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Figure 8 Cellulose pyrolysis: Biochar formation mechanism [107]

The hemicellulose pyrolysis mechanism begins with depolymerization, resulting in
oligosaccharides' formation (Figure 9). Cleavage of glycosidic linkage of xylan chain and rearrangement
of oligosaccharides’ depolymerized molecules produces 1,4-anhydro-D-xylopyranose. It undergoes
various pathways, decomposition, decarboxylation, aromatization, and intermolecular condensation to
form solid biochar or decomposing compounds with low molecular weights, bio-oil, and syngas [107,
118, 122-129].
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Lignin works as a bonding agent between the other two constituents, cellulose and
hemicellulose, provides mechanical support to the plant, helps in a water transport mechanism, and
prevents degradation by microorganisms. Its percentage varies between different plant species. The
feedstock with high lignin content can produce more charcoal yields [130]. Lignin composition is
complex compared to cellulose and hemicellulose and forms a complex mechanism of decomposition
(Figure 10). The free radical reaction of lignin pyrolysis is also a complex but important mechanism. The
breakage of - O-4 linkages are considered an initial move in the free radical chain reaction. The protons
of other species with weak C-H and O-H bonds (e.g., CsHs-OH) are captured by the radicals and result in
decomposed products, e.g., vanillin and 2-methoxy-4-methyl phenol. A chain propagation is obtained by
passing the reaction to other species for a further reaction, which terminates by forming stable compounds
due to collision among two radicals. The observation of free radicals is complicated in the pyrolysis

process. The exact lignin pyrolysis mechanism is challenging to clarify [107, 131-135].

The presence of high moisture content in the feedstock is suitable for preparing biochar. Higher
moisture content improves the charcoal yield at higher pressures [ 136—140]. Biochar preparation involves
two processes, drying and pyrolysis. In the initial stages of carbonization, water evaporation occurs in the
form of white smoke. Temperature control is vital for optimizing product yield as it influences pressure,
heating rate, and contact time parameters between solid and gaseous phases. The liquid yield is higher at
a temperature of 400°C —500 °C, beyond which the condensable vapour decomposes (secondary

reactions), resulting in lesser liquid fractions. Minimizing the degree of secondary reactions requires rapid
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heating and cooling, reducing liquid products, but the quality of biochar may not be satisfactory [141].
Pyrolysis conditions increase the contact between primary vapour and hot char, favouring char formation

with lower liquid yield [142, 143].
Production

Pyrolysis is the thermochemical degradation of organic raw materials under controlled
conditions. It is the main process for biochar production. In the process, temperature, pressure and oxygen
supply are the basic parameters provided under a controlled environment. Pyrolysis process starts with
the evaporation of moisture, followed by volatilization, depolymerization and degradation of feedstock.
Some secondary and tertiary reactions occur during the formation of the end products [144]. Many
pyrolysis processes are described per the limits of parameters like temperature, heating rate, time, and
feedstock adopted. Mainly the process of pyrolysis has been classified as conventional (slow, fast, flash),
gasification, hydrothermal [18, 19], solar [145—147], microwave, catalytic [145, 148, 149], and vacuum
[145, 150] methods. In pyrolysis, thermal cracking or the thermal degradation of long-chain polymer
molecules is done in a short time into smaller and less complex molecules in the absence of oxygen [24,
151] by breaking down the lignocellulose components thermally [21] at higher pressure and temperature
(300°C - 600°C) [152]. The resultant products are biochar, bio-oil and non-condensable gases like CO,
CO,, CHy4, and H» [3, 152—-154]. Higher the temperature, the less the biochar yield [22, 155]. An increase

in the heating rate causes rapid volatilization.

On the other hand, a stable matrix is formed at a low heating rate due to biomass decomposition
and lowering the release of volatile compounds [22, 23]. A structural shrinkage is caused due to loss of
volatiles and physical and chemical changes in the pyrolysis process in which the temperature plays an
important role. Heating rate and pressure govern the product structure and behaviour of the volatiles

produced during the process [1].

2.1.4.1 Conventional Pyrolysis

The different conventional biochar production methods include slow, fast, flash,
gasification, and hydrothermal carbonization. Slow, fast, and flash pyrolysis processes are
considered dry pyrolysis liberating 30%-35% of gases and vapour at a medium heating rate and high
residence time [43] and producing 20%-40% of char [43, 130]. The processes are described briefly

as under.
1. Fast pyrolysis

In this pyrolysis type, the heating of biomass and cooling of vapours obtained during
the process is done rapidly [43]. The temperature and the heating rate at which the feedstock
is burnt are high. In this process, the quantity of solid part (biochar) lies between 15% - 25%,
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ii.

iii.

liquid part (bio-o0il) 60% - 70% and gases about 10% - 20%, the quantity depending upon the
different factors like temperature, rate of heating, residence time and feedstock type [21,
156]. It has also been observed that high oxygen quantity is present in biochar produced at a
higher heating rate [139, 157].

Flash pyrolysis

This process is more advanced but produces more quantity of liquid products (bio-
oil) than solid (biochar) and has a conversion efficiency of 70% [144, 156, 158]. In the
process, a high temperature of 400°C - 1000°C and a rate of heating of a range of 900°C /min
to 1300°C /min for a residence time of about 2 seconds is applied. The feedstock particle size

is kept small to achieve a high heating and heat transfer rate [144, 159].
Slow pyrolysis

This type of pyrolysis is considered the primary biochar production process on a
large scale [152], even though the end products are relatively roughly produced in a similar
ratio. Biochar production is done at a relatively low temperature of 300°C - 500°C, with low
heating rates and longer vapour residence time; criterion to generate charcoal earlier [139,
160]. Out of various factors which determine the slow pyrolysis and the production of the
end products, the highest (peak) temperature, pressure, vapour residence, and moisture
quantity are the important parameters [130, 139]. The biochar production is more if the
temperature is less and vice-versa. The surface area and pore size distribution are dependent

on temperature [139].

If the temperature is maintained at around 300°C, the process is known as
torrefaction. However, if the temperature ranges between 300°C and 900°C, it is known as

carbonization [161].

Gasification

In this process, oxygen supply is allowed into the reactor, which causes partial combustion

of the feedstock [43]. The thermochemical degradation of the feedstock creates a huge quantity of

non-condensable gas at high temperatures (>800°C) [139, 160, 162]. A combustible gas (syngas) is

produced by partial burning due to the presence of air (oxygen) [139], mainly consisting of H, CO,

CO,, and CHs. The solid char (charcoal or biochar) is produced in very small quantities [139].

Hydrothermal carbonization

As the name indicates, this process usually uses water as a solvent. The raw material

(usually sludge) surrounded by a liquid, usually water, is made to rise in high-pressure reactors by

steam pressure. The temperature in the range of 180°C - 220°C, the pressure of 20 bars — 25 bars

17



2.1.44

2.14.5

and residence time of 1 to 72 hours are generally adopted [61]. The quantum of gases generated is
low. The quantity of biochar obtained is more, but the process uses low temperature, heating rate,
and longer residence time [21]. The long residence time increases the production cost due to the use
of more energy. However, if the temperature increases to around 400°C and a catalyst is used, the
quantity of gases and liquid hydrocarbons increases. The use of organic solvents instead of water is
becoming more popular nowadays [43, 163]. The type of pyrolysis is also classified as liquefication
and vaporization (supercritical water gasification), depending upon the process and parameters

adopted.

Microwave-Assisted Pyrolysis (MAP)

This pyrolysis type uses a microwave-assisted reactor for thermochemical conversion of
feedstock into end products; biochar, bio-oil, and syngas, even though the process is popularly used
for bio-oil production. Modern pyrolysis uses comparatively less cost, provides more targeted heat
radiation and uniform temperature, and a better quality output [ 145, 164—166]. The process is energy
efficient, less time-consuming, and the product is of high quality compared to conventional and
vacuum pyrolysis [145, 167-169]. Even though there are limitations in the process compared to
solar-type, which include the need for electric energy and few feedstocks need the use of some
absorbents to make them sensitive to microwaves of the reactor. But it overweighs the solar
pyrolysis because it can be used in any weather, while solar pyrolysis depends on sunlight. One of
its other advantages over other pyrolysis types is that due to its compact movable unit size, small
movable units can be carried to far-off locations where feedstock is readily available to eliminate
the cost of carrying raw materials to long distances. The agroforestry residues can be best treated at
the source locations to produce useful products and reduce harmful emissions like greenhouse gases.
Also, MAP can be best considered for producing biochar for engineering applications [170] where
huge quantities are required, like in landfill covers, green rooftops and erosion control [145, 164,

171].

Vacuum Pyrolysis

In vacuum pyrolysis, a properly designed reactor is used. A vacuum pump removes the air
from the reactor to create a vacuum (an inert atmosphere). Nitrogen or argon is pumped into a
conventional reactor to create an inert atmosphere. An inert atmosphere in the pressure range of 0.5
kPa to 50 kPa and 400°C - 600°C temperature is maintained in the reactor [145, 172—174]. Due to
low pressure, the requirement of energy and temperature is very low, making this process more
efficient [145, 175] in cost and the quality of biochar produced. As brought forward in the literature,
one of the drawbacks is that the polycyclic macromolecular compounds concentrate on bio-oils [117,
145], for which treatment is required. Also, the reactor needs a proper design to prevent the burning

of raw materials in the reactor [145].
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2.1.4.6 Solar Pyrolysis

The process of solar pyrolysis uses neither electricity nor fossil fuels; however, the capital
cost for reactor construction is high. Also, reactor fabrication is complicated. The solar pyrolysis
reactor works in the temperature range of 150°C - 2000°C [145, 147, 176] and has a rate of heating
from 5°C/s - 450°C/s [145, 177]. The biochar yield in this process ranges from 8% - 29%, bio-fuel
25% - 78% and syngas 1.4% - 63%, but actually governed by temperature [145]. However,
drawbacks include high capital cost, difficulty in continuous operation, and difficulty controlling

operating conditions like temperature, heating rate, and other parameters.
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2.15

Properties

Biochar is a novel material because of its inherent physicochemical properties. Particle size,
surface area and porosity are the characteristics that help determine the physical properties of biochar.
The chemical properties depend on its chemical stabilization, surface functional groups, CEC, pH,
aromaticity, elemental composition, etc. Biochar has been observed to enhance soil organic content
and aggregate stability, and as such, the soil properties are affected [100, 178—183]. Similarly, it has
also been noticed that the CEC of the soil is increased, and the leaching of nutrients is decreased [100,
184]. Biochar being alkaline reduces the acidity of the soil. The porosity of biochar modifies the
porosity of BAS, increasing the soil conductivity [100, 185]. Biochar has a large surface area causing
the aggregate stability of soil to increase by increasing the charge density of biochar [98, 186, 187].
Also, biochar’s high porosity increases soil porosity, increasing the WHC of soil in succession and
increasing the root growth of plants, resulting in increased vegetation [100, 188]. Due to its high
carbon content and the oxygen-carbon ratio [189] and microbial biomass, the biochar amendment

increases the carbon content in the soil [98, 190-192].

The physicochemical and biological properties of soil are modified when amended with the
biochar due to the novelty biochar characteristics [41, 63]. The hydraulic conductivity, WHC,
porosity, aggregate stability, and bulk density of soil are affected by the related properties of biochar
[64]. The porous structure and low bulk density of biochar reduce the bulk density of SBC [63, 65].
However, minute and no reduction was observed by some researchers in the bulk density of BAS
[65]. Literature shows an increase in the formation and stability of soil aggregates and a decrease in
soil strength due to the addition of biochar to soil [66—68]. It was observed by Chan et al. (2007) [44]
that tensile strength was reduced by 52% and 72% at 50 t/ha and 100 t/ha treatment of biochar to the
soil, respectively. Reddy et al. [70], while using biochar amendment of 5%, 10%, and 20% to the soil,
observed an increase in shear strength. Similarly, Zong et al. [193] used three different types of
biochars (obtained from three different feedstocks, woodchips, straw and wastewater sludge) and
observed that the cohesion reduced and internal friction improved. The available literature shows an
increase in the liquid limit, plastic limit, pH and moisture content and a decrease in the maximum dry

density of biochar-treated soil compared to ordinary soil [69—71].

2.1.5.1 Physical Properties of biochar

The biochar's physical properties help soil and environmental management in many
ways. The physical properties of different soils are dependent on the quantity and character of
their mineral and organic matter and their association with each other. The addition of biochar
to soil may cause noticeable effects on the physical character of BAS, affecting the texture,
depth, porosity, structure, and consistency by causing changes in the surface area, particle, and
pore size distribution, packing, and density. Biochar may affect plant growth as the function of
the penetration depth and accessibility of air and water in the root zone, determined mainly by
the physical construction of soil horizons. It also influences the physical attributes, directly

affecting soil’s response to aggregation, water, workability during the soil sample formation,

21



swelling—shrinking dynamics and permeability, cation retention capacity, and reciprocation to
temperature changes in the surrounding. Also, there are indirect effects such as the creation and
flourishing of microbial sites and the development of flourishing sites for chemical reactions.
Some of the major biochar characteristics which come under physical properties are specific
surface area and porosity, density, hydrophilicity and hydrophobicity, water holding capacity,
and mechanical strength. As discussed above, these properties are related to the production
conditions, temperature, heating rate, residence time and feedstock. It has been observed from
the literature that increasing the maximum reaction temperature and residence time significantly
causes an increase in porosity and specific surface area of biochar [194-196]. As maximum
temperature, microwave power and heating rate are interdependent, and they can be tuned to
get the maximum specific surface area. At higher temperatures and for longer residence time,
the volatiles is converted to condensable gases. These molecules leave their space to form voids,
increasing the surface area [197]. Generally, the biochar derived from biomass possesses a
larger specific surface area between 10 m*/g to 500 m?/g [194, 195]. Biochar with high porosity
and specific surface area can be used in soil amendments to increase crop production [197, 198]

or for adsorption of pollutants [199].
i Particle size

The particle size influences the properties of soil biochar composite and the
soil biochar interaction. The pyrolysis conditions can be adjusted to check the size of
biochar particles. As reported by many researchers that using small-sized raw material
in pyrolysis under conditions of high temperature and heating rate, the biochar
produced is of high surface area and fine-grained otherwise, vice-versa and high ash
content, pH [200-203] and sorption capacity. Sangani et al. [204] noticed that proper
attention had not been given to the need to modify the particle size of biochar post
pyrolysis. Liu et al. [205] reported that biochar used in the field has different sizes and
shapes compared to soil. The grains of biochar, when applied to soil, change the
interpore structure of soil biochar composite, including shape, size, volume, and
connectivity, which in turn affects not only the WHC and hydraulic conductivity but
also the other properties like mechanical strength etc. The engineered biochar is a step
further in use, and its particle size distribution may help the more efficient use of

biochar in various applications [204—206].
ii. Soil bulk density

The operation, handling, application, and usage activities of biochar are
related to biochar density. As such, it is an important property for consideration of the
future of biochar. The researchers have defined the density of biochar in many ways
like bulk density, envelop density, particle density, true density, etc. The density of the
whole structure, including the pores and voids between feedstock particles and the solid

mass, is called its bulk density. On the other hand, envelop density consists of particles,
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internal voids and surface irregularities of the feedstock. The density of feedstock
particles which considers pores within feedstock and solid biochar, is called particle

density. The density of the solid mass of biochar only is called true density [152, 155

The bulk density of biochar is less than soil because of its porosity. Sandy soil
has a bulk density of 1.5 g/cm® whereas clayey soil is 1.1 g/lecm> However, the density
of feedstock of biochar is less than that of biochar. As the degree of carbonization
increases due to increased pyrolysis temperature, the solid material shrinks [207]. The
density of the parent material is less than that of the product. The higher degree of
porosity and low biochar density makes the SBC less dense than the soil [29, 208, 209].
However, the density of the mixture depends upon the ratio in which the soil and
biochar are mixed. However, Pratiwi and Shinogi [210] observed no reduction in
density of mix at 2% biochar addition in a loam soil mixture of sand (42%), silt (36%),
and clay (19%), but 4% biochar addition to soil (bulk density = 1.13 g/cm?) noticed a
significant reduction. In their study, Laird et al. (2010) [99], using silt soil, observed
that the biochar addition at an amendment ratio of 25 g/kg reduced the bulk density of
silt soil to 1.33 g/cm? from 1.52 g/cm® of controlled soil. Gluba et al. [211] reported
that biochar amendment increases the bulk density of biochar-soil blends; therein, the

most significant increase was observed for <100 pm of biochar fractions, and

subsequently, bulk density decreases with increased biochar content in BAS.
Porosity

The compaction achieved in the case of SBC has been observed less as
compared to bare soil [212]. In other words, it can be said that the addition of biochar
increases the porosity of the soil. Because of the porosity of biochar, it can hold more
quantity of water and has high hydraulic conductivity [213-215]. In their study, Zhang
et al. [215], while working on loamy clay soil in field conditions, noticed an increase
of 23.8% water content in soils amended with biochar than bare soil, as such, showing
that the biochar can be very effective in areas under drought or water scare areas. Also,
the hydraulic conductivity increases with the addition of biochar to soil [216]. Many
researchers made similar observations and have shown the direct interdependence of
porosity and surface area on pyrolysis temperature and the direct connection between
the two; as the temperature in the pyrolysis increases, the porosity and surface area
increase accordingly [24, 217-219]. Sun and Lu [68] presented the implications of
biochar particles enhancing macroporosity and mesoporosity in clay soils and biochar-

soil agglomerates stability, including the rearrangement of soil pores distribution.
Hydrophobicity/Hydrophilicity

The definition for hydrophilicity, hydrophilicity, and WHC is the attraction,

repulsion and holding of water molecules, respectively [152]. As discussed earlier, the
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use of biochar as a soil amendment or as a soil stabilization agent these properties plays
a very important role. It is necessary to know that hydrophilicity and hydrophobicity
are related to and dependent on surface characteristics and surface functional groups
[213]. Water holding capacity is adsorption related to the porosity and specific surface
area. It has also been discussed earlier that the surface functional groups are high at
low pyrolysis temperature, and as such, as the temperature decreases, the surface
functional groups increase. Thus, biochar produced at lower pyrolysis temperature has
high surface functional groups, is hydrophilic, and biochar produced at high
temperature has low surface functional groups and is hydrophobic. The high
temperature converts the biochar into a hydrophobic character by breaking down the
functional groups into simpler compounds [155]. But the water holding capacity of
biochar is working in the opposite direction to the hydrophilicity/hydrophobicity. The
increase in pyrolysis temperature creates more porosity in biochar; as such, the WHC
of biochar increases [157]. Since hydrophobicity is the repulsive action, so
hydrophobic biochar lowers the attraction for water uptake by the plant, WHC, and
microbial interactions. It has also been observed that even though the hydrophilic
biochar is produced at low temperatures, hydrophilicity may be reduced by increasing
the pyrolysis residence time [25]. Besides, Patwa et al. [212], during a study on
saturated biochar-soil mixes, reported that hydrophilic and hydrophobic networks of
biochar induce the separation distance between soil particles, resulting in a decrease in

the electrostatic force of attraction and drops in cohesion forces.
Aggregate stability

The stability of the aggregates in soil affects the retention and movement of
air, water, and nutrients in the soil. The soil profile is composed of a heterogeneous
matrix of sand, silt, clay, and traces of other organic and inorganic materials. The soil
aggregates usually break down into macro-aggregates and then into microparticles of
sand, silt, and clay when in water due to pressure of entrapped air and other reasons
like low cohesion between soil particles. The literature shows that the stability of the
soil aggregates increased due to biochar addition [220, 221], even though some
researchers noticed stability of coarse soil more than fine after the addition of biochar
[6, 220]. The physical properties of soil like infiltration and erosion are affected by soil
aggregation [220, 222]; stable soil aggregates show good infiltration and less erosion
and vice-versa. But contradictory results showing no effect on soil aggregation were

also noticed by researchers [223].
Hydraulic properties

There are contradictions in the literature about the water retention capacity of

biochar; few researchers noticed that the hydraulic conductivity decreased when the
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soil was amended with biochar [224-228], and some observed no effect [6, 48, 99,
229].

