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Abstract

Soil slopes are susceptible to surface erosion, particularly in regions with significant rainfall
and steep topography, resulting in slope failures. Failures of slopes, such as landslides and
rockfalls, can cause severe damage to infrastructure, property, and human life. In India,
landslides have resulted in significant loss of life and damage to communication networks,
human settlements, agricultural areas, and forest regions. Rainfall-induced slope failures are
widespread in many regions of the world. According to the Disaster Management Authority
of India, Ministry of Home Affairs (MHA), Govt. of India, roughly 100 to 150 crores of
monetary loss occurred in the last decade. According to the Geological Survey of India,
around 0.42 million km? (12.6% of landmass) of the area in India is prone to landslides.
Hence it is necessary to stabilise the slopes prone to excessive rainfall. Several traditional
methods of soil stabilisation involve the use of synthetic materials that have negative
environmental impacts. Geosynthetic materials are popular for slope stabilisation and erosion
control due to their high efficiency and reliable performance. However, they can be costly,
difficult to install, and have negative environmental impacts. Synthetic geosynthetics, such as
geomembranes, geotextiles, and geogrids, may remain in the environment for hundreds of
years, leading to landfill accumulation and long-term pollution. Toxic additives or chemicals
in certain geosynthetics may leach into the environment and pollute soil and water. PVC
geosynthetics release dioxins and microplastics, which can enter the food chain and harm

animals.

Thus, searching for natural materials to stabilise soil slopes has gained significant attention
recently. Implementing natural fibres and plants to stabilise slopes and decrease surface
erosion has recently gained popularity. Natural geotextiles such as coir, jute, and sisal provide
immediate protection when installed in the ground, but these are biodegradable in less than
one year (Sanyal, 2017). Issues like soil erosion due to frequent rainfalls can wash away
germinating seeds and tiny plants in the initial stages, preventing plants from properly
growing on such a slope. Treatment of natural fibres with antimicrobial chemicals, plant-
derived oils, acetylation, and bitumen coating improves the durability of natural fibres, but
these methods are costly and may cause leaching (Gupta et al., 2018). The treatment of
natural fibres with antimicrobial agents, plant-derived oils, acetylation, and bituminous
coating increases the durability of natural fibres; however, these methods are expensive and
may cause leachate (Gupta et al., 2018). Thus, the primary goal of the present study is to
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develop a new method for treating natural geotextiles that is environmentally friendly,
economically advantageous, and adaptable to increase their durability. Natural geotextiles

made of jute are utilised in the research.

To increase the durability and strength of natural jute geotextiles, the present study
recommends a novel method that includes treating them with an alkali-activated binder
(AAB). Fly ash, an aluminosilicate-rich industrial waste, reacts with an activator solution of
sodium silicate and sodium hydroxide to produce AAB. To treat the fibres, AAB's different
water-to-solids ratios (w/s) are kept at 0.35, 0.4, and 0.45. The untreated and treated natural
geotextiles are subjected to different durability tests, including soil burial, compost burial,
exposure to acids and alkalis, and water hydrolysis for 180 days. The durability performance
is assessed by analysing the surface texture, surface morphology, change in chemical bonds,
weight loss, tensile strength, and elongation at failure (fibre breaking). It is observed from the
durability studies that the AAB treatment makes the jute geotextile harder and more resistant
to exposure to different chemicals. It is also determined that jute coated with an AAB of 0.35

w/s ratio degrades the least.

The primary factors affecting soil erosion are rainfall intensity, duration, and slope angles. To
study the effect of these parameters on the stability of the slope, artificial rainfall and
laboratory-scale slope model arrangements were made. The slope model reinforced with
untreated and jute geotextiles is exposed to low and high rainfall intensities. Bermuda grass is
transplanted in conjunction with reinforcements to find the effect of plants on the slope model
under the rain. This study compares the effect of rain on the respective stabilities of the slope
with reinforcement and the slope without reinforcement. Slope failure due to the effect of
rainfall can be identified by finding soil erosion in the form of sediment yield when exposed
to rainfall and validating with the Modified