2.1.5.2 Chemical Properties of Biochar

i.

Surface Functional Groups

During pyrolysis, the chemical bonds in the feedstock break at a temperature
0f 350°C —650°C and giving rise to new chemical bonds to form new functional groups
(e.g. carboxyl, lactone, chromene, lactol, phenol, anhydride, ether, pyrone, pyridone,
pyridine, and pyrrole) [230]. Figure 11 and Figure 12 show an example structure over
the outer surface of the sheets of graphene [53, 231] and pores [47, 53, 232]. The
oxygenated hydrocarbon functional groups dominate the surface of biochar in FTIR,
considering the carbohydrate structure of cellulose and hemicellulose [53, 233]. The
adsorption bands of feedstock are broken down in the pyrolysis process, and during the
process of biochar formation, new bands are formed. In their study, Ghani et al. [233]
conducted using sawdust biochar, pointed to a large band between 3000 and 3600 cm™,
peak maximum at 3339 cm™!, with a smaller band from 2700 to 3000 cm™ (maximum
at 2907 cm™) [53, 233]. The band centred at 3339 cm™ was attributed to the presence
of OH functional groups (alcoholic and phenolic) [234], while the band at~ 2907 cm™
was attributed to alkyl C—H stretching [53, 235]. The band at 1600 cm™" was attributed
to aromatic C—C and C—O stretching of conjugated ketones and quinones [53, 236].
The band at 1735 cm™ was attributed to the C=O stretching of ketones, aldehydes and
esters [53, 237]. The band centred at 1238 cm™! was attributed to C—-O—C groups and
aryl ethers, phenolic associated with lignin [53, 238]. The intense band occurring at
1130 cm™ was characteristic of C—O—C stretching of ester groups in cellulose and
hemicelluloses [53, 239]. These bands are typical for the FTIR of biochars [53, 54, 233,
235, 238, 240]. Observations have also been made that biochar produced at high
temperatures possesses a high aromatic structure and surface area, which sequester
increased carbon and help in environment remediation [57]. Nevertheless, it has also
been noticed that an increase in pyrolysis temperature breaks down the structural and
textural properties and decreases the surface area, as observed by [39, 41]. Ramola et
al. [39] noticed a maximum surface area at a temperature of 500°C, which they
observed decreased beyond 700°C. Ahmad et al. [58] and Ghanim et al. [59], in their
experimentation, took notice that the carbon content increased due to an increase in
pyrolytic temperature while the quantities of nitrogen, oxygen and hydrogen got
decreased, perhaps due to decarboxylation and dehydration. The condensation of
aromatic carbon structure at higher pyrolytic temperatures resulted in decreasing O/C
and H/C ratios [60]. The increase in carbonization and loss of polar functional groups
results in a decrease in the O/C ratio decrease. Removal of hydroxyl groups is caused
by dehydration, and decarboxylation causes carboxyl and carbonyl group removal [61,

62].
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Figure 11 Biochar surface acidic functional groups [53]

Figure 12 Biochar surface basic functional groups [53]

Figure 13 shows how the temperature affects the structure of biochar and
different functional groups. Biochar obtained at a temperature of 600°C — 700°C It has
been observed to possess high hydrophobic nature and organized C layers [53, 241].
Due to dehydration and deoxygenation of the feedstock, it has less content of H- and
O- containing functional groups [53, 241, 242]. The electrons are donated and accepted
by the surface functional groups and result in acidic or alkaline and hydrophilic or
hydrophobic properties due to coexisting areas [53, 243]. The ion exchange capacity
is less [50, 53]. However, biochar's aliphatic and cellulose-type structures produced at
comparatively low temperatures (300°C — 400°C) possess a diversified organic
character [4, 50, 53]. Probably it appears that the biochar produced at low temperature
possesses more compact C layers (like graphene), and the quantum of functional groups

is less [26, 53].
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Figure 13 Pyrolysis temperature effect on biochar: (a) amorphous carbon; (b) turbostratic carbon; (c) graphite

ii.

carbon [53]

Cation exchange capacity (CEC) represents the cations available on the
material's surface for the exchange. The nutrients, particularly in forms N, P, K, Cu,
Zn etc., are present in the fertilizers as cations replace negative ions on the biochar
surface. CEC is dependent on the pyrolysis temperature. Less the slow pyrolysis
temperature, more is the CEC. In such conditions, the biochar has more porosity, less
volatile content and negatively charged surface functional groups are not lost at lower
temperatures [244]. CEC, pH and hydrophilicity/hydrophobicity determines the
surface functionality of biochar; however, adsorption property is dependent on the
properties like surface area, porosity and surface functional groups of biochar. Biochar
has been observed as a good adsorbent of nitrates and phosphates[245], removal of

carcinogenic Congo-red dye [246] and CO, adsorption [199].
Elemental composition and functional groups

Elemental composition of biochar is the basis of aromatic biochar structure.
C, H, N, and O are the main constituents of biochar (Zhang et al., 2015b). Besides this,
main elements, Ca, Mg, Fe, S, Si, P, K, Zn, Cu, etc., are also present in biochar
depending on feedstocks [247]. Depending on pyrolysis temperature, H and O elements
decrease with increased temperature [248, 249]. Various functional groups, like —OH,
—COOH, —C=0, and —COOR present on biochar surface, mainly determine cation
exchange capacity, electro-kinetic potential, and alkaline biological carbon. In
addition, functional groups associated with biochar also determine hydrophobic or

hydrophilic surface and acidic or alkaline conditions. Zhang et al. [208] summarized
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1ii.

1v.

that pyrolyzing temperature governs the functional groups associated with biochar
surface. For example, at 250°C—350°C, functional groups are significantly reduced due
to decarboxylation and esterification, which reduces the carboxyl content and increases
the hydroxyl content [208, 250, 251]. At high temperatures (500°C-700°C),
aromaticity increases on biochar surfaces, and alcohol groups are converted to phenolic
hydroxyl groups, increasing the content of functional groups on biochar surfaces [252,

253].
Volatile matter

The biochar structure, release of volatiles, and formation and volatilization of
intermediate melts depend upon the pyrolysis temperature [254]. If the temperature
increases for the pyrolysis process, the quantity of volatiles produced is less in biochar
[255,256]. Zhao et al., in their study, when increased the pyrolysis temperature for the
production of apple tree biochar, the quantity of volatiles decreased from 60.8% to
14.9% [54]. The same may be because the high temperature causes the breakdown of
volatile fractions into low molecular liquids and gases [51]. Also, the hydroxyl groups
may dehydrate, and more and more thermal degradation may occur due to increased
temperature [56]. The hydroxyl, carbonyl, carboxyl and hemiacetal compounds have
been found in biochar produced at low temperatures, and pyranones, ethers and
quinines in biochars produced at high temperatures [257]. Antal and Grenli [130]
reported that oligosaccharides dominated biochar as the temperature elevated to 290°C
through the initial pyrolysis phase at temperatures up to 250°C. Phenols and furans
appeared in biochar. Above a temperature of 290°C, alkyl furans, benzenoid aromatics,
and condensed aromatics mainly formed a composition of biochar produced. The
stability of the biochar is affected by the volatile content present in it [258], its N
availability [259], plant growth [259, 260] and its sorption capacity [187]. The
micropores on the surface of biochar get filled by the volatile components, dominating
the surface of biochars. At higher production temperatures, the pores release the
volatile matter, making them accessible to ions [187]. The amount of volatile matter
can alter the growth of plants in two ways: toxic compounds such as phenol can cause
inhibitions in the root growth, whilst oligosaccharides, produced in the first two steps,

can act as labile carbon for microbial deterioration [261].
Carbon and ash content

As the temperature of production increases, the carbon and ash contents of
biochar also increase [262, 263]. If the biochar contains a high carbon content, it is
understood that probably some amount of original organic plant remains as cellulose
may still be present in the biochar [264]. Rafiq et al. reported that ash content increased
by 5.7-18.7% by increasing the temperature of the production process [265]. The

researchers attributed the progressive concentration of inorganic constituents and OM
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combustion residues as causes for increased ash content [54, 110, 266]. Zama et al.
attributed an increase in the concentrations of Mg, Ca, K, and P on biochar types
pyrolyzed at higher temperatures due to the increase in ash content (ranging from 4.0%
to 33.1%). Mineral matter forming ash remains in biochar following carbonization [21,
53, 267]. Due to high pyrolysis temperature, a higher polymerisation degree causes
increased carbon content (ranging from 62.2 to 92.4%) [267], making the carbon
structure more condensed in the biochar [1]. The same was observed in orange pomace
biochar, where the carbon content increased when pyrolysis temperature was increased
(ranging from 56.8% to 68.1%) [256]. Cantrell et al., however, noticed a decrease in
the carbon content of poultry litter biochar when the pyrolysis temperature was
increased (ranging from 27.0% to 35.5%) [268]. It has been noticed that biochar which
has a greater degree of formation of aromatic structures, provides more resistance to
degradation by microbes [218]. Higher amounts of PAHs and trace metals have been
found in high ash content biochars [269]. Preliminary works have recommended that
rigorous control of the feedstock and pyrolysis conditions caused a substantial decline
in the emission levels of atmospheric pollutants (e.g., PAHs, dioxins) and particulate

matter associated with the production of biochar [270].
pH

The pH (hydrogen potential) is the common scale for determining the acidity
or alkalinity of biochar. It is the concentration of hydrogen ions in a liquid. It has been
observed that the feedstock, which is generally acidic, changes to the alkaline character
by the pyrolysis process in which the acidity is reduced by the release of the acidic
functional groups such as carboxyl from their sites [244]. Generally, the pH of biochar
is between 5.9 to 12.3 [197]. The temperature in the pyrolysis process has been
observed as one of the basic parameters to determine the pH. As such, the addition of
biochar neutralizes the acidity and raises the basic nature of soil [271]. Studies
observed that at higher pyrolysis temperature, biochar produced has higher pH [51—
54]. Researchers have observed contradictory results also. Studies like those conducted
by Nguyen et al. and Zhang et al. [55, 56] noticed that biochar produced at 350°C to
600°C was acidic.

The acidity or the alkalinity (pH) of particular biochar is dependent on the
functions of the carbonate formation and the inorganic alkali content [272]. The alkali
character of biochar is due to the presence of these groups [273]. As stated above, the
high pyrolysis temperature causes an increase in the pH of biochar due to an increase
in the total base cations and carbonates (ranging from 6.5 to 10.8) [53, 273]. Also, the
ash content and the oxygen functional groups produced due to high pyrolysis
temperature increase the pH [51, 52, 54]. The alkaline character is further enhanced
due to dying out of acidic (-COOH) and the presence of basic functional groups [248].
But the primary factor responsible for the increase in the pH is the high pyrolysis
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temperature which separates the alkali salts and organic salts [272, 273], whereas the
decomposition of cellulose and hemicelluloses takes place around 200°C — 300°C,
yielding organic acids and phenolic substances that decreasing the product’s pH [274].
At around 600°C, pH becomes almost constant due to the release of the alkali salts

from the pyrolytic structure [275].
vi. Surface area and porosity

Increasing the temperature in the pyrolysis process leads to an increase in the
surface area of biochar and porosity, which may be due to the organic matter
decomposition and formation of micropores [53, 208, 276, 277]. Zhang et al. [208]
summarized that carbonization retains micro-porosity in biochars, thus, resulting in
increased surface area and porosity. It was observed that when the temperature reaches
greater than 650°C, biochar becomes hydrophobic and thermally stable [53, 233]. Rafiq
et al. [265] observed that increasing the temperature in the pyrolysis process drives off
the pore blocking substances or cracks them thermally, thus increasing the surface area
accessible externally. Similarly, Ahmad et al. [278] reported that soybean stover
biochar and pine needles biochar synthesized at 700°C have a surface area of 420.33
m?/g and 390.52 m?/g, which are significantly higher than those synthesized at 300°C,
surface area of 5.61 m%/g and 4.09 m?/g, respectively. In contrast, It was observed that
biochars were obtained from poultry litter (17.7 m?/g) [50], cottonseed hull (4.7 m%/g)
[237], and dairy manure (13.0 m?/g) [266] had low specific surface area and ash
contents [53]. Besides, biochar obtained at high temperatures has a high surface area,
high adsorption power and function as environment contaminant remediators and
carbon sequesters [279]. In contrast, excessive heating of feedstock during pyrolysis
may result in volatilization of organic compounds, with blockage of pore spaces and
reduction of the surface area [39, 41]. The temperature to acquire the optimum surface
area is also not discussed in literature except Chia et al. [280] and Ramola et al. [14],
who suggested the optimum temperature is about 800°C and 900°C, and 500°C,

respectively.

2.1.5.3 Biological properties of biochar

Various biological activities occur in and on the surface of the BAS. A safe habitat is
provided by the biochar’s porous structure that helps in its growth on and on its surface. The
protozoa, mites, nematodes, and other soil biota use these micro-organisms as food and
simultaneously help reduce greenhouse gas emissions. More the toxicity, less is the density of
the microbes making the toxicity analysis of biochar necessary. Toxicity is caused by heavy
metals, which are usually present in the parent feedstock of biochar, e.g., sewage sludge, textile
dyeing sludge, etc. Observations have been made that a nitrogen atmosphere during pyrolysis
causes more toxicity than a CO, atmosphere [281]. As such, to reduce the toxicity in the biochar,

the pyrolysis process has to be more refined [281, 282].
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Gravimetric water content, %

2.2 Influence of biochar on the Water Holding Capacity (WHC) of various soils

The soil-water characteristic curve (SWCC) is a graphical plot between soil water content and
water stress or suction in the soil's pores. It is a reflection of water in the soil and is dependent upon

many factors. Some important ones are particle size distribution, pore size distribution, soil structure,

and soil texture.
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Figure 14 Typical SWCC showing distinct zones of desaturation [283]

SWCC is defined as the relationship between the water content and soil suction. Water content
is defined as the amount of water in the soil pores. The suction may be the matric suction (capillary
pressure) or total suction (matric suction + osmotic suction). The forces including capillarity (surface
tension), evaporation, transpiration, and osmotic pressure difference (movement of water from high
concentration salt solution to low concentration) make water move in soil pores in the vadose zone (above
the water table). This force (pressure) can be above or below the atmospheric pressure but is termed
negative pore water pressure. The water table is taken as a reference, or zero. The pressure in these pores
is due to the gravitational head (relative position) and its potential head (location). Water below the water
table is in hydrostatic equilibrium, but above the water table, it flows from higher potential (higher
pressure) to lower potential. It is worthwhile to mention that if there were no other forces except gravity,
the soil in the vadose zone would have been dry. The gravitational forces cause infiltration, but the

physical and chemical changes cause capillary action, evaporation, and transpiration, making the soil
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layer suck water towards the top surface. This sucking force is called soil suction [177]; in other words,
the attraction of dry soil towards the water in the vadose zone is called soil suction. The measurement of
soil suction is the measurement of the attraction of soil towards the water. Mathematically suction is
pressure differences between air pressure (u,) in the field and vapour pressure in the vadose zone (uy).
The soil suction is measured either by piezometers or indirectly by measuring humidity and converting
the measurement to soil suction. Soil suction or negative pore water pressure is important to developing
strength and volume changes in the soil above the natural water table. It plays an important role in the
engineering behaviour of unsaturated soils. Soil suction presence is particularly important in studying
slopes [284]. If pore water pressure increases, stability brought about by suction-induced strength can be

compromised [284, 285]. Soil suction consists of two major components: matric and osmotic suction.

Matric suction is associated with the capillary effects, evaporation and transpiration [284]. It
has also been suggested that adsorption on solid surfaces may contribute to matric suction. Matric suction
varies with time, mainly due to environmental changes [286]. It is represented as u, - uy. Matric suction
(usually referred to as suction) is negative. Osmotic suction is closely related to the pore water's salt
content or ionic concentration. It is represented as I'1. Osmotic suction is due to the high salt concentration
solution movement toward the low salt concentration solution. Osmotic suction is present in both
saturated and unsaturated soils. As such total suction, y = (u, - uy) + . Any change in suction affects the

overall equilibrium of the soil mass.

The pressure above the water table is considered negative (although it may not be negative).
When there is infiltration (due to rainfall or runoft), the soil gets wet. The pressure difference is reduced,
and as such, matric suction is also gets reduced. As such, matric suction increases due to drying and
decreases due to wetting [287]. The increase in matric suction causes pore water to come out, and air
enters the pores. The value of matric suction at which air enters the largest pore is called air entry value.
A stage is reached when further dryness does not change the value of matric suction, and any further
water (vapour) does not come out of pores. The value of this water content is called residual water
content. The graphical representation and relation of this available water content or its increase and
decrease of soil suction is called the Soil Water Characteristic Curve. The water content is plotted along
(Y-axis) and soil suction (X-axis) in the graph. Soil Water Characteristic Curve (SWCC) describes the
amount of water retained in a soil (expressed as mass or volume water content) under equilibrium at a
given matric potential [288—290]. The slope of the line at any point gives the water content at that point.
It has been observed that the tensile strength of unsaturated soils is not constant but a function of soil
suction. It increases with the increase in matric suction. Capillary forces (matric suction and capillary

bonding) also contribute to tensile strength in cohesionless soils [291].

The flow of groundwater and slope stability of unsaturated soils can be investigated with SWCC
[287, 292]. A typical SWCC is plotted and shows SWCC can be categorized into saturated, transition
and residual zones. Pore water is not flowing out in the saturated zone until the matric suction exceeds
the AEV [293]. Air entry value (AEV) is defined in Fredlund and Rahardjo [294] as the matric suction
value exceeded before air recedes [295] into soil pores. In the transition zone, the air flows into the pore

as the matric suction increases [287], and thus, pore water flows out. The characteristic of the transition
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zone determines the slope of the SWCC. For the residual zone, while the matric suction increases, no

water is flowing out. The constant VWC, which is called residual water content, is maintained.

Gravimetric water content (GWC) is used to define water content in geotechnical engineering,
but for SWCC, volumetric water content (VWC) is usually adopted. Gravimetric water content (GWC)

is the mass of water per unit of dry soil.

e M

S
Equation 1

w = gravimetric water content; M,,= mass of water; M,= mass oF soil solids

Volumetric water content is the volume of water per unit volume of soil and is expressed in the

percentage of volume.

=~

~
+
o~

Equation 2

The transition points sub-divide the SWCC into the boundary effect zone, transition zone and

residual zone. These zones determine the drying and wetting of the SWCC.

Saffari et al. [296] investigated the effects of com residue biochar produced at different
temperatures on the SWCC, soil penetration resistance, plant available water (PAW) and the available
water content (AWC). It was observed that biochar produced at a temperature of 350°C at 2% biochar
amendment indicated more enhancement in the SOC than control. A biochar amendment of 4% presented
considerable changes in the WHC of the BAS irrespective of the temperature at which the biochar was
produced. The improvement in the WHC of the soil using biochar is mainly attributed to the alteration
of the pore size distribution of the BAS increase in the pore spaces and soil surface area [296-298]. Xing
et al. [299] investigated the effect on the water retention capacity of sandy loam soils with biochar
addition. Biochar was added to soil in percentages of 5%, 10% and 15% and then compacted. Biochar
addition into the sandy soils decreases water infiltration in the soil. This reduces the percolation of water
and decreases water loss from soil. It was observed that biochar addition decreased water infiltration,
enhancing the WHC of the BAS. Biochar addition caused a decrease in the formation of inter-particle
pore size, which caused an enhancement in the capillary action, thus increasing the WRC. The presence
of the hydrophilic groups contributes to improving the WHC of the BAS. However, biochar causes
different behaviour in different soils. If added to clayey textured soils, it may have adverse effects. It
may not allow water to enter the soil and reduce infiltration. Zhang et al. [219] investigated the effect
on the particle sizes of biochar produced on soils having varying textures. It was that at 2% biochar
amendment and increase in the PAW was observed for sand (2.8% to 6.1%), silt loam (20.3% to 27.9%)
and clay (22.5% to 26.5%). Lei and Zhang [29] investigated the effect for biochar addition on the

properties of soil, physical and hydraulic. Two types of biochar were used, dairy manure and wood chip.
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It was observed that treatment of soil with biochar increased both saturated hydraulic conductivity and
WHC of the BAS.
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2.3 Influence of biochar on erosion control

Around 44% — 93.7% of C content is present in the biomass, which can be ascertained by the
feedstock, conditions, and methods used for production [97, 98]. Biochar quantity and quality rely on
the type of pyrolysis process utilized [14, 34, 107, 141, 311] and the process conditions. The quality and
quantity of biochar can be constrained in different pyrolysis processes, and a considerable quantity can
be produced with cost-effectiveness. Some pyrolysis processes can be considered helpful for

engineering purposes like soil erosion control [145, 164, 171].
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Figure 15 Physicochemical properties of soil
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Factors affecting erosion
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Figure 16 Factors affecting erosion [312]

As mentioned above, there are contradictory results for the influence of biochar on soil erosion.
A detailed review is needed to analyze the mechanism of soil-biochar-water interaction in an erosion
process. In addition, there is a lack of clarity as to what production process of biochar is adopted in
studies related to erosion control. There is a need to explore a suitable production process of biochar
that involves quality control and can be scaled for usage as construction material. To date, pyrolysis
seems to be a popular production process for biofuels. However, biochar production using some
pyrolysis processes is not very common on large-scale commercial projects. Also, the analysis of these
pyrolysis processes and their economic aspects regarding capital and running costs for the large-scale
production of biochar using pyrolysis needs technology implementation and research. A review is

needed to analyze the feasibility of pyrolysis for biochar production for controlling soil erosion.

2.3.1  Physical Properties of Biochar and Erosion control

2.3.1.1 Particle size distribution

The researchers are of the opinion that the WHC of fine biochar particles is higher than
that of coarse particles [313]. In their experimentation, de Jesus Duarte et al. [314] noticed that
particles of biochar of size less than 0.15 pm held water much better than those of larger size.
Similarly, when clay-rich soils were amended with biochar, Lim and Spokas [315] noticed an
increase of 328% in saturated hydraulic conductivity. However, the influence of particle size
of biochar on soil erosion does not seem to have in investigated as far as the author is aware of
the literature. Taking full advantage of the available data in a few papers in the literature on the
subject, a table has been framed (Table 4) showing the influence of fines (clay, silt, sand and
biochar); however, a final trend has been framed of results could not be found. An attempt was
made to develop a relationship between the fines and the biochar, their influence, effect of

change in quantities and effect of raw materials, as shown in Table 4. The parameters selected
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23.1.3

were rainfall rate, soil type, grain size distribution, ratio (fine/sand), biochar type, and content.
An observation, however, came out from the table that by keeping the fine materials constant,
there was a reduction in total flow and corresponding soil loss. But the WHC of the fine
materials also reduces at a specific limit, resulting in the decrease of infiltration and increase in
run-off and corresponding loss of soil due to erosion. In Table 5, a few other parameters like
test duration, annual average rainfall, soil type, grain size distribution, ratio(fine/sand), biochar
type, and content were taken from the studies (in the literature) to find a relation of these
parameters with total run-off and the total loss of soil. It was observed from the results of these
selected studies tabulated in Table 5 that a 5% biochar amendment was an optimum biochar
amendment percentage for controlling soil loss (erosion), beyond which the soil loss again
increased. The loss of soil quantity was found to increase with an increase in runoff; less runoff
produced less loss of soil. It was observed that the particle size distribution was directly related
to hydraulic properties, nutrient mobility, and heat and air retention properties. Xu et al. [316]

observed that the loss of fine soil particles causes soil degradation.
Bulk Density

Biochar is a porous material obtained by pyrolysis of organic materials. Its porosity is
much more than that of soil materials, making it lighter than soil. Also, the feedstock from which
the biochar is obtained plays a role in determining the density of the product. When compared,
itis observed that the density of sandy soil is about 1.5g/cm’, that of clayey soil about 1.1g/cm?,
while that of biochar is generally less than 1.00 g/cm® depending upon the nature of the
feedstock. Therefore, when biochar is mixed with soil, whose density is higher than that of
biochar, the composite density is reduced accordingly. The change in the bulk density is directly
proportional to the ratio in which the two are mixed. If the quantity of biochar mixed is less, the
net change in the overall density of the composite shall be negligible, as was observed by Pratiwi
and Shinogi [210] that 2% biochar addition was observed to produce no effects on the bulk
density of composite. Some researchers observed a reduction in bulk density due to long-term
soil interaction and observed the soil aggregation improvement [190]. Since the researchers
have accepted that soil aggregation checks soil erosion, the biochar addition here also adds to

the erosion control by adding to soil aggregation.
Mechanical Properties

The basic two mechanical strength properties include tensile and shear strength and are
the functions of cohesion between the material particles under consideration. More cohesion
means more mechanical strength of the material, and less cohesive forces indicate less tensile
and shear strength. The soil is considered weak in both tension as well as shear strength. The
effect of biochar under such conditions is a topic of investigation. The researchers have put
forward contradictory results for these properties in any soil biochar composite. While several
researchers have given observations from their studies that these mechanical properties of a soil

biochar composite increase, at the same time, many have reported opposite results. In their
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study, Zong et al. [87] reported a reduction of 100%—184% in tensile strength when 6% biochar
was added to the soil. Another study done by Lu et al. [317] observed a reduction of 164% in
tensile strength. Similarly, Zong et al. [193], during their experimentation on wood biochar,

noticed a reduction of 42-100%.

The less cohesion between particles of soil or SBC results in an easy breakdown of
particles from the parent material by the weathering agencies like wind, water, snow or /and
rain; as such, and there is more erosion due to less cohesive forces. If these cohesive forces were
strong enough to withstand the effect of these forces, there would have been no erosion. But
since the ideal conditions of such strong forces are not possible, increasing the mechanical
strength in the soil can reduce the erosion effects. However, the departed particles are carried
away by these forces, resulting in soil erosion. On the other hand, it is observed that vegetative
growth increases with the decrease in these mechanical forces [48, 87, 262]. However, they are

very detrimental to soil engineering and erosion.

As shown in Table 6, a study conducted by Kumar et al. [318] to determine soil’s
erodibility coefficient and critical shear stress. The authors used four different biochar, three
from plants (sawdust, water hyacinth, peanut shell) and one from animals (poultry litter) in
pinhole tests with soil samples with and without biochar. The results put forth by the authors
show that the biochar amended soils could resist erosion more on the dry side than on the wet
side of the optimum. The cause for the same as given was the flocculated and the dispersed

orientation of the particles along the compaction curve, which is more vulnerable to erosion.
Cracking and Atterberg limits

The plastic limit, liquid limit and shrinkage limit are called Atterberg limits. These
limits give information about the critical water content at stages of transformation from solid to
semi-solid and from semi-solid to a liquid state. The Atterberg limits are, as such, the parameters
which provide information about the consistent behaviour of soil. The researchers believe that
biochar as a soil amendment modifies the consistency due to organic composition, especially
C-concentration [190]. The use of biochar in the soil increases the WRC of the soil, which in
turn increases the plastic, liquid, and shrinkage limit. The increase in these limits, in other
words, can be said to decrease the runoff (due to increased hydraulic conductivity); therefore,
the erosion of soil is reduced accordingly. In their study, Zong et al. [87] reported that the liquid
limit increased by 8%—22% and the plasticity index increased by 48%—99%. In a lab
experiment, Similar results were reported by Lu et al. [319] for plastic and liquid limits in an
experiment conducted in a laboratory. They noticed an increase of 15%—18% in these limit

values.

Pan et al. [320], while working on two types of biochar, wooden and manure-based,
reported wood biochar is more effective in controlling the expansion of soils. They noticed that

higher biochar amendment ratios (5%) were more effective. The authors attributed this
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phenomenon of biochar to the various properties of biochar like adsorption capacity, shape and
the CEC between the soil and biochar particles. The authors observed that these properties
control the movement of water in the soil. In this way, the soil's swelling, shrinking, and

cracking (as such weathering) is reduced, thus controlling erosion.

Using rice husk biochar in the percentages amendment, while developing a model,
Wani et al. [35] developed an ANN model on the available experimental data of biochar
additions of 0%, 2%, 4%, and 6% in soil. They reported that biochar content and plastic limit
are important parameters determining crack intensity factors. Higher the value of this factor is

the erosion of soil.
Aggregate stability

The physical behaviour of the soil, such as hydraulic conductivity and erosion, gets
affected by the soil's aggregate stability, especially in water. The combination of organic
(biochar) and inorganic (soil) particles under polyvalent cation bonding form micro aggregates.
These micro aggregates further add to each other and form macroaggregate [190]. Similar
observations were made by Hua et al. [321], who described the formation of the aggregates as
a result of physicochemical and biological processes. Many researchers have reported the
increase in aggregate stability by biochar addition. Ouyang et al. [6] and Burell et al. [322]
reported that the aggregation was more stable in sandy soil than in silty clay and clayey soils
[190]. Similar results were reported by Herath et al. [220] and Curaquo et al. [221], who
observed enhanced soil aggregate stability with 10% and 4.5% c-concentration, respectively,
when compared to bare soil. The literature shows that the coarse soils form more stable wet
aggregates with biochar than fine soils and, as such, provide better results of erosion control in
coarse-textured soils. However, the contradictory results were reported by a few researchers in
this case also. Dong et al. [223] reported that they could not find any increase in the stability of

wet aggregates when they added a C-concentration of 0.43 after biochar application.
Hydraulic Properties

The ease of movement of water in the soil, which includes WRC and infiltration,
defines the hydraulic conductivity of that soil. If water movement through the soil is not easy,
the hydraulic conductivity decreases, resulting in more run-off. More run-offs indicate more
erosion. Similarly, if the soil allows water to be retained in the soil and allows water to pass
through it with ease, the runoff is accordingly reduced, and soil erosion is less. While working
on the hydraulic conductivity of biochar amended soils, many researchers have reported an
increase in hydraulic conductivity compared to bare soil. [216] observed an increase in
unsaturated hydraulic conductivity of clay soil when biochar was added at the rate of 5% and
10%. However, a contradiction in observations was also reported in this field. Zhang et al. [323]
reported a reduction in saturated hydraulic conductivity of biochar amended soils in which he

used biochar particles of size 5 mm to 8 mm diameter. The literature shows that infiltration and
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hydraulic conductivity decrease with biochar amendment in coarse-grained soils. At the same
time, it increased in fine-grained (clayey) and compacted soils, but medium-textured soils

showed no effect.
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Table 6 shows a summary of a pinhole test/experiment on the soil with specific
particle size distribution was carried out [291]. The water content and the biochar amendment
were varied to obtain the critical shear stress and erodibility coefficient constants. The test
results reveal that the increase in the biochar amendment and water content causes a decrease
in the critical shear stress and the erodibility coefficient. It can be assumed that the biochar
amendment can reduce soil erosion. But very little such knowledge was available in the
literature as far as the authors are aware. The results could not be compared to present a more
descriptive result. A more comprehensive investigation is also needed in this field to fill the

knowledge gap.
The influence of chemical properties of biochar on erosion

Pyrolysis is the simplest process for biochar production, whether the biochar to be
produced is in small or in large quantities. The process removes the moisture content from the
feedstock (dehydration) up to a temperature of 200°C, beyond which and up to about 350°C, the
decomposition of cellulose occurs. The other constituents, hemicellulose and lignin, decompose at
200°C to 280°C and 280°C to 500°C, respectively. The three main end products, solid, liquid and
gases in biochar, bio-oils and syngas, respectively, are formed in the different ratios depending upon
the pyrolysis conditions; temperature, heating rate and residence time [141]. The organic material
helps make the aggregates of soil stable, but the main component of the organic matter is cellulose
[337-341]. Many researchers have stressed the relationship between soil aggregation, stability, and

erosion. It has been observed that erosion decreases in soils having suitable soil aggregates.

Water stable micro-aggregates have shown promising results of reduced run-off and soil
loss [342, 343]. Researchers have put forth many experimental pieces of evidence that the addition
of biochar to soil increases the stability of the aggregates of the soil [220, 343-345]. However, Six
et al. [346] observed that soil aggregation is related to and affected by factors like soil — biota, roots
growth, mineralogy and texture, soil availability, inorganic binding agents, and environmental
conditions. Some other parameters increase the growth of the microbial colonies like high pH,
soluble C, and high C/N ratio [339, 347], and indirectly help the soil aggregation [339, 348]. Similar
to it, interparticle cohesive forces increase with the addition of organic matter as it causes a
reduction in the slaking and dispersion of aggregates [349]. Another research by Bissonnais et al.
[350] noticed that a film is formed by the organic matter around the soil aggregates, which is
hydrophobic and reduces the wetting of the soil aggregates and prevents them from dispersion.
Ferro et al. [351] said that the internal pressure built by air in a soil aggregate is reduced by the soil
organic matter, due to which the soil aggregates dispersion is reduced. Exceptions have been
observed in the form of contradictions have been noticed [339, 343, 352]. Either very negligible or

no effect or even negative effect on the formation of soil aggregates by the addition of biochar.
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Figure 17 Decomposition of biomass constituents

The literature shows that one researcher, Zhang et al. [353] in his, experimented with four
types of feedstock [wheat straw, corn straw, rape straw, and rice straw] at different pyrolysis
temperatures [300°C, 400°C, 500°C, 600°C]. An observation was made that the C-content, stability
and structure of biochar prepared at the highest temperature were better than those produced at
lower temperatures; however, a decrease was observed in the H, N and O content with increasing
temperature. Chatterjee et al. [354], during his work on miscanthus, switchgrass, corn stover, and
sugarcane bagasse biochars, gave similar observations [of increase in C-content, ash content, and
pH and decrease in O, H, N at 500°C to 700°C. The increase in C-content, pH, surface area, pore-
volume and reduction in the values of yield, H, O, and CEC was also reported by Zhao et al. [54].
Sun et al. [355] produced eight types of biochar from different types of biomass like agriculture
waste, forest litter, and natural plants at a temperature of 300°C — 600°C. The authors observed that
C — content, pH, and basic functional groups increased with temperature and yield, adsorption
capacity, and acidic functional groups decreased. Even though there was no noticeable effect of
residence time at higher pyrolysis temperatures, the increased residence time decreased yield and
raised pH when the pyrolysis temperature was low. Feng et al.[356] in their experimentation put
forth opposite results of C-content as presented by other researchers. They noticed a high C- content
at low temperatures and low at high temperatures as 56.80% at 300°C and 48.40% at 500°C. He et
al. [357] obtained ten pinewood biochar samples and classified their particle size distribution in
groups of particle sizes as less than 5 pm, 25 pm — 75 pum, 150 um — 2000 um and 5000 pm. The
authors observed that the fine-sized particles possess high values of C-content, H/C and O/C and
low H, O and N content values. Opposite values were noticed for coarse size particles. Hale et al.
[358] could not find a specific relation between physicochemical properties and PAHs while

working on 50 types of biochar.

An increase was noticed in the surface area and porosity with increased pyrolysis
temperature [24, 217, 218]. As per available literature, the slow pyrolysis biochar has low ash content,
pH, CEC, basic functional groups, carbon stability, and total C, N, P, K, Ca, and Mg. The values of
these parameters are high in biochar prepared at high temperatures. The values of O/C, H/C, (O+N)/C,
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and (O+N+S)/C are also found to increase with increasing the temperature [248]. Hale et al. [359]
reported that biochar produced at high pyrolysis temperature is more stable and sorptive than one

produced at low pyrolysis temperature.

As far as the authors are aware, the available literature about the effectiveness of biochar as
a soil amendment in erosion control concerning the increase or decrease in aggregate stability has
many contradictions. Many researchers observe feedstock and production conditions and the
corresponding factors that directly or indirectly influence erosion like C — content, pH, functional
groups, nutrients, etc. Many support the increase in aggregate stability by biochar addition, but few

do not support this fact. Therefore, a knowledge gap is observed which needs to be investigated.
Contradiction in the literature on the influence of biochar on erosion

The study of literature on the effect of biochar addition on soil concerning erosion shows
contradictions in results; even though many researchers have furnished results that show that the
biochar addition reduces soil erosion, some have reported negligible or even negative effects. A
brief discussion about a few experiments and research is given below, showing the difference of

opinion in this regard:

2.3.3.1 Reduction in erosion using biochar

The researchers mostly seem in favour of the fact that the addition of biochar decreases
soil erosion. Abrol et al. [326] reported an increase in infiltration rate by 1.7 times and a
reduction of soil loss by 3.6 times in non-calcareous loamy sand with 2% biochar addition. With
the same biochar amendment in calcareous loam soil, the authors found less soil loss by 1.3
times. However, there was no effect on the run-off. In their experiment with biochar amendment
of 3 kg, 2 kg and 1 kg/square meter in soil plots of size 1.4 m * 1.4 m * 0.1 m under controlled
rainfall intensity of 28 mm/h, Ahmadi et al. [328] reported that runoff and soil loss for 2 kg/m?
application were observed to be lower as compared to 1 kg/m? and control. In a flume setup
experiment with different slope, length, rainfall degree of compaction and biochar amendment
ratios, Cai et al. [324] reported a reduction in erosion by 10% — 69% and an increase in WRC
by 20% - 59% by the application of biochar. Ghavanloughajar et al. [360] worked on biochar
amended roadside filters, stormwater infiltration, and removal of pollutants in such biofilters
and reported that compaction reduced the hydraulic conductivity in biochar amended sand and
that the wet biochar amended sand columns showed hydraulic conductivity more than dry
columns. The authors also observed a reduced hydraulic conductivity in biochar amended
columns than compost amended ones. Also, an observation was made that some biochar
particles get disintegrated due to compaction, which gets released/eroded by different erosive

forces. Still, their quantum is very insignificant concerning the quantity of biochar in the soil.

Bashagaluke et al. [336] used different comparison efforts to find out the effect of
biochar on soil loss, among other things. The experimental setup consisted of four plots, soil

and inorganic fertilizer, soil + biochar, soil + biochar + inorganic fertilizer and a control plot.

68



2332

They used four crops viz, maize, soybean, cowpea and maize + soybean. All of them were
compared with the control plot. It was noticed that the plot of land with soil + biochar + NPK
fertilizer showed minimum loss of soil probably due to more growth of crops, more moisture in
the soil, and very less run-off than the other plots, including control. Many other researchers
reported similar results. Gholami et al. [330], during their experimentation, reported biochar
application of 1.6t/ha as the optimum biochar application for erosion control. Sadeghi et al.
[329] applied biochar, biochar + PAM and PAM in Iranian soil, with plot sizes of (0.5m*0.5m)
using biochar and PAM at the rate of 0.8 kg/m? and 2 g/m?, respectively with designed slope
and rainfall conditions and similar control plots were made for comparison purpose. The authors
reported that the soil plots amended with biochar and biochar + PAM produced less erosion
than bare soil, and only PAM was amended. Peng et al. [98] reported a reduction of 21.34% in
wheat straw biochar amended soil compared to control after an incubation period of three years.
Still, the authors did not observe a significant change in the runoff. The reduced erosion was
considered an effect of more aggregate stability and organic carbon due to the addition of
biochar. The literature shows that the increase in run-off and the soil loss is due to the formation
of a thin film/seal by fine soil mass, which is denser than the underlying material and allows
very less infiltration due to very small and less pores. The film is strong than the underlying
medium, and due to less permeability, there is less infiltration which increases runoff and, as
such, soil loss [326]. The authors believed soil aggregate stability is increased by the biochar
electrolytes, which dissolve in the soil reducing the clay particles from dispersion, thereby
reducing soil scaling. Due to this process, the infiltration increases, and the runoff decreases,
causing reduced soil erosion. Four different biochar amendments (2.5%, 5%, 7.5%, and 10%)
were applied on acidic Hutton soil compared to bare soil by Nyambo et al. [100]. The incubation
was done for 140 days on all the experimental plots by simulated rainfall at pre-designed time
intervals. Authors reported an increase of 1.51 points in pH, an increase of SOM from 2.2% to
2.34%, and a decrease in soil loss from 27% to 70% compared to control. But the authors
believed that for more specific and accurate results, long-term research should be done, and

other options of alternatives should be explored.
Increase in erosion using biochar

Negative effects on soil erosion due to the application of biochar to soil have been
reported by many researchers. The results reported by Peng et al. [334] for biochar application
compared to inorganic fertilizers and inorganic fertilizers + biochar showed more water erosion

in biochar amended soils than other treatments.

In their experimentation, Zhang et al. [331] used three biochar ratios, 2%, 5%, and 8%,
with loess-derived Miami soil and a control one for comparison purposes. All the samples were
incubated for 140 days under simulated rainfall. The authors reported a decrease in the runoff,
but increased erosion in the soils amended with biochar compared to bare soils. The conclusion
put forth by the authors was that erosion could increase due to the addition of biochar in

croplands on sloping ground.
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2.4 Influence of biochar on cracking intensity of soils

Cracking has been termed with different meanings in various studies, such as pores, gaps,
voids, and fractures. Crack formation results from interaction caused between the internal and external
conditions of the soil. Cracks may be caused in the soils due to the tensile stress caused by suction
exceeding the tensile strength of the soil. The formation of cracks affects the soil's strength, bearing
capacity, permeability, and compressibility. Cracks increase the chances of damage caused by

weathering, and these problems have been reported since early times.

Cracks have been observed in different types of soils. Researchers have observed desiccation
cracks more in clayey soils than in sandy soils. Many factors influence the crack formation, such as the
environmental conditions, soil type and properties, water content, soil structure and boundary conditions
[361-363]. Shrinkage causes the setting up of tensile forces, and when the same exceeds the soil’s tensile
strength results in the crack formation in soils. Cracking increases the soil's hydraulic conductivity,

increasing the washing away of soil layers and the mobility of harmful contaminants [361, 364].

However, the changes in strength properties and deformation characteristics are a point of
further investigation. The soil is strong enough in compression and shear as compared to tension. The
factors that determine the tensile strength include arrangement and the particle size distribution of the
soil mass, porosity, and minerals. Cracks' development usually starts simultaneously, forming a network
at intersections and cross-sections [365, 366]. However, intersections and cross-sections of the vicinity
cracks prevent any perpendicular connect usually [365-368]. Out of the various techniques available
for judging and measuring desiccation cracks, the digital image correlation is the most useful in
determining the initiation, propagation, bifurcation and merging of cracks [365, 366, 369]. Many
researchers have used FEM to analyze the desiccation cracks [365, 370—372], even though not a single
method or technique has been recommended in the literature for the simulation of cracking and is still a

matter of investigation.

As per the literature, Griffith et al. [373] gave an elementary concept of the evolution of
cracking in the soil. The researchers opined that the cracks occur because the soil system does not

provide the energy demanded by a developing crack [365, 373].

The development of cracks causes serious degradation and disintegration of soil by reducing
mechanical strength, formation of infiltration channels [361, 374—376], and movement of pollutants into
the soil due to increased infiltration [361, 364]. The researchers have observed that adding biochar to
soil can effectively reduce the cracking mechanism by creating changes in the porosity and physical and
chemical properties of BAS [190, 361]. Biochar addition to soil has been observed to reduce cracking
by reducing the tensile strength on the soil surface, occupying the voids between the particles and the

repulsive forces between the soil particles.

In coarse-grained soils, the biochar amendment has been observed to reduce saturated hydraulic

conductivity and increase WHC and aggregate stability, the properties that reduce the evaporation of
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moisture from soil [361, 377-379]. Saturated hydraulic conductivity increased by adding biochar at 5%
and 20% by Reddy et al. [70] and Wang et al. [377]. However, Lim et al. [380] observed an increase in
saturated hydraulic conductivity by 1% and 2% biochar addition but no change with 5% biochar
addition. Zhang et al. [361] observed an effective reduction in soil cracking by biochar addition of 4%
and 6%. Liu et al. [381], with 5% and 10% biochar amendment in soil, observed a decrease in the surface

crack ratio by 11.59% and 34.32%, and crack by 14.83% and 34.51%, respectively.

2.5 Limitations

The literature review shows that the research done so far at various levels depicts many
limitations. It was observed from the literature that the production and application of biochar are mainly
limited to a laboratory level making it difficult to understand the biochar influence on the modified soil
hydraulic and strength properties on a large scale and, thus, asking for further research. Further,
contradictory results have been observed in the effect of biochar on soil water retention capacity and
erosion of various types of unsaturated soils. The effect of biochar (and its physicochemical properties)
produced from different types of feedstock on the water retention capacity of a particular soil with
varying grain size distributions is not brought out. The influence of various biochar types and drying-
wetting cycles of soils on cracking mechanisms needs further research. The use of biochar for soil

remediation and geotechnical infrastructure needs to be investigated.

Further studies are needed to analyze the effect of different feedstock types and pyrolysis
conditions (temperature, moisture, type of pyrolysis, atmosphere) on physicochemical properties of
biochar and, ultimately, on erosion potential of the soil-biochar mix. Such studies can be useful in
narrowing down the selection of suitable pyrolysis conditions and biochar types suitable for soil erosion
control under given climate conditions. It may also help develop commercial industries specifically for
producing biochar at a large scale for erosion and other construction purposes. Studies are needed to
consider the effects of biochar on soil erosion in the long term, considering vegetation growth and
seasonal variation. Further, quantification of loss of nutrients in soil erosion needs to be conducted.
Since biochar may negatively impact strength, its combination with other amendments (such as fibres

or vegetation) can be considered for soil erosion control.

The contradictions in the literature regarding the basic properties of biochar and the resultant
properties of the soil-biochar composite are a significant knowledge gap. The basic requirements of any
material from the geoengineering technology perspective are hydraulic conductivity, strength (shear,
tension and compression), density and cost-effectiveness. However, in the case of biochar and biochar

amended soils, all these requirements are not clearly brought out and demand a thorough understanding.
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2.6 Motivation

The hydraulic properties determine the hydraulic conductivity of the soil. The hydraulic
properties of soil (infiltration, water retention and available water content) are influenced by various soil
properties like soil texture and structure, bulk density, porosity, mineral composition and the interactions
of these properties. These properties help the water retention capacity, water flow rate, nutrient retention,

chemicals and pollutants, and determine the soil's quality and behaviour.

The hydraulic conductivity of any material is the property under which a material allows water
to pass through it. It includes water holding capacity, infiltration, sub-soil seepage flux and its subsidiary
properties, which determine the behaviour of the material (soil) towards erosion and cracking. The water
holding capacity plays a significant role in the determination of plantation and cohesive forces in soils
and helps in controlling erosion, cracking, landslides, and infiltration and adds to soil strength. The soil's
water retention is a very important parameter in soil engineering. Due to this reason, this property of

soil biochar composite was selected for investigation in this thesis.
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Chapter 3: Methodology

3.1 Background

In this section, a detailed discussion has been given about the methodology adopted for the research

in this thesis. The different AI models have been discussed in detail
3.1.1  Artificial Neural Network (ANN)

Artificial Neural Networks (ANN) are architectures built using programming languages and
software and are modelled after brain structure. ANN is derived from the biological neural networks
that develop human brain structure. Artificial neural networks also have neurons connected in various
network layers, as the human brain has neurons connected. These neurons are called nodes and are
organized in layers [33]. The neurons exhibit global behaviour and are determined by establishing
connections between the various processing elements and the related parameters within the neural
network architecture. Architectures are the different topologies in which ANN can be organized.

Elements and neurons can be connected in different ways for processing.

When a neural network is trained on the training set, it is initialized with weights. These
weights are then optimized during the training period, producing the optimum weights. The structure
of a neural network consists of an input layer, one or more hidden layers, and an output layer. The
hidden layers and the number of neurons used in each layer depend on the system's complexity. Figure

23 shows a typical ANN architecture with two hidden layers.

Feedforward approach

v

Input Output
Parameters Parameters

e

Input data — ~—  Qutput

Hidden layers

<
<

Backpropagation approach

Figure 18 ANN Architecture
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In an ANN, data is received through the input layer neurons and then transformed into the
neurons in the first hidden layer through the weighted connections established between the input
layer and the first hidden layer. Here, the data in each layer are mathematically processed, and then

the result is transformed to the next layer.

The input layer receives the input information in texts, numbers, audio files, image pixels,
etc., in the network format. After that, the hidden layer's data is passed into the hidden layers. There
can be a single hidden layer, as in the case of a perceptron or multiple hidden layers. Hidden layers
perform various mathematical computations on the input data to recognize the patterns that are part
of'it. In the output layer, results are obtained through rigorous computations performed in the hidden
layer. Multiple parameters and hyper parameters affect the model's performance in a neural
network. The output of these ANN models mostly depends on these parameters (weights, biases,
learning rate, batch size etc.). Every node in the network has some weights assigned to it. Each
connection that connects the neurons to the other layers is weighted. Weight in a neural network
represents the relative importance of each input parameter to a processing element. Weights are the
coefficients of the equation which you are trying to resolve. Negative weights reduce the value of

an output. A neuron first computes the weighted sum of the inputs:
n
Y= Z(weight X input) + bias
=1

Equation 3

The weights are essentially reflecting how important input is. A transfer function

calculates the weighted sum of the inputs and bias (Figure 19).

Input Output
Parameters Parameters

Input
data

Weights Summation Actlva.tmn Output
function

Figure 19 Weight and bias

After the sum has been calculated using the transfer function, the activation function
obtains the result. The activation functions fire the appropriate result from the node based on the

output received. Based on the value fired by the node, the final output is obtained. Then, by using
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the error functions, discrepancies between the predicted output and resulting output are calculated

and weights adjusted through a process known as backpropagation.

Multiple Regression Analysis

Regression analysis involves identifying a relationship between a dependent variable and

one or more independent variables. A model of the relationship is hypothesized, and estimates of

the parameter values are used to develop an estimated regression equation. Various tests are then used

to determine the model to check if it is satisfactory. If the model is considered satisfactory, then the

estimated regression equation can predict the value of the dependent variable given values for the

independent variables.

3.1.2.1

3.12.2

Regression model

For simple linear regression, the model is used to describe the relationship

existing between a single dependent variable ‘y’ and a single independent variable ‘x’ is

y=Ppo+ Pix+ ¢
Equation 4

Here, ‘Bo’and °P;’ are referred to as the model's parameters, and ‘g’ is
a probabilistic error term that accounts for the variability in ‘y’ that cannot be explained
by the linear relationship with ‘x’. If the error term is not present, the model would be
deterministic. In that case, knowledge of the value of ‘x” would be sufficient to determine

the value of ‘y .

In multiple regression analysis, the model for simple linear regression is extended
to  determine  the relationship  that exists between the  dependent
variable ‘y’ and n independent variables xi, x2, . . ., x,. The general form of the multiple

regression model is

Y= PBo+ Bixy+ Baxy + 4 Puxp + €
Equation 5

The parameters of the model are the “Bo, B, . . ., s, and ‘€’ is the error term.
Coefficient of determination (R?)

Coefficient of determination, R-squared or R?, is used to assess the model's ability
to predict an outcome in linear regression. R? indicates the proportion of variance in the

dependent variable (y) predicted by the variance in the independent variable (x).

A high R? value indicates a model that is a good fit for the data provided. For
example, an R? of 0.45 indicates that 45% of the variation in the outcome can be explained

by the prediction of the outcome using the covariates in the model. These percentages vary
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in different studies. In the case of social sciences, there might be a high proportion of
variation in the prediction. In the case of physical sciences, it may be closer to 100%. The
theoretical minimum for R? is 0, and the maximum is 1. However, as linear regression is
based on the best fit, the value of R? will be greater than 0, even if no relationships exist
between the dependent and the independent variables. If the R? value is close to 1, the
values of the independent parameters are close to the regression line, and if it is close to 0,

the values are away from the regression line.

The value of R? increases if new predictor variables are added and may or may
not be associated with the outcome or the results. The R? value is adjusted so that the same
information can be incorporated, but the predictor variables of the model are also
penalized. In multiple regression analysis, when new parameters are added, R? is increased.
An increase in the R? greater than expected, will also increase the adjusted R%. R? helps
find the explained and the total variation and determines the strength of the relationship

between the independent and dependent variables.
3.1.2.3 p-value and Significance testing

The p-value is the probability of obtaining the results at least as extreme as the
observed results of a statistical hypothesis test, assuming that the null hypothesis is correct.
The p-value acts as an alternative to reject the smallest significance level so that the null
hypothesis can be rejected. If the p-value is small, there is strong evidence that the null
hypothesis can be rejected. A p-value of 0.05 or less is considered statistically significant.
If the p-value is less than the significance level, which is usually less than 0.05, the null
hypothesis can be rejected, but it does not mean that there is a 95% probability that the
alternative hypothesis can be accepted. The p-value is conditional to the null hypothesis

being true.

In regression analysis, model building is the process in which a model is
developed that describes a relationship between dependent and independent variables in
the best possible way. The major issue in the process is finding a proper form of the relation
to be developed and selecting the independent variables that are best fit to be used for the
model. For the model building, it is best to use variables that are quantitative as well as
qualitative. Quantitative variables measure the quantity and number and represent the type
and category. Dummy variables are used to represent the qualitative variables in the

regression analysis.
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Chapter 4: Exploring the efficiency of biochar in enhancing water retention

in soils with varying grain size distributions using the ANN technique

4.1 Background

The discussion in the previous chapters was on the general background, introduction and
methodology adopted for the thesis. It was clarified that the WHC of soil increases with the addition of
biochar due to the increased porosity of the biochar. The porosity of biochar gives rise to more hydraulic
pathways, enhancing hydraulic conductivity like infiltration and WHC, increasing available plant water and
vegetation and reducing erosion problems [211, 297, 382]. The fine size of biochar adds more capillarity to
the soil, which creates more suction; as such, the soil is capable of increased water retention. The increase in
water retention also decreases the crack formation in the soil. Gluba et al. [211] observed that sandy soils
amended with biochar possessed more available water content than unamended soil. Literature shows that
available water content increased with the addition of biochar up to a certain ratio but decreased with higher
percentages of biochar content [211, 382, 383]. Many researchers observed a 5% and 10% increase in
unsaturated hydraulic conductivity in clay soils [209, 216, 220, 228, 384]. During their study, Zhang et al.
[323], while working on the coarse and fine particle size of biochar, noticed that coarse sized biochar particles
effectively increased the hydraulic conductivity of biochar amended soils. In contrast, fine-sized biochar

particles decreased hydraulic conductivity in biochar amended soils.

The hydraulic conductivity of soil (seepage, soil water supply) determines the infiltration rate [92,
386]. The infiltration rate results from soil suction and volumetric water content [92]. The infiltration in soil
depends upon the void ratio; the more the void ratio, the more will be the infiltration, i.e., the soil with a
greater void ratio will have greater water holding capacity, and any change in the void ratio of an unsaturated
soil changes its SWCC [291]. Mollindo et al. [387] observed that the fine-sized biochar particles change the
soil pore arrangement, increase surface area and void ratio, and increase the WHC of soil biochar composite.
Sufficient literature is available, which shows that the WHC of the biochar soil composite is increased
compared to bare soil [388]. The WHC of soil increased by 11% [303] and 32% in sandy loam soil [389]
when biochar was added to the soil. Gopal et al. [92], in their study on water hyacinth biochar of 0%, 5% and
10% amendment with soil, observed that the infiltration reduced and WHC increased with an increase in
biochar amendment. It was observed that infiltration decreased with a decrease in suction. Similarly, Garg et
al. [390] observed that biochar's addition increased the water retention capacity of unsaturated soils (loam

and sandy loam).

Due to its ability to absorb large amounts of water, biochar has a large surface area and increased
porosity. It has been observed to enhance the infiltration rate and reduce the runoff, which leads to an increase
in soil moisture. The feedstock used is considered an important factor that affects the porosity in the soils
amended with biochar. Applying biochar in the soil helps increase WRC and decrease gas permeability, which

varies with feedstock, temperature, duration of pyrolysis, and soil type. Some authors have also pointed out
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a negligible effect on the WRC. However, contradictions have been observed in the literature about the effect
of biochar on the WHC of the soil. Some studies have observed an increase [391, 392], some a decrease, and
some have observed no effect [280, 281]. WRC’s contradictions and parameters with its effect in the
engineering field need to be quantified by conducting experiments and studies. The increased porosity by
adding biochar to the soil will make the soil more porous. Water will infiltrate the soil, increasing the

permeability of gases and water, resulting in more desiccation cracks leading to a failure in slopes.

The soil type, initial void ratio, plasticity, and grain size distribution affect SWCC, and as such,
shear strength, tensile strength, and slope stability can be predicted by using SWCC [287]. Zeng et al. [395],
in their study, observed that the loading history, type and structure of the soil, its composition, permeability,
water content and void ratio are the factors on which SWCC depends and determine the soil properties,
strength, permeability, volume change, solute and thermal diffusion. In their study, Chen et al. [396] observed
that soil shear strength increases with the increase in matric suction. When there is infiltration, the soil gets
wet, and matric suction is reduced, the chances of slope failures increase. It was pointed out that stress,
deformation, and flow are the three general geotechnical engineering problems in unsaturated soils. It was
observed that soil water retention curves could predict hydraulic conductivity, shear strength, and volume

changes.

4.2 Introduction

It is necessary to understand the water retention mechanism of biochar amended soils (BASs) to
promote biochar as a soil amendment [397]. Sufficient literature shows that the biochar soil composite's water
retention capacity (WRC) is increased compared to bare soil [388, 393]. Mollinedo et al. [398] observed that
the fine-sized biochar particles change the soil pore arrangement and increase surface area, void ratio and
WRC of soil-biochar composite. On applying biochar to soil, the WRC of soil (medium-textured boreal
agriculture soil) increased by 11% [303] and 32% [399] in sandy loam soil. Gopal et al. [92] observed a
reduction in infiltration rate and WRC enhancement with an increase in biochar amendment. Similarly, Garg
et al. [390] observed that the addition of biochar increased the water retention capacity of unsaturated soils
(loam and sandy loam). The study also demonstrated that the addition of biochar modified the soil-water
characteristic curve.

Porosity, void ratio and soil structure get altered by biochar addition, specifically depending upon
the particle shape, size and internal structure of biochar [400]. The internal structure of biochar particles
determines their WRC and shape (elongated/oval/spherical), and size determines the complexity and density
of soil-biochar composite and capillary system [205]. Liu et al. [205] observed the effect of 2% biochar
amendment of three different particle size samples with sand. It was noticed that the saturation water content,
field capacity, permanent wilting point (PWP) and PAW in the soil-water characteristic curve (SWCC)
increased when compared with the other two samples: sand - fine sand and sand + coarse sand (replacing
biochar with fine sand and coarse sand). The authors concluded that more porous and irregular shaped biochar
particles are more effective in increasing water retention of sandy soils [205, 296, 400, 401]. Duarte et al.

[314] modified eight samples with agricultural residue biochar of size [2 mm, 2—0.15 mm and <0.15 mm with
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200 g soils (loamy and sandy) at 0.92 g of biochar (~ 25 Mg/hec). After allowing an incubation period of 1
year, it was noticed that a biochar particle size of <0.15 mm is most suitable for increasing water retention in
the soils (particularly loamy soil). It was observed that soil’s physical properties depended on the particle size
of biochar. Similarly, in another study conducted by Alghamdi et al. [313], fine biochar particles < 0.1 mm
increased the water content at field capacity and available water content more than that of particle size greater
than 0.1 mm, probably due to increased surface area, microporosity and biochar’s porous structure in light-
textured soils after an incubation period of 120 days.

Though many studies reported an increase in WRC, some reported the effect of biochar has been
either negligible or negative. Some authors observed both increase and decrease [6, 29, 402, 403], some
reported increase only [391], whereas some reported no effect [394]. Bordoloi et al. [301] observed an
increase in WRC of silty sandy soil, while Hardie et al. [393] observed no noticeable effect of biochar on
drainable porosity, field capacity, PWP, PAW content or soil moisture content of a sandy, loamy soil. Further,
the effect of biochar on WRC may vary with the type of feedstock from which biochar was produced [35,
404]. Biochars produced from plant feedstock types tend to have a higher porosity than animal feedstock
[404—406]. As far as authors are aware, there is a lack of systematic study investigating the extent of biochar
effect on WRC of soils with varying grain size distributions. It is difficult to interpret the extent or efficiency
of biochar on WRC of soils from literature due to high variability in testing conditions such as
instrumentation, climate, and type of biochar.

There are several numerical techniques to model material behaviour effectively in different
disciplines [91, 407—412]. One of such techniques, artificial neural network (ANN), has proven to be an
effective approach for analysing material behaviour from limited experimental results [24, 35, 91, 409, 413].
Many studies have reported using the ANN to study soil properties [414, 415]. ANNs are based on a learning
technique that imitates the biological learning process occurring in the brain and presents a robust way to
predict responses from a dataset [412, 416]. Using the Fredlund and Xing equation, Vasu et al. [417] used
ANN to estimate the soil-water characteristic curve (SWCC) for Korea’s weathered soil. Zainal and Fadhil
[418] determined SWCC by ANN using properties like air entry point and residual degree of saturation.
Similarly, Johari and Hooshmand [419] used gene expression programming to predict SWCC. Johari and
Javadi [420] used clay and silt contents, void ratio, gravitational water content, and suction and estimated
SWCC using the ANN technique. Hence, the ANN technique can be an important tool for developing models
and analysing soil behaviour.

This study aims to investigate the efficiency of biochar in affecting the WRC of soils with varying
grain size distributions. A database of SWCCs of soils with and without biochar amendment was
systematically established. ANN models were developed based on an established data set. Models were
developed as a function of parameters such as percentages of biochar amendment, clay, sand and a new factor

(the ratio of fine (silt + clay) and coarse (sand) content).

4.3 Materials and Methodology

4.3.1  Experimental
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The experimental procedure details and results obtained have been taken from [6, 90, 93,
421-423] studies. The soil and biochar type, soil biochar mix, pyrolysis conditions, parameters

adopted, and the experimental procedural setup are discussed below.

The experimental objective of Garg et al. [93] involved the investigation of water retention
and gas permeability in BAS. The soil used was a clay-sand mixture, and the biochar used was
obtained from Water hyacinth. The water hyacinth was dried, cut into 5 cm pieces and then subjected
to pyrolysis. The biochar was mixed in the amendment ratio of 0%, 5% and 10%. The suction, water
content, and gas permeability parameters were measured for test samples of bare, 5% and 10% BAS.
The experimental setup consisted of cylindrical columns with 20 cm diameter and 25 cm height. Each
column had two chambers, 5 cm high, used to measure gas discharge and pressure. SBC compacted
specimen was filled in the upper chamber to the desired degree of compaction. A mesh of size of
pores 75 pm covered with a linen cloth was provided in the base of the upper chamber. The rate flow
of gas and the pressure were measured by a flow meter and digital pressure sensor, which were

attached to the experimental setup. The Meter/Decagon group ((y by MPS-6) and (6 by EC-5) [424]

sensors were used. The suction from the near-field capacity of 10kPa to past wilting point of

3000 kPa) was measured using MPS-6.

Water

Biochar produced Pyrolizer in Shantou University

- ~

Dried water hyacinth feedstock

Figure 20 Conversion of water hyacinth feedstock to biochar [93]
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Figure 21 Experimental setup for measurement of gas permeability [93]

The objective of the study conducted by Bordoloi et al. [90] was to observe the WHC and
factor of cracking intensity of biochar amended soils. The experimental setup used biochar from water
hyacinth feedstock obtained from Assam, India; with cellulose content (45.58%) and hemicellulose
(21%) and medium plastic soil containing medium sand, fine sand, silt, and clay in the ratio of 37%,
21%, 37% and 5% respectively. The feedstock was dried, broken into pieces of 30 to 50 mm and then
subjected to pyrolysis in a stainless cylindrical steel box of 500 ml of dimensions 11cm (height) x 7
cm (diameter) at 300°C - 350°C temperature maintained for 45 minutes as the optimum condition
required [12]. The maximum size of biochar particles was maintained below 2 mm. The biochar was
mixed with soil in 0%, 2%, 5%, 10% and 15%, all samples compacted to the same compaction degree.
The experiment apparatus consisted of fifteen identical PVC columns 300 mm and 250 mm in
diameter and height, respectively, bottom fitted with a perforated plate to allow drainage. The soil
loss was prevented by providing filter paper. The fifteen prepared columns were subjected to 9 cycles
of drying and wetting conditions for seven days each by placing in a transparent enclosure fitted with
a 1000 ml-controlled sprinkler irrigation apparatus. The record images with lapse of time was done
with a digital camera The suction was measured with 2 sensors measuring as low of 10 kPa to high
of 100000 kPa [424]. Similarly for measurement of VWC, sensors were installed at a depth of 30 mm
in the soil, fixed to the columns at opposite ends diametrically, which were further connected to EM-

50 data logger systems [424].
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Figure 22 Setup for conducting tests on soil columns [90]

The other study selected was by Ni et al. [423]. Their study was carried out in two years
with one of the objectives to determine the hydraulic properties of biochar. The soil which was put
in use was from tropical and sub-tropical zones consisting of granite (completely decomposed) with
a clay content of 12%, gravel of 19%, the silt content of 27% and sand of 42%. Peanut shell biochar
was obtained by pyrolysis at 400°C temperature for 30 — 40 minutes and was crushed and sieved in a
425um sieve. The experimental setup consisted of 16 cylindrical columns of 400mm and 200 mm in
height and diameter, respectively, filled at 90° compaction, with 5 mm holes at the bottom for
drainage. Out of 16 columns, eight columns were for the determination of hydraulic conductivity, 6
for the determination of biochar effect on plant growth and the remaining were for bare soil. All the
columns had similar environmental conditions by placing them in a single plant room. Tensiometer
and two HDS were installed for measurement of suction of soil up to 90 kPa and 2500 kPa,
respectively, as installing tensiometer and HDS is being adopted commonly to measure a suction over
a wide range (0 - 1500 kPa) [425]. VWC of soil was measured by installing four moisture probes of
SM 300, Delta -T Device Ltd., calibrated in the laboratory.

Another study from which the test data was taken was by Ouyang et al. [6]. The objective
of this study was to determine the biochar addition effect on soil hydraulic properties and stability of
aggregate formation. The feedstock used to prepare biochar in the experimentation was dairy manure.
The same was first dried in air and, after sieving in a sieve of 2 mm, packed air-tight in crucibles. A
muffle furnace was used for pyrolysis in which the temperature was slowly raised and then
maintained at 500°C for one hour. The produced biochar was allowed to cool and sieved through a
250-um sieve and then refrigerated at 4°C. The characterization like elemental composition (C, H,
and N), structure and texture and pH were determined by instruments elemental analyzer (Vario EL,
Elementar, Germany). Scanning electron microscopy (SEM) at magnifications of 1000 and 5000
times pH probe with biochar: water ratio of 1:5. The biochar was burnt in a ceramic crucible at 900°C
for 6 min to calculate the weight of volatile matter. The soils used in this study were two; silty clay

soil and sandy loam soil, taken from South China. The soil was dried in air and sieved in a 250-um
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sieve. The composition of Silty clay was sand (6.6%), silt (41.8%), and clay (51.6%), and that of
sandy loam was sand (60%), silt (20%), and clay (20%). After the incubation of 90 days at a
temperature of 25°C, 4 test samples were made consisting of each of the two soils with 2% biochar
amendment and without biochar. The changes in hydraulic conductivity SWRC during the incubation
period were measured by filling the sample in glass cylinders of 3 cm height and 4.5 cm diameter
with a 300-mesh copper wire gauze placed at the bottom. The prepared samples were put wrapped in
1-L plastic bottles provided with small holes pricked on the plastic sheet to maintain atmospheric

pressure inside the bottle. Three replicates were set up for each treatment on every sampling date.

The study by Wong et al. [402] used biochar (of size less than 425-pum) obtained by
pyrolyzing peanut shells at 500°C (slow pyrolysis) at application rates of 0%, 5%, and 20 % with the
soil of kaolin clay. The samples were compacted to 80%, 90%, and 100 % in test molds consisting of
cylinders of a diameter of 70 mm and a height of 10 mm. The WRC was measured at high suction of
48.49-124.56 MPa). In total, using different amendment ratios, compaction and CWC 3, such

replicates were formed.

For preparing the dataset for the training of models, the volumetric water content of the soils
was normalized with their maximum water content (i.e., to establish normalized water content

(NWC). NWC is defined as per the following equation:

Volumetric Water Content

Normalized Water Content = ;
Maximum Water Content

Equation 6

This is done to minimize any fluctuations in the data caused due to variation in soil types,
soil density, instrumentation type, etc. Future studies need to establish full-scale SWCCs for various
soil types using the same instrumentation and testing conditions (i.e., soil density and soil type).

ANN procedure

An artificial neural network (ANN) is a learning algorithm that implicitly describes the
nonlinear and complex relationship between input data and output results [409, 426]. The
commercially available Statistica, version 12 software, was used in the present study. Seven input
parameters were used to develop the model, viz. soil suction, biochar content, sand content, silt
content, clay content, fine content (silt and clay), and the ratio of fine content to sand content. The
ANN architecture predicted normalised water content using two hidden layers corresponding to
these seven parameters. Figure 23 presents a flowchart that shows a methodology used for the
implementation, and Figure 24 illustrates the three-layer ANN architecture. In addition, sensitivity
analysis was conducted using the newly developed ANN model. The sensitivity analysis is usually
performed to identify the relative significance of any parameter, which is simply the importance
values of each input parameter divided by the largest importance value of the highest contributing
parameter. The relative significance of any parameter is expressed as a percentage and can be

visualized in the form of a bar chart. Relative significance values are obtained through the software
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corresponding to the selected architecture of the neural network, sorted in descending order of

importance. This bar chart results from comparing the weights assigned to each input parameter.

Figure 23 Flowchart for ANN modelling
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Figure 24 ANN architecture used for the prediction of normalized water content

4.3 Results and Discussions

43.1  Comparison between measured and predicted results
The number of soil samples used in the study was 23. Seven hundred ninety-four data points
were obtained from the literature corresponding to these samples. These data points were divided in
the ratio of 80:20 for training and testing, respectively. Figure 25 shows a comparison drawn between
the measured and the predicted outputs. The SWCC is plotted between normalized water content and
soil suction. The proposed model’s coefficient of determination (R?) and mean absolute percentage

deviation (MAPD) calculations were done using the formula given below:
100 (M; — P,)
MAPD = —Z;
n & M;

Equation 7

Where Mi = measured value, Pi is the predicted value, and n is the number of observations.

The R? value was found to be 0.7109. It is observed that measured and predicted NWC
follow a trend, indicating accuracy (in terms of R?) of the prediction of NWC. The error percentage

as calculated by MAPD was reported to be 13.76%.
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Figure 25 Variation between predicted normalized water content and measured normalized water content (R?)

To further visualize the predictive ability of the model, estimated SWCCs for three particular
soils at different biochar contents of 0%, 5% and 10% were compared with the measured ones in
Figure 26, respectively. It should be noted that only a few selected plots have been used for
comparison. This has been done based on the availability of complete data [90, 93] of grain size
distribution and reported SWCCs at different biochar contents (0%, 5% and 10%). The proportion of
sand, silt and clay reported in Bordoloi et al. [90] is 58%, 37% and 5%, respectively. As per Garg et
al. [93], the proportion of sand, silt and clay is 81.23%, 17% and 1.77%, respectively. Soils were
compacted at 0.9 times maximum dry density and the optimum moisture content (OMC) (16.5%) in
Bordoloi et al. [90], whereas in Garg et al. [93], soils were compacted at 0.8 times maximum dry
density and an OMC of 18%. In addition to predictions made at similar grain size distributions,
additional estimations were made using the developed model for clay contents. It is evident from the
figures that the results of water content obtained from measured and predicted SWCCs are

comparable.

It should be noted that there is a discrepancy between measured and predicted SWCC values

at a higher suction range. Since the ANN model is based on the measured SWRC data, it is reasonable
that the prediction may not be able to capture suctions at a higher range. This is because of the lack of

measured SWRC data at higher suctions in most studies. As far as authors are aware, only a few studies
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[90, 93, 421] have directly measured SWRC for a higher suction range. Additionally, the variation in

soil suction at a higher range could also be caused due to different instrumentation being adopted in

studies [427—429]. Wong et al. [402] adopted a humidity-based approach to establish suctions at a

higher range, whereas Bordoloi et al. [301] utilized an MPS-6 sensor for measuring suction at a higher

range. Further systematic studies are needed to measure SWRC for a higher suction range for soils

amended with different biochar types and at varying compaction states.
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Figure 26 Comparison of measured and predicted SWCCs corresponding to biochar content of (a) 0%, (b) 5%
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Influence of clay and silt content on SWCC of soils amended with biochar at different contents

and (c) 10%

To interpret the influence of clay and silt content, prediction of SWCCs was made by

systematically varying clay and silt contents. In one case, the silt content varied from 40% to 30%,

while the corresponding clay content varied from 0% to 10%. Sand content is fixed at 60%, while

fine to coarse content was kept at 0.667. Figure 27 (a,b) shows the biochar effectiveness on SWCCs
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of soil with different silt and clay contents. Analyses were conducted by keeping the ratio of fine to
coarse content (0.667), fine (silt and clay of 40%) and sand content (60%) constant. Clay was varied
from 0% to 10%. Correspondingly, silt varied from 40 to 30%. The influence of silt and clay content
on SWCCs was analysed for two different biochar percentages (i.e., 3% and 10%), as shown in

Figure 27, respectively.

As observed in Figure 27(a), NWC reduced from 0.9 to 0.65, with an increase in suction for
clay contents up to 6%. NWC of 0.65 represents normalized water content corresponding to the drier
part of the soil. However, for clay content of 6%, the minimum NWC reduced further up to 0.35. At
6% clay content, the change in normalized water content at the wetter side of SWCC is still
insignificant. This suggests that with a constant biochar content of 3%, biochar's efficiency (change)
to affect SWCC seems to reduce with an increase in clay content at 6%. The possible reason could
be that the amount of smaller size of pores is enhanced with an increase in clay content at this optimal
amount. Any further addition of finer biochar may not be significant since the existing smaller pores
of clay will instead engulf biochar particles. Such pore-filling mechanism effects have also been
discussed in the literature [314]. For clay content above 8%, a significant reduction in NWC is also
observed in the wetter side of SWCC. It suggests that for higher clay contents, any effect of biochar
may not be significant on the drier or wetter side of SWCC.
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Figure 27 The soil suction and NWC with varying silt and clay for biochar amendment of 3% and 10%

The trend of SWCCs for soils at a biochar content of 10% appears to be similar to that of
3%. However, some changes are observed in SWCCs when biochar content is increased to 10%. The
threshold clay content beyond which reduction in NWC takes place increased from 6% (biochar
content of 3%) to 8% (biochar content of 10%). It also suggests that the threshold clay content is
higher for soils with a larger amount of biochar. These results suggest that any addition of biochars
may not be useful for soils with clay content higher than 6%. This conclusion is dependent on the
data used for training of model and prediction. However, this result suggests an important precaution

for avoiding the excessive use of biochar in soils with higher fine content.

Similarly, the effect of biochar is likely to be lower in soils compacted at higher densities—
compaction results in a reduction in average pore size. Garg et al. [422] also conducted a series of
experiments to determine the influence of biochar on water retention in soils compacted at different
densities. It was found in their study that biochar was found to be more efficient in soil compacted at
65%, followed by 80% compaction as compared to 95%. The pore-filling mechanism of biochar
influences WRC and hence plant available water. The optimum biochar percentage addition makes a
biochar soil composite with a higher hydraulic conductivity due to a large and continuous porous

system [430]. Biochar addition of 5% showed more plant available water than 2.5% [378]. The review
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conducted by Edeh et al. [431] observed that the biochar amendment > 30 t/ha and < 30 t/ha was

feasible for coarse- and fine-grained soils, respectively.

It is interesting to note from Figure 27 (a) that there is a tendency of bimodal behaviour for
SWCC corresponding to clay content of 6% and biochar content of 5.4%. This might be possible due
to the dual porous structure depicted by the simultaneous presence of a significant amount of clay
and biochar content. Also, as understood from the literature, some biochars [432, 433] may depict
dual porous structure itself, whose effect on water retention behaviour of soils needs to be
investigated. Further studies are needed to explore the potential of different types of biochars, namely

plant-based and animal-based, to understand their effect on the water retention behaviour of soils.
Influence of biochar types on soil with higher sand content

Figure 28 shows the influence of biochar content on SWCC:s of soil with higher sand content
(90%). It can be observed that with an increase in biochar content, there is a slight increase in NWC
of soil at the wetter side of SWCC. On the other hand, the change in NWC on the drier side of SWCC
is insignificant with an increase in biochar content (except for 10%). The observation is different
from that of soils with a relatively higher ratio of fine to coarse content (refer to Figure 26). It was
found in Figure 26 that the influence of biochar is relatively more on the drier side of SWCC than
on the wetter side. There was a threshold clay content beyond which the effect of biochar was
significant on the wet and dry sides of SWCC. It was found in Figure 28 that the presence of
excessive biochar (10%) can cause a reduction in NWC. This implies a relatively high requirement
of biochar content requirement for soil with very high sand content (at least 10%) to cause a
significant change in NWC. Previous studies revealed the effects of biochar on hydraulic
characteristics [402]. Biochar amendment increases the water retention capacity, which is also
influenced by biochar feedstock, pyrolysis temperature, pyrolysis duration and soil types [29]. Arthur
et al. [434] observed increased WRC due to biochar at a high suction range in non-compacted sandy

loam soil.

90



0.9 TRy

0.7 1 Y

0.6

0.4 1 \

Normalized Water Content
=
h
7
F 4

0.3 4 “

0.1 1

Soil Suction (kPa)

10 100 1000

= =« Biochar content (%) = 2; Sand (%) =
90; Silt (%) = 5; Ratio (Fine/Sand) =
0.111; Clay (%) =5

= =« Bijochar content (%) = 3; Sand (%) =
90; Silt (%) = 5; Ratio (Fine/Sand) =
0.111; Clay (%) =5

*Biochar content (%) = 5; Sand (%) =
90; Silt (%) = 5; Ratio (Fine/Sand) =
0.111; Clay (%) =5

Biochar content (%) = 8; Sand (%) =
90; Silt (%) = 5; Ratio (Fine/Sand) =
0.111; Clay (%) =5

= = = Biochar content(%) = 10; Sand (%) =
90; Silt (%) = 5; Ratio (Fine/Sand) =
0.111; Clay (%) =5

= = = Biochar content (%) = 0; Sand (%) =
90; Silt (%) = 5; Ratio (Fine/Sand) =
0.111; Clay (%) =5

10000

Figure 28 Variation of NWC and soil suction at different biochar contents for soil with higher sand content

It should also be noted from Figure 27 and Figure 28 that the influence of the void ratio on

SWRCs is not explicitly considered. The developed ANN model is based on data from heterogeneous

sources, including studies from agriculture, hydrology and geotechnical engineering, where soil

densities have contrasting differences. Further, very few studies have reported void ratio or soil

density (in terms of DoC) in their studies. Studies from a geotechnical engineering perspective [90,
402, 422, 423] reported a DoC of 70%—95%, while agricultural studies reported a soil density of 1.3
g/cm3 [6]. It is well known that the initial void ratio affects the SWCC behaviour [435, 436]. Zhai et

al. [435] established a framework based on a pore-size distribution framework for estimating SWCCs.

A considerable change in water retention behaviour is observed, especially in the lower range of

suctions before the residual zone. Before considering it for model development, further studies are

needed to quantify the effect of different initial void ratios on SWCCs of biochar amended soils.
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Figure 29 Relative significance of parameters affecting SWCC

It can be found from Figure 29 that the ratio of fine to sand content is the most influential
parameter affecting NWC. The fine to sand content ratio indirectly influences the microstructural
arrangement and, hence, water retention capacity. This is followed by sand content, silt content and
soil suction. Interestingly, biochar content seems to be the least important parameter of all. The results
suggest that the ratio of fine to sand content is an important parameter while determining the
efficiency of biochar. It should be noted that the conclusions are based on a limited set of data, and

any influence of soil compaction and feedstock type of biochar is not considered.

4.4 Observation

This study aims to analyse the efficiency of biochar on SWCC of soil with varying grain size
distributions. A new factor (ratio of fine to sand content) was defined to understand biochar's influence on
SWCC. The ANN-based model was found to predict SWCC reasonably well. Based on predictions, it was
found that there is a threshold clay content (6%—8%) beyond which any effect of biochar becomes less
significant. However, for soils with higher sand content, there is a slight increase in NWC on the wetter side

of SWCC with the presence of biochar. A relatively higher amount of biochar (i.e., 10%) is required to cause
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changes in the drier side of SWCC for sandy soils. Based on sensitivity analyses, the ratio of fine to sand
content was also the most important factor causing changes in NWC. The ratio indirectly influences the

microstructural arrangement and soil water retention capacity.

In contrast, biochar content was found to be comparatively least influential. It should be noted that
the above conclusions are based on the given set of measured data that was available in the literature. Further,
there is also a lack of reliable data on SWCC at the higher range of soil suction and various types of biochar
produced from different feedstock types. More systematic studies need to be conducted to establish full-scale
SWCC for soils amended with various types of biochar (i.e., animal-based and plant-based). In addition,
probabilistic approaches and Bayesian optimization techniques [437—439] can be adopted for considering

uncertainties in measured SWCCs.
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Chapter 5: Application of Artificial Intelligence for Predicting Erosion of

Biochar Amended Soils

5.1 Background

In the previous chapter, the water holding capacity of the BAS was discussed. In this chapter, the
next important property coming under the scope of hydraulic properties and an objective in this thesis is the

influence of biochar in controlling erosion.

Biochar’s physical and chemical properties include its physical and chemical characteristics. The
physical properties include particle size, surface area, and porosity. The chemical ones include chemical
stabilization and their related effects on the soil, increase in soil organic content, and aggregate stability, as
brought out by various studies [100, 179—183, 440]. The increase in CEC and reduction in nutrient leaching
are also caused due to addition of biochar in the soils [100, 184]. As discussed in previous chapters, the
alkaline nature of biochar decreases the acidity of soils. The porosity of biochar adds porosity to soil and
makes the composite more hydraulic conductive [100, 185]. It is also observed that the biochar addition to

soil increases the charge density and hence the aggregate stability of the soil [98, 186, 187].

Researchers have investigated biochar effectiveness in modifying the hydraulic conductivity, WRC
[96, 220, 441—443], chemical properties (pH, CEC, etc.), and nutrients [4, 333, 335, 442, 444, 445]. These
properties of biochar help make BAS erosion-resistant [333, 442] with a life period of thousands of years
[359, 442, 446]. Materials have been recognized that, when used with biochar, increase the effectiveness of
biochar in controlling soil erosion. One of such solutions was using polyacrylamide (PAM). Observations
were made the PAM in combination with biochar was added to the soil to neutralize the damaging effects of
biochar that cause an increase in soil erosion. When added to soil, PAM increased aggregation and improved
the erosion resistance of the soil. However, some studies [183, 447—449] had observed different results on
the erosion for two soils, loess and marl, when biochar and PAM were added together. In their study, Tang
et al. [450] used PAM with biochar, and it was observed that the adverse biochar effects were obviated and
retained the positive effect of soil conservation. Lee et al. [325] used a biochar and PAM mixture and observed
that it was a better selection among the three for decreasing soil loss. Researchers have also pointed out that
the fine particles of biochar can be flushed away under heavy rain (because of less specific gravity) and cause
more erosion [98, 334, 451]. Cai et al. [324] noticed that at a biochar amendment of 5%, soil erosion was
found to be minimum. The proportion of soil aggregates size and its redistribution by biochar addition is
essential for the maintenance of porosity so that there is a decrease in the erosion of BAS [333]. It has also
been observed that under the climate of humid subtropics, prolonged use of soils leads to their degradation in
nutrient capacity, pH, and aggregation, causing weathering and soil dryness. These soils then become inclined
to wind erosion [333, 338, 452—455]. When amended with biochar percentages of 2.3% and 5%, soil

significantly showed erosion control by 50% and 64%, respectively, due to improved macroaggregate
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formation [333, 455]. Biochar addition to the soil in a dry state causes a reduction in erosion, but in the wet

state, the erosion increases [318].

5.2 Introduction

Soil erosion is the natural process of detachment, transportation, and soil deposition by water, wind,
or gravitational forces [456]. Crop cultivation over a long time also decreases soil’s organic content and
causes acidification, making the soil prone to more erosion [333]. This leads to soil degradation and a decrease
in the productivity of the land. Soil erosion also causes siltation of natural and artificial water bodies and
flooding of lower plains. It may also lead to pollution of water/land downstream. Researchers believe that the
loss of organic matter in the soil due to erosion might be a probable reason for global warming [457]. Effective
measures such as maintaining the soil’s organic and moisture content, improving aggregate stability, and
optimizing soil’s hydraulic conductivity need to be administered [17, 333, 458, 459] to limit soil erosion.
Holz et al. [456] listed moisture content, porosity, surface roughness, texture, and soil aggregation as key soil
properties that determine the possible extent of soil erosion. Soil erosion is influenced by various factors,
amongst which slope condition, soil properties, and rainfall intensity are considered the most influential [324].
Rainfall (amount, duration, sequence, and intensity) is the most important factor determining the soil erosion
quantity [456, 460, 461]. Long and steeper slopes are favourable for erosion [456, 461, 462]. It has been
observed that compaction collapses micropores, decreases subsurface seepage flux, and increases runoff,
thereby providing favourable conditions for increased erosion [456, 463, 464]. The effect of erosion has been
experienced by 90% of the world’s agricultural land. Given the above factors which influence erosion, it is
observed that the topographical and climatic factors are beyond human control; however, the inherent soil

properties and vegetation can be modified.

Soil conservation is important because the soil formation rate is generally far slower than its erosion
rate [183, 465]. The topmost fertile soil layer is lost due to erosion [469, 470], making it less productive and
creating siltation problems in water bodies and catchment areas. Vegetation cover and litter (grass, trees,
herbs, shrubs, and residue) help reduce soil erosion [456, 460, 468—473]. Therefore, government bodies
should encourage farmers to adopt soil conservation methods such as the growth of hedges, reduced tillage,
and straw mulch [457, 474]. It is observed that the use of residues obtained from agriculture and forests as a
soil amendment reduces soil erosion and nutrient loss [332, 457, 475]. Researchers use different measures
and soil amendments to reduce soil erosion [13]. From the literature, it has also been observed that the use of
biochar as a soil amendment is a novel and promising approach. It enhances soil quality for better water
holding capacity (WHC), higher agricultural productivity, improves geoengineering works, and reduces

environmental pollution and erosion [3, 24, 35, 60, 91, 96, 186, 312, 457,476, 477].

United States Environmental Protection Agency (USEPA) guidelines advocate vegetation growth
on the soil’s surface to reduce erosion [318]. The vegetation growth depends on soil properties and, as such,
can be increased by simply modifying them. The nutrient value of biochar and its function as a carbon sink

increases vegetation growth, macroaggregate stability [324, 325, 333, 442], modifies soil properties, like

95



subsurface seepage flux, WHC, surface functionality and compaction [6, 90-92, 318, 333, 391], and directly
or indirectly helps control erosion [31, 318, 333]. Pinhole tests demonstrated increased water content in
biochar amended soils (BAS) decreases erosion rate [318]. Abrol et al. [326] hypothesised that the biochar
amendment of sealing-prone soils causes electrolytes present in biochar to dissolve in soil solution and reduce
erosion by increasing subsurface seepage flux. While using 2% biochar amendment in non-calcareous loamy
sand, the subsurface seepage flux was high, and soil loss was less [326]. Various studies have reported the
use of vermicompost in Northern Vietnam to increase vegetation in soils degraded by erosion. The influence
of biochar on WHC, porosity and hydraulic conductivity of soil reduces erosion due to increased subsurface

seepage flux and less runoff [31].

Computational techniques such as dimensional analysis [408], k-nearest neighbour (KNN) [412],
multiple regression analysis [35], and Artificial Neural Network (ANN) are seen as multidimensional, less
tedious, flexible, and advanced numerical approaches used by researchers for solving various types of
engineering problems [189, 409, 411-413, 426]. Researchers have used ANN for explaining and predicting
complex material behaviours in various studies. For example, Bordoloi et al. [300] adopted ANN modelling
to study the distribution of the Crack Intensity Factor (CIF). Arif et al. [478] adopted ANN to develop an
erosion model based on erosivity, erodibility, length, and slope. More recently, Wani et al. [24] used machine
learning for model development to predict biochar properties like O/C and H/C from the pyrolysis conditions,

volatile matter content, and pH value for different types of biochar.

This study aims to develop an ANN model for predicting erosion as a function of biochar content,
degree of Compaction (DoC), slope gradient, slope length, and rainfall intensity. Further, the study also
attempts to analyze the optimum percentage of biochar amendment for erosion control. Data for the
development of the model was obtained from Cai et al. [324]. The study conducted by Cai et al. [324]
investigated erosion control by using biochar at 5% and 10% amendment ratios on a small scale and in
controlled laboratory conditions. However, some shortcomings have been noticed, including specific biochar
and soil, slope, and rainfall conditions that limit the use of results for further research. The methodology for
the experimental setup includes the use of simple bare soil. The vegetation in the soil has not been considered.
The use of ANN has addressed the above shortcomings. The model developed is flexible and can predict
erosion control with biochar amendment of any ratio, slope conditions, and rainfall intensity. The developed
model can be useful in the preliminary design and analysis of green cover amended with biochar. Such a
model can also provide the efficiency of biochar amendment and the required optimal content under various

slope and soil conditions.

5.3 Materials and Methodology

5.3.1  Experimental Program for Measurement of Erosion in the Soil-Biochar Mix Using Flume Setup

Experimental data were obtained from a study where erosion tests using flume were
conducted. In the study by Cai et al. [324], an in-house flume setup was developed containing a

1.50-m-high rainfall simulator designed to simulate 60 mm/hour and 90 mm/hour rainfall. The
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actual rainfall intensity was measured using a pluviograph. In addition, a tank filled with distilled
water was installed. The calibration was conducted using hydraulic pressure and pluviograph
recordings at 0.1 MPa for 60 mm/hour and 0.15 MPa for 90 mm/hour. An alloy steel frame was
added to the flume setup to measure rainfall-induced runoff and subsurface seepage flux. The
flume’s width was 0.6 m, and length was 1 m and 2 m, respectively, as shown in Figure 30. A
drainage layer containing geotextile fiber (for minimizing soil particle flow) and a 6 cm thick gravel

layer were placed below the soil layer.

Colluvial soil consisting of medium sand (82%), fine sand (16%), and silt and clay (2%)
was adopted for flume tests. The sample was taken from the top (0—0.5-m depth) ground layer at
the Shantou University campus (located not far from the South China sea) and classified by SP
(ASTM-CS) as poorly graded sand. Biochar was produced from the invasive weed “Water
hyacinth” collected from the coastal region of Shantou, China. Biochar is well known to have higher
stability in terms of life (>100 years) [24] as compared to water hyacinth biomass, which is prone
to degradation upon microbial activity. Therefore, biochar is a relatively stable carbon that can be
utilized for geotechnical engineering structures (landfill cover, slope cover), which have more
extended design periods (30-50 years) [24]. Shredded and air-dried water hyacinth stems were
pyrolyzed [324] to prepare biochar. The slow pyrolysis process was done at a temperature starting
from room temperature to 600°C at a 10°C/min heating rate. The maximum temperature maintained
was 600°C. Biochar produced in-house possesses a porous structure, large surface area, and high
surface functional groups. Biochar was powdered by crushing to below 2 mm size. The chemical
properties were analyzed by Zeta (&) potential and Fourier Transform Infrared (FTIR) [479]. Zeta
(&) potential and surface charge values were 16.9 mV and 1.54 x 107% C/cm2, respectively. Physical
characteristics of biochar particle surface were analyzed using particle shape analysis (Occhio,
Angleur, Belgium). Properties of biochar indicate a high degree of irregularity, convexity, and
roughness. A higher surface area of biochar (15 pm™) is also likely to enhance the interaction

between biochar, soil and water [480].

After preparation, biochar was added to the soil with an amendment ratio of 5% and 10%.
Measured optimum water content and dry density for bare soil were 12% and 19 kN/m3,
respectively. Compaction rates of 65% and 95% corresponding to agricultural and engineering
applications were considered. An increase in water content and a decrease in dry density were
observed upon mixing biochars. The optimum water content values for 5% and 10% BAS were
12% and 13%, whereas dry density was 18.8 kN/m? and 18.6 kN/m?, respectively. The specific
gravity of bare soil and soil amended with 5% and 10% biochar was 2.59, 2.59, and 2.55,
respectively. The void ratios of bare soil, 5% and 10% biochar amended soil at 65% compaction

degree were found as 1.31, 1.34, and 1.33, respectively. In contrast, the sample’s void ratios at 95%
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compaction were found as 0.58, 0.60, and 0.59, respectively. Thus, the results showed an increase

in void ratio and a decrease in specific gravity with the addition of percentages of biochar to soil.

Artificial rainfall simulator

— Alloy steel frame

/ Runoff collector

532

2.0m |
Subsurface seepage flow
collector

Subsurface seepage flow

Figure 30 Illustrative sketch of flume experiment [481]
Test Plan and Procedure

A full factorial experimental plan was designed considering possible coupled effects of
combinations of low and high levels of all parameters [482]. To meet the practical engineering slope
design, as suggested by [483], [484], and [485], the authors considered mild (7°) and moderate
slopes (20°) in combination with four other factors (slope gradient, compaction, rainfall, and slope
length). The soil-biochar mix was subjected to 60 mm/hour and 90 mm/hour rainfall intensity. The
slope lengths of 1 m and 2 m were selected [483, 484]. Sixteen (16) experimental runs on three
different soils, viz. bare soil, 5% biochar amended soil, and 10% biochar amended soil, were made
as per the formula 2" = 16, where n is the number of factors. A total of 96 experiments, including

duplicates, were conducted considering combinations of high and low levels of each factor.

The biochar and soil composite samples were prepared by mixing designed quantities and
placed over the flume. The samples were compacted to the desired degree of 65% and 95%
compaction in three layers. Samples were then subjected to three hours of rainfall with minimum
soil loss, left overnight for moisture equilibrium and maintained under similar initial conditions.
Rainwater could penetrate the soil medium and retain in the soil pores, leading to excess water

subsurface seepage flux. Infiltrated and runoff water was collected separately and measured.
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Afterwards, the samples were subjected to two hours of rainfall, and the measurements of
subsurface seepage flux and runoff were taken every 5 min for 30 s [486]. The runoff and subsurface
seepage flux quantities were deduced from these measurements. The sum of two quantities (runoff
and subsurface seepage) constituted the total water flow rate. The total soil erosion rate was
calculated by oven drying the collected water from runoff and subsurface seepage flux (infiltration)

quantities at 105°C.
5.3.3  Artificial Neural Network

The commercially available STATISTICA version 12 [61] was used in the present study.
During the development stage of the model, gradient descent was adopted. To develop the model
rainfall rate, BAS, DoC, slope gradient, and slope length were taken as input parameters to predict
the total erosion rate and total water flow rate using two hidden layers. The ANN model architecture
used to predict the total erosion rate, and total water flow rate is shown in Figure 31(a, b). The ANN
algorithm ranks the influence of each input parameter on the output. Figure 32 shows a flowchart

indicating the methodology implemented to model the network [409, 426].

ANN model development needs a clear definition and performance criterion [414, 487].
The performance determination is checked by the Coefficient of Determination (R?) and the mean
absolute percentage error. The error is calculated from the predicted and experimental values by

determining MAPD by the equation:

100 ~ (M; — P)
MAPD = _Z;
n pry Ml'

Equation 8

where M;j: Measured Value
Pi: Predicted Values

n: number of data points
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Figure 31 ANN design model used for prediction of (a) Total Flow (b) Flow Rate [481]
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Figure 32 Flowchart for ANN modelling [481]
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Predicted Total Erosion Rate (g/m?/min)

Graphs were plotted using ANN prediction in STATISTICA,; a relationship was developed
between the output and input parameters. The degree by which each parameter varies,
corresponding to the input parameter’s value difference, directly measures each variable’s
importance. Each time one input parameter effect was taken on the output parameter by keeping

the rest of the parameters constant while plotting the graph.

Figure 33(a,b) compares the predicted and measured values for total erosion and water
flow rates. The R? value is 0.788 and 0.939 for total erosion and water flow rates, respectively. The
error was calculated between the experimental and predicted values. The average error (MAPD) is
around 15% for the total erosion rate and 7% for total water flow rates. Based on these errors, the
ANN model’s accuracy for erosion and flow rate is 85% and 93%, respectively. A bar chart has
been plotted for quantitative comparison between the experimental and predicted values of the

erosion rate and total water flow rate, respectively, as shown in Figure 34 (a,b).
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Figure 34 Variation of experimental with ANN predicted values for (a) Total Erosion Rate and (b) Total Water
Flow Rate [481]

5.4 Results and Discussions

5.4.1  Influence of Degree of Compaction on Total Erosion Rate and Total Water Flow Rate

Figure 35 shows that soil compaction has an important effect on infiltration and runoff.
As shown in Figure 35, both total erosion and water flow rate increased as the compaction rate
increased total erosion rate and total water flow rate increased with the compaction of soil (i.e.,
DoC). The predicted values of the ANN (STATISTICA) model for the degree of compaction was
applied to draw the graph for DoC with total erosion rate, and the total water flow rate was plotted
using ANN prediction in STATISTICA. The DoC is an input given to the model to notice the effect
on total erosion and water flow rate (output). The effect was observed on the output parameters by
keeping the rest of the parameters (biochar content, slope length, slope gradient, and rainfall rate)

constant while plotting the graph.
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It is observed that with an increase in compaction, the total erosion rate increases from

1.75 g/m*min to 2.55 g/m*/min. Similarly, the total water flow rate increases by almost 48.75%

(i.e., 810 mL/m*/min to 1200 mL/m?%min). However, the increase in flow rate is almost linear. In

contrast, the enhancement is more substantial for erosion rate during an increase of compaction

from 65% to 80%. It is expected that an increase in compaction should reduce soil erosion; however,

under prolonged rainfall, there is likely an enhancement in water logging due to lower permeability.

This may cause erosion of fine soil and biochar particles present in the upper layers of compacted

soil. Similar results have been observed in the previous studies for bare soil [456, 463, 464].

Correlation can also be made because the soil structure and its hydrology are changed when the

bulk density of soil is enhanced, leading to a decrease in the porosity of soil and subsurface seepage

flux capacity. This eventually leads to an increase in runoff [488]. Compared to bare soil, BAS has

a higher porosity, void ratio, and WHC. The same applies when soil is compacted, even though the

void ratio is reduced in both cases (bare soil and BAS).

Irrespective of the DoC, the runoff in BAS is lower, while the subsurface seepage flux is

higher than bare soil. This is opposite to the observation of Gopal et al. [92], where a decrease in

infiltration was observed in biochar amended soil compared to bare soil. The difference might be

due to the applied boundary condition. In the study of Gopal et al. [92], a suction head was applied

using a mini-disk infiltrometer, while in the current study, rainfall was simulated on the upper

surface of the soil. Studies are needed in future to characterize the influence of boundary conditions
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on the effectiveness of biochar in controlling soil erosion. Higher runoff tends to cause more erosion
in bare soil. For an implication in landfill liners and slopes, there is a need to identify the optimal
compaction rate considering the effect of erosion under natural rainfall. Further, variation in soil
water retention and strength characteristics also need to be considered while considering the DoC
of a landfill liner [422].

The runoff in bare soil was lowest in soil amended with 5% biochar than bare soil and 10%
BAS. The model predictability seems reasonable as the results are similar to the experimental data

and the available literature [324, 456, 463, 464].
Influence of Rainfall Rate on Total Erosion Rate and Total Water Flow Rate

Figure 36 shows that the total erosion rate and total water flow rate are enhanced with
increased rainfall intensity. ANN prediction was used for plotting the graph for rainfall rate with
the total erosion rate and total water flow rate. Rainfall rate was an input parameter. Its effect was
observed on the output parameter (total erosion rate and total flow rate) by keeping the rest of the
parameters (biochar content, slope length, slope gradient, DoC and biochar percentage) constant
while plotting the graph. The erosion rate increases from 1.78 g/m*min to 2.4 g/m?/min, increasing
rainfall intensity by 50%. The corresponding increase in total water flow is around 59% (i.e., 820
mL/m?min to 1290 mL/m*min). Studies [456, 460, 461] have demonstrated that rainfall is
important for determining soil erosion. Lower intensity rainfall will produce more subsurface
seepage flux and, therefore, less runoff and erosion. It should be noted that the above graph is based
on two measured rainfall data points (60 mm/hour and 90 mm/hour), and any interpretation of
variation in total erosion rate and total flow rate between them is subjected to it. Nevertheless, the
result related to the increase in total erosion rate is consistent with that of laboratory studies on bare

soil by Fu et al. [489].
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Figure 36 Variation of Total Erosion Rate and Total Water Flow Rate with the Rainfall Rate [481]

5.4.3

Influence of Slope Length on Total Erosion Rate and Total Water Flow Rate

Figure 37 shows the variation of total erosion rate and water flow with the slope length.
The graph was plotted using ANN prediction for slope length with total erosion rate and water flow.
The input parameter was the slope length. The observations were taken for the output parameter
(total erosion rate and total flow rate) by keeping the other parameters (biochar content, rainfall
rate, slope gradient, DoC, and biochar percentage) constant while plotting the graph. It was
observed that there is a decrease in both the parameters with the slope length. This is expected since
eroded particles are likely to travel shorter distances or are transported to local depressions [490].
In addition, the presence of biochar may add to discontinuity and surface roughness, which can
resist further movement of particles. Fu et al. [489] also observed a lower correlation of runoff with
the slope surface area than the rainfall intensity. The mechanism is relatively more complex, as the
slope length (or surface area) is enhanced than the rainfall intensity, directly associated with the

runoff.
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Figure 37 Variation of Total Erosion Rate and Total Water Flow Rate with the Slope Length [481]
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It can also be observed that the reduction in erosion is relatively minimal during an increase

in slope length to 1.55 m, whereas it reduces sharply beyond that. It implies that at this threshold

slope length (1.55 m), under a given rainfall intensity, eroded particles can no longer settle down

or be translocated to other parts of the slope. At a slope length of 2 m, erosion is reduced by 33%

(i.e., 2.6 to 1.75), whereas the total flow rate decreases linearly from 1250 mL/m?*min to 790

mL/m?/min. The above findings suggest that the influence of slope length on erosion is critical for

given rainfall intensity. However, it should be noted that the study does not consider extreme

rainfall (up to 115 mm/hour [491]. To better understand the mechanism of influence of slope length,

a longer flume in a range of 10 m [489] needs to be built and investigated under natural rainfall in

the field.

5.4.4  Influence of Slope Gradient on Total Erosion Rate and Total Water Flow Rate

Figure 38 shows the variation of the total erosion rate and water flow rate with the slope

gradient. The graph was plotted using ANN prediction for slope gradient with total erosion rate and

total water flow rate. The slope gradient was taken as an input parameter. The effect slope length

had on the output parameter (total erosion rate and total flow rate) was observed by keeping the rest

of the parameters (biochar content, rainfall rate, slope length, DoC, and biochar percentage)

constant when the graph was plotted. It can be observed from the figure that the erosion rate
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increases gradually from 2.1 g/m*/min to 2.55 g/m?/min with an increase in the slope gradient from

7° to 20°. The increase is more significant from 7° to 12° and after that is more gradual.
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On the other hand, the total water flow rate tends to increase more substantially (i.e., by

110%) from 660 mL/m?/min to 1370 mL/m?%min. This is interesting as with an increase in gradient,

and the effect is more visible on flow than on erosion rate. The mechanism can be visualized from

the point of view that the erodibility of soil-biochar particle mix is not significantly affected.

Instead, the water flow rate (i.e., runoff) is enhanced mainly due to gravity. This implies that more

attention needs to be paid to water flow management for steeper slopes than the erosion itself. The

result is consistent with that of observed literature [324, 484, 492, 493], thus implying the model’s

reliability.

5.4.5  Influence of BAS on Total Erosion Rate and Total Water Flow Rate

Figure 39 shows the variation of total erosion rate and water flow rate with the biochar

amendment ratio. The graph was plotted using ANN prediction for biochar amendment with total

erosion rate and total water flow rate by taking biochar amendment percentage as an input

parameter. Its effect was observed on the output parameter (total erosion rate and total flow rate)

by keeping the rest of the parameters (slope length, rainfall rate, slope gradient, and DoC) constant

when the graph was plotted. It can be observed that the erosion rate reduces from 2.57 g/m?/min to

1.63 g/m*min (i.e., by 36.5%) with an increase in amendment ratio from 0 to 10%. The reduction
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in erosion rate is minimal between biochar amendment ratio of 0 to 5%. This implies that the effect
of biochar on erosion is not significant during the initial addition of 5% of biochar. This is
inconsistent with Bordoloi et al. [301] and Huang et al. [494], who found a substantial influence of
biochar on water retention capacity at an amendment ratio of 5%. The findings also suggest that

biochar content of 5% may not be the optimal content for reducing erosion rate.

On the contrary, the total water flow rate does not trend with the biochar amendment ratio.
The total water flow rate is found first to be enhanced (950 mL/m*/min to 1085 mL/m?/min) with
an increase in biochar content from 0% to 5%, and then decreases (to 720 mL/m?*/min at 10%
biochar content) beyond it. This suggests that the erosion rate is not directly proportional to the total
water flow rate. Interestingly, despite the highest water flow at 5% biochar content, the erosion rate
remains unchanged (regarding bare soil). This phenomenon might be due to biochar's optimum pore
filling effect, which maximizes the water holding capacity [301] and tends to keep soil and biochar
particles intact. With an increase in biochar to 10%, the subsurface flow is enhanced, reducing
runoff rate and, hence, the total water flow rate and erosion. The effect of biochar on erosion rate
seems to be more dominant at 10% content. However, such a percentage may induce higher
alkalinity. It is observed from the literature that a biochar content of 5% is most suitable [333].
Higher alkalinity may reduce the vegetation growth [300], causing an increase in runoff, reducing
subsurface seepage flux, and leading to more erosion. Additionally, the tensile strength of the soil
is reduced by the addition of biochar [495], which in other words means that the soil cannot be
compacted to its maximum density, making the soil less suitable for engineering purposes. Further
studies are needed to identify the optimal content of biochar for maximizing its overall benefits,

including reducing erosion.
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Figure 39 Variation of Erosion Rate and Total Water Flow Rate with the Biochar Amendment Ratio [481]

5.4.6

Relative Importance of Factors Influencing Erosion

Figure 40 (a) shows the relative importance of various input parameters, slope length,
slope gradient, DoC, BAS, and rainfall rate. Slope length was the most important parameter in
determining erosion rate, followed by slope gradient, DoC, the percentage of biochar amendments,
and rainfall rate. The previous study shows that the effect of slope length on runoff and erosion is
not adequately understood [496]. The slope gradient is the second most closely related factor to
erosion rate. During water movement on the surface, the slope gradient will affect the subsurface
water flow velocity, enhancing the impact force on the surface of the soil-biochar mix. Soils that
are heavily compacted have a small number of large pores, leading to reduced subsurface seepage
flux and drainage rates. The percentage of biochar amendment and rainfall rate seems to have a

lower significant effect on erosion rate.
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[481]
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Figure 40 (b) shows the relative importance of the input parameters on the total water flow
rate. The biochar amendment percentage seemed to play an important role in determining total
water flow rate, followed by slope gradient, rainfall rate, slope length, and DoC. Biochar has high
porosity and a large specific surface area. Biochar addition to soil can alter the soil’s physical
properties (soil structure, pore size distribution, and bulk density) and hydraulic properties (soil
water retention capacity and hydraulic conductivity). Studies show that biochar addition increases
water subsurface seepage flux, reduces surface runoff, and decreases soil erosion [29]. The
following influential parameter is slope length, which directly influences seepage velocity. As
expected, rainfall rate (3rd significant parameter) also influences total runoff and water flow rate,
as observed in other studies [489]. Unlike in the case of erosion rate, slope length and DoC are the
least influential in affecting water flow rate. The relative importance of parameters suggests that
the criteria for choosing an appropriate biochar amendment ratio and other slope geometry (i.e., for
artificial slopes) depends on rainfall characteristics, which need to be considered carefully. The

results on the relative significance of parameters differ from those of Cai et al. [324].

In the study conducted by [324] the relative significance for the runoff was slope gradient
> slope length > biochar content > rainfall rate > compaction. For total flow, the relative significance
of parameters was biochar content > rainfall rate > slope gradient > slope length > compaction. This
is because Cai et al. [324] determined the relative influence of different parameters by using 5%
and 10% biochar separately. However, in the current study, the whole data was taken into account
to determine the relative influence of parameters. The model developed using ANN is more flexible
in application and has better accuracy. Further studies are needed to study the relative significance

of parameters by enhancing the slope scale and including other conditions.

5.5 Observation

The ANN model developed for erosion is consistent with the experimental and literature data. The
R? value from the newly developed ANN models was 0.788 and 0.939 for erosion rate and total water flow
rate, respectively. The error percentage for erosion and total water flow rates was 15% and 7%, respectively.
Such models can assist in the preliminary design of green cover by choosing the required optimal biochar
content under various slope and rainfall conditions. Biochar content of 5% seems to have a negligible effect
on erosion rate, while the 10% amendment ratio has the lowest erosion rate and total water flow rate. This is
different from water retention studies of the soil-biochar mix, where a 5% amendment ratio considerably
impacts water-holding ability.

The most significant parameter for total erosion rate is the slope condition (length and gradient),
followed by compaction, percentage of biochar amendment and rainfall rate. The slope gradient and length
are the other two factors that play a decisive role in erosion control. Longer slopes provide enough surface
area for subsurface seepage flux and localized transportation of sediments, due to which runoff reduces,
ultimately reducing erosion in both cases. ANN modelling indicates a threshold slope length of 1.55 m,

beyond which a sharp reduction in erosion rate is observed.
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Under a higher slope gradient, runoff due to gravity increases, and subsurface seepage flux
decreases, resulting in more erosion, even though comparatively less in BAS. Similarly, if the intensity or
duration of rainfall is more, runoff and erosion increase, and it is observed that biochar amendment is more
influential in affecting water flow rate. Slope length is the least influential in affecting water flow rate. It is
observed that biochar content, slope gradient, and rainfall intensities govern the water flow rate.

The study provides the relative importance of various factors concerned with determining erosion in
the soil-biochar mix. In the current study, taking all the data into account, slope length was the most
significant parameter, followed by slope gradient, DoC, biochar content, and rainfall rate for total erosion
rate. Biochar content was the most significant parameter for total water flow rate, followed by slope gradient,
rainfall rate, slope length, and compaction. In future, studies need to be carried out to understand the combined
effect of vegetation and biochar with different slope and soil conditions. The application of biochar in
geotechnical engineering is still being investigated. Many agencies such as International Biochar Initiative
(IBI) and European Biochar Certificate (EBC) are currently investigating the determination of biochar
characteristics, which should be used in various aspects of soil conservation. Recently, financial support has
been provided to develop commercial biochar production capacity to maximize its usage for soil remediation
and other construction purposes to achieve the overall aim of reducing the carbon emission goal of 2030 and
also to develop a circular economy. Our current study is one of the first steps in promoting biochar use for

soil remediation and the construction of geotechnical infrastructure.
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Chapter 6: Multiple Regression Model for Predicting Cracks in Soil
Amended with Pig Manure Biochar and Wood Biochar

6.1 Background

The addition of biochar has been observed to greatly impact the hydraulic properties of sandy and
sandy loam soils by enhancing the pore size distribution and allowing greater water holding capacity, which
is beneficial for the long dry periods and in areas having scanty rainfall. The addition of fine biochar particles
to the soil reduces saturated hydraulic conductivity by forming small pores [269, 378]. Researchers have
observed that adding biochar to coarse-grained soils reduces the saturated hydraulic conductivity [224, 378,
380, 497]. The wetting and drying cycles greatly influence the soil structure and texture. [378, 498]
Observations have also been made that the wet and dry cycles cause a reduction in the saturated hydraulic
conductivity in coarse-textured soils but increase the same in sandy loam and silty soils [378, 497]. The
addition of biochar to sandy soils inhibits the cracking by improving the WHC of soil. Shrinkage and swelling
of soils influence the cracking of soils, causing a rearrangement of the particles, making soils less sensitive

to deformation.

6.2 Introduction

The engineering properties of soil, such as specific gravity (SG), plastic limit (PL), particle-size
distribution (PSD), and degree of compaction (DoC), can influence the behaviour of soil. In agricultural
applications, the crop yield depends on the geophysical properties of soil, such as carbon content, nutrient
availability, water-retention capacity (WRC), cation-exchange capacity (CEC), and so on. [1, 318]. Several
types of biochar have been used as soil remediation amendments to control some soil properties. Previous
studies show that agricultural soils are loosely compacted at approximately 65% of maximum dry density
(MDD), and soils for geoenvironmental applications are densely compacted at approximately 80%—90% of
MDD [91, 96, 333]. The formation of cracks is a natural process that involves weathering, chemical changes,
and biological changes in soils. The intensity of crack formation depends on the soil's physicochemical and
engineering properties. Unavailability of adequate water in arid regions leads to crack formation in compacted
soils. The desiccation cracks (cracks developed due to seasonal temperature variation) affect the performance

of surface soils by reducing their strength and WRC [499].

The desiccation cracks occur due to variation in environmental temperature that causes wetting—
drying and freeze-thaw cycles. Seasonal temperature variation causes the non-uniform distribution of soil
moisture, temperature, and stress. It also severely affects soil water retention and ultimate strength [500, 501].

Water evaporation in soils due to environmental temperature can cause the development of soil suction that

115



leads to shrinkage and cracking. The shrinkage and cracking of soil can be minimized by adding a suitable
amendment, such as biochar, in specific proportions [406, 502]. Interaction of biochar with loosely and
densely compacted soil has distinguished mechanisms due to different particle packing, pore size, and pore
volume. Surface functional groups present in biochar can help to enhance the bond among the particles by
chemical and van der Waals forces [107]. Quantitatively, the crack intensity is measured in terms of a crack
intensity factor (CIF). The CIF is defined as the ratio of the total planar area of cracks to the total surface
area. To achieve the minimum CIF and maximum WC, different experimental studies have been reported
using the various types of feedstocks [90, 318]. The addition of biochar shows promising results in reducing
the crack formation and intensity. Currently, limited studies consider the effect of engineering properties such
as plastic limit (PL), liquid limit (LL), specific gravity, and DoC of soil on desiccation cracks. The
fundamental understanding of each influencing parameter can be used to interpret the behaviour of crack
formation. This study utilizes the multiple regression analysis (MRA) technique to develop a base model and
perform a sensitivity analysis to understand the relative influence of soil DoC, PL, LL, specific gravity, and

biochar content (%) on crack intensity.

Multiple linear regression analysis (MLRA) has been successfully used in multiple geotechnical
applications, such as embankments and slopes, and to estimate the factor of safety. The results obtained from
the prediction model were compared with finite element analysis of some case studies [503]. The MLA model
has been used to relate the Californian bearing ratio (CBR) test to other soil parameters. The study confirmed
that this model shows a reliable coefficient of correlation (R?), 0.9454, and it was observed that the model
could be used to predict CBR with a £3.4% error. MLRA offers a technical guide and solution for predicting
soil properties in foundation designs [504]. Different methods, such as machine learning, k-nearest neighbour
regression, MRA, and linear regression, are available for the model development and prediction of output
variables [17, 24, 91, 408, 409, 426, 501]. In this study, MRA has been used for developing a model for CIF
prediction due to its simplicity and simple user interface. MRA is a statistical technique that can predict the
output variable by using dependent and independent input variables [S04]. The MRA model proposes a
relationship between input and output variables that helps to predict the output at given input conditions. In
this study, MRA has been used to develop a relationship between biochar type, DoC, biochar content (biochar
content), specific gravity (SG) (influencing soil parameters) and CIF (influenced parameters). For CIF
prediction, data was collected by performing laboratory experiments [406]. The developed relationships help
to understand the effect of each influencing parameter on biochar soil mixture when soil is treated individually
with two types of biochar. To study the biochar influence using MRA, two biochars, wood biochar (WB) and
pig manure biochar (PMB), were selected. The biochars have been selected based on physiochemical
properties and their abundant availability. Wood biochar has a high aromatic character, excessive amounts of
carbon (C) concentration, and Fourier transform infrared spectroscopy (FTIR) spectra features, which help in
improving the C storage when compared with other biochars having high nutrient content [267]. Biochar
obtained from pig manure has higher amounts of ash content, brings an improvement in the pH of the soil

and increases the CEC in soil [16, 505].

The major objective of the study was to perform MRA, which helps in understanding the effect of

the various soil properties and biochar content on the crack intensity of biochar-amended soil (BAS). A
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multiple regression model (MRM) was developed that predicts a relationship among the soil parameters to

achieve the defined objective. In this study, data were collected using small-scale dish experiments in the

laboratory. Experiments were conducted for 60 days, and images of each sample were captured every 24 h.

The captured images have been used to calculate the CIF using an image processing technique. The obtained

CIF data from laboratory experiments were used to perform MRA analysis and identify the effect of DoC on

soils, PL, LL, biochar content (%), and SG.

6.3 Materials and Methodology

6.3.1

Soil-Biochar Characteristic Properties and Experimental Program for Calculating CIF

The effects of different biochar were investigated to quantify the cracks in clayey sandy
soil while considering the various biochar content (5% and 10% by weight) and soil DoC (65% and
80% of MDD). LL and PL were found to be 28.85% and 21.56%, respectively, for bare soil. The
maximum dry density (MDD) and optimum moisture content (OMC) of soil were found to be 1.84
g/cc and 13.6%, respectively, with a specific gravity of 2.61. WB and PMB were produced by
pyrolyzing the cedarwood and pig manure using an in-house pyrolyser [406]. Both biochars were
mixed with oven-dried clayey sandy soil in 5%, 10%, and 15% biochar by weight ratio. BAS was
compacted in glass petri dishes of dimensions 10.3 cm in diameter and 1.7 cm in height (Figure 41).
After preparing the samples, four drying and three wetting cycles (each with a period of 1215 days)
were alternately simulated. The compacted clayey sand was subjected to drying—wetting cycles for
60 days. The duration of each cycle was selected based on the criteria of negligible change in soil
weight (when evaporation was less than 1 g/day, it was considered a negligible change in soil weight)
[506]. Images were captured in the red, green, and blue (RGB) scale with 8-bit depth using high-
resolution cameras every 24 h. Images were analyzed using an open code, Image J [507], for

calculating CIF.
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6.3.2

Multiple Regression Analysis

Regression analysis is a statistical practice that helps to examine the relationship between
two or more variables. The analysis helps to establish a functional relation connecting input variables
to output variables, thereby providing a model for forecasting the output variable. In the current
study, MRA has been used to understand the influence of soil DoC, PL, LL, SG, and the biochar
content on the CIF. MRA is a dependable method for analyzing the effect of individual variables
that may have an impact on an output parameter (i.e., CIF). MRA helps in formulating and
determining functional relations among independent variables. It can be used for both linear and
nonlinear independent variables. To validate the accuracy of the model, an error has been minimized.
It is used to measure the variability or the spread of values of the dependent variables concerning
the regression line. The p-value tests the null hypothesis in the regression analysis for each
independent data, whether the variable relates to the dependent parameter. If the value of p is less
than the significance level (significance level—0.05), then the null hypothesis can be rejected. If the
p-value is higher than the significance level, then there is not enough evidence to conclude that a
nonzero relation exists. Significance level (o) gives a probability of the null hypothesis rejection
when it is true. For example, a significance level of 0.05 indicates a 5% risk of a difference existing
when there is no difference. If the significance levels are low, they indicate that more substantial

evidence is required for rejecting the null hypothesis.

119



Dependent Variable

Data Points
/—\Line of Regression

» X

Independent Variable

Figure 42 Graphical representation of linear regression model

MRA helps in predicting the value of Y, which is a dependent variable, for given values of
Xi, X3...Xn, which are independent variables. For example, the rice yield per acre (dependent
variable) depends on the seed quality, fertilizer in use, temperature, and rainfall (the independent
variables). MRA can be used to study the effect of all the parameters on the rice yield. Another
advantage of MRA is that it helps to determine the effects of individual parameters on the rice yield.
In MRMs, there is one dependent and two or more independent variables. The general equation of

multiple regression of Y on Xi, X»..., X, is derived from:
Y = bo + b1X1 + b2X2 + -+ ann

Equation 9

where bo= intercept on the dependent variable axis (Figure 42) and by, by, bs... by are
related to the slope in the equation of linear regression, also known as regression coefficients. The
sloped straight line represents a relationship that fits a given data to obtain the lowest mean square
error (MSE) and is called a regression line. MRA, however, has a limitation in that it does not test
to check whether the data used is linear. Instead, it proceeds by assuming that there is a linear
relation between Y and each X;. The multicollinearity has been checked using bivariate correlation
among the influencing parameters, which was found to be less than 0.15 [508]. It implies that no
relationship exists between the independent variables. This can be tested on a fundamental level by

calculating the value of the coefficient of correlation between every pair of independent variables.
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Figure 43 describes the network design that was used for the prediction of CIF using five

parameters: biochar content, SG, soil DoC, LL, and PL.

INPUT OUTPUT

Biochar Content (%)

Degree of Compaction

Multi regression ; | Crack Intensity Factor
Analysis (MRA) (CIF %)

Specific Gravity

Plastic Limit (%)

Liquid Limit (%)

Figure 43 Framework of MRA approach showing input and predicted parameters [35]

6.4 Results and Discussion

MRA analysis has been conducted to predict the percentage of CIF. Table 7 presents the influence
of biochar content, soil DoC, PL, LL, and SG, the p-values obtained from MRA.

Table 7 calculated p-values for all influencing parameters

Parameter
Statistical
Biochar content | Soil compaction Plastic limit Liquid limit Specific gravity

Parameter

p-values 0.0003 0.022 0.007 0.949 0.079
Significance

(<0.05) (<0.05) (<0.05) (>0.05) (>0.05)
levels

Figure 44 shows the plot between predicted and measured CIF. The R? value for the predicted and

measured CIF was found to be 0.925. The proposed regression coefficients for each parameter are
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CIF = —0.045 — (1.197 X biochar content (%)) — (0.013 X specific gravity)
—(0.011 x liquid limit (%)) + (0.809 x plastic limit (%))
—(0.062 x compaction (%))

Equation 10
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Figure 44 Plot between measured CIF and predicted CIF to demonstrate the performance of the MRA model,

including all influencing parameters [35]

Since the p-value of LL and SG are found to be 0.949 and 0.079, respectively, which are greater
than 0.05, they are not statistically significant and can be rejected for MRA. By having a large p-value, they
represent the convincing evidence to reject the null hypothesis. Figure 44 shows the plot between predicted
and measured CIF considering all the influencing parameters. The R? value for the predicted and measured
CIF was found to be 0.925. To verify the sensitivity of each significant parameter, the MRA analysis for
biochar content, soil DoC, and PL was a rerun. By considering only statistically significant parameters, the
p-values for each parameter were obtained and are given in Table 8. The obtained p-values were found to be
less than 0.05; thereby, no convincing evidence has been found to reject the hypothesis. The new p-values
obtained from MRA show that the higher regression coefficient of biochar content means it is the most
significant parameter in CIF prediction, followed by PL and DoC. Taking into consideration the

aforementioned most significant parameters, the final empirical relationship for CIF prediction is shown as
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Figure 45 Plot between measured CIF and predicted CIF to demonstrate the performance of the MRA model,

including only statistically significant parameters [35]

Figure 45 shows the plot between predicted and measured CIF considering the most significant

parameters. The R? value for the predicted and measured CIF was found to be 0.913 (almost similar to the

previous analysis, approximately 0.925). A better R? value ensures better performance of the model. The

MSE of the predicted CIF is found to be 1.93 x 107°.

Table 8 Calculated p values for significant parameters

Parameter

Statistical Parameter

Biochar content

Soil compaction

Plastic limit

p-values

0.0005

0.03

0.002

Significance level

<0.05

<0.05

<0.05

Figure 46(a and b) represent the comparison between predicted and measured CIF for 5%, 10%,

and 15% biochar content by weight at 65% and 80% DoC. The CIF percentage decreases with increasing
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biochar content for WB and PMB. As biochar content increases, the number of intrapores in the soil also
increases, and thereby specific surface area increases, promoting the adsorption of water on the surface of the
biochar. Increased water content reduced the stress in soil and reduced the formation of cracks. Furthermore,
the CIF percentage has been predicted using the proposed MRA model. The maximum error for the prediction
of bare soil was found to be approximately 20%. However, for the maximum error in the prediction of BAS
percentage, CIF was found to be 15%. It can be observed that the error of the prediction model for dense BAS

is relatively low compared with loose BAS.
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Figure 46 Comparison between predicted and measured CIF with different biochar content [35]
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Figure 47 Comparison between measured and predicted CIF for different plastic limits [35]
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Plasticity limit is another significant parameter that influences crack propagation. Figure 47 (a and
b) represent the measured and predicted CIF for different PL at 65% and 80% DoC. It can be observed that
as the PL of BAS increases, the CIF percentage decreases. The high plasticity of the material can help to
reduce the stress at the tip of the crack. When cracks start to propagate in a medium, high stress is developed
at the tip of the crack. If the material is not plastic enough, brittle failure can occur. However, in the case of
high plasticity, stress concentration at the tip of the crack is reduced and crack formation decreases. Based on
the MRA model, the maximum percentage error has been found to be 12% in CIF prediction. For the dense

compacted BAS, the prediction error is significantly less.
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Figure 48 Measured and predicted CIF % using proposed MRA model at 65% and 80% DoC for (a) 5%; (b)
10% and (c¢) 15% biochar amendment [35]

Figure 48 (a—c) represents the CIF for 5%, 10%, and 15% biochar content by weight at different
compaction states. The compaction state of BAS plays an important role in controlling the behaviour of

cracks. It can be seen that as compaction of BAS is increased, the intensity of cracks is reduced. Wood biochar
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shows a better performance in suppressing the crack formation than PMB. Wood biochars have a high number
of intrapores due to the presence of biopolymers (cellulose, hemicellulose, and lignin), which are evaporated
during the pyrolysis process. Numerous intrapores can provide many functional groups (such as the hydroxyl
group) to absorb water at the surface, which reduces the crack development. Water hyacinth biochar (WHB)
has been used in the past, which also reduces cracks [90]. The maximum error in the prediction of BAS CIF

percentage using MRA is found to be less than 6%.

Figure 49 represents a systematic flowchart to conduct the MRA analysis to predict CIF. Initially,
all influencing parameters, such as biochar content, DoC, PL, LL, and SG, have been considered to predict
the CIF percentage. To validate the influence of each parameter on the prediction of CIF percentage, the p-
value has been determined. The p-value can decide whether a parameter is statistically significant or not. If
it is statistically significant, it must be considered in predicting the CIF percentage. Conducting MRA for all
influencing parameters found that only biochar content, DoC, and PL are the most significant parameters that
can affect crack intensity. The less-significant parameters, LL and SG, have been dropped from further
analysis. After dropping the LL and SG parameters, the most significant parameters were tested for statistical
influence. They were found to have a p-value less than 0.05, which provides no strong evidence to drop

biochar content, DoC, or PL. It has also been verified that there is a notable change in the value of R,
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Figure 49 Framework for MRA approach with input and predicted parameters [35]

6.5 Observations

| Dropped l

This study demonstrates the development of an MRA model in the estimation of CIF (dependent

variable) for WB- and PMB-amended soils, considering influencing independent variables biochar content,

SG, LL, PL, and DoC. MRA was applied to the experimental data. The following observations were made:
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1. A comparison was made between the measured and predicted CIF with varying biochar content in the
BAS at 65% and 80% compaction states of the samples. When the soils were treated with two types of
biochar, the intensity of cracks decreased. A drastic reduction was observed in the CIF with an increase
in biochar content, which is because of the presence of high intrapores of biochar. Highly porous biochar
can retain more water, which leads to low crack intensity.

2. Cracking in the soil is found to be reduced with an increase in PL and DoC. At both the compaction
states, WB shows a higher reduction in the CIF than with PMB with increasing PL. For PMB, in both
the compaction states, there is a slight decrease in the CIF with increasing PL as compared with a
decrease of CIF while using WB.

3. The MRA shows that biochar content, PL, and DoC are the most statistically significant parameters for
the determination of CIF. The parameters LL and SG have a low statistical impact on the prediction of

CIF.

It is concluded that high biochar content, DoC, and PL helps to reduce the CIF significantly. Other
geomaterials with high plasticity should also be able to reduce the CIF when mixed with soil. However, a
more systematic investigation is needed to identify the correlation between basic parameters of soil (i.e., LL,

PL, DoC, SG, and so on) for diverse types of BAS.
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Chapter 7: Conclusion

The principal objective of the research is to understand the efficiency of biochar on the hydraulic

properties (SWCC, erosion and cracking) of BAS by developing and using Al-based models. There are apparent

contradictions in research results about this property of biochar. This dissertation was a step forward to bringing

down the level of contradictions by finding solutions through artificial intelligence modelling. Also, to overcome

the time and cost factors involved in the experimentation, this new approach was introduced, even though it can

be helpful mostly for preliminary design. The following conclusions can be drawn from the study:

i.

1i.

iii.

The biochar's influence on SWCC with varying grain size distribution was explored by developing and

using an ANN-based model. The following conclusions were made:

The influence of biochar in increasing the WRC of soils was observed in clayey soils. At clay content
of 6%, the increase in WRC by 3% biochar amendment was similar to 10% biochar amendment for
clay content of 8%. The influence of biochar beyond these amendment ratios became insignificant
(in increasing or decreasing the WRC). This result suggests an important precaution for avoiding the
excessive use of biochar in soils with higher fine content. However, this conclusion depends on the
available literature data for the training model and prediction. The SWCC obtained by model
predictions reasonably matched the SWCC obtained from measured values

In soils with higher sand content, the influence of biochar in increasing NWC seems more
pronounced on the dry side than on the wet side of SWCC, even though a relatively higher amount
of biochar (10%) was required to cause changes in the SWCC.

Based on sensitivity analyses, the ratio of fine to sand content was observed as the most important
factor causing changes in NWC. The ratio indirectly influences the microstructural arrangement and

soil water retention capacity.

The biochar's influence in reducing erosion was observed by developing and using an ANN model. The

R? value from the newly developed ANN models was 0.788 and 0.939 for total erosion and water flow

rates, respectively. The error percentage for erosion and total water flow rates was 15% and 7%,

respectively. The following conclusions were made:

The 10% biochar amendment influenced erosion and the total water flow rate. In comparison, 5%
seems to have a negligible effect rate.
The most significant parameter for total erosion rate is the slope condition (length and gradient),

followed by compaction, percentage of biochar amendment and rainfall rate.

This study demonstrates the development of an MRA model in estimating CIF (dependent variable) for

WB- and PMB amended soils, considering influencing independent variables: biochar content, SG, LL,

PL, and DoC. MRA was applied to the experimental data. The following observations were made:

e A comparison was made between the measured and predicted CIF with varying biochar content
in the BAS at 65% and 80% compaction states of the samples. When the soils were treated with

two types of biochar, the intensity of cracks decreased. A drastic reduction was observed in the
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CIF with an increase in biochar content because of high intrapores of biochar. Highly porous
biochar can retain more water, which leads to low crack intensity.

Cracking in the soil is reduced with an increase in PL and DoC. WB shows a higher CIF reduction
than PMB at both compaction states with increasing PL. For PMB, in both the compaction states,
there is a slight decrease in the CIF with increasing PL compared with a decrease of CIF while
using WB.

The MRA shows that biochar content, PL, and DoC are the most statistically significant
parameters for CIF determination. The parameters LL and SG have a low statistical impact on
the prediction of CIF.

Even though it has been observed from the predictions that a biochar amendment of 15% reduced
cracking substantially, practically, it may not be possible. Higher percentages of biochar can
cause soil to become excessively alkaline, thus causing adverse effects on soil properties and
vegetation. For engineering purposes, biochar addition percentage must be investigated very
carefully as it may adversely affect soil strength properties and application cost.

It is concluded that high biochar content, DoC, and PL helps to reduce the CIF significantly.
However, a more systematic investigation is needed to identify the correlation between basic soil

parameters (i.e., LL, PL, DoC, SG, and so on) for diverse types of BAS.
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Chapter 8: Future Scope

In this research study, the influence of biochar was investigated on soil hydraulic properties and determining the
net effect on water holding capacity, erosion and cracking of the biochar amended soils at various percentages of
biochar amendment. The sensitivity analysis of various parameters was also done to check the most influential
factors affecting the property investigated. However, some of the results obtained differed from the literature,
while most observations agreed with the experimental results. The research shows a road map for the preliminary
design of different biochar-soil compositions (for geoengineering utilization) with the help of artificial
intelligence. However, a few limitations exist in the current work. A summary of the limitations and the future

scope is given as follows:

e It should be noted that the conclusions are based on the given sets of measured data available in the
literature. There was also a lack of reliable data on SWCC at the higher range of soil suction. More
systematic studies need to be conducted to establish full-scale SWCC for soils amended with various
biochars (i.e., animal-based and plant-based). In addition, probabilistic approaches and Bayesian
optimization techniques [60, 61, 76] can be adopted for considering uncertainties in measured SWCCs.

e The study has developed models based on the data from the literature, as experimentation could not be
carried out due to COVID-19 restrictions. Future work can be supported with on-site experimentation.

e  Further studies are needed to analyze the effect of different feedstock types and pyrolysis conditions
(temperature, moisture, type of pyrolysis, atmosphere) on physicochemical properties of biochar and,
ultimately, on erosion potential of the soil-biochar mix. Studies are needed to consider the effects of biochar
on soil erosion in the long term, considering vegetation growth and seasonal variation. Further,
quantification of loss of nutrients in soil erosion needs to be conducted. Since biochar may negatively impact
strength, its combination with other amendments (such as fibres or vegetation) can be considered for soil
erosion control.

e In future, studies need to be carried out to understand the combined effect of vegetation and biochar with
different slope and soil conditions. Recently, financial support has been provided to develop commercial
biochar production capacity to maximize its use for soil remediation and other construction purposes. This
is done to achieve the overall aim of reducing the carbon emission goal of 2030 and also to develop a
circular economy. Our current study is one of the first steps in promoting biochar use for soil remediation

and construction in geotechnical infrastructure.
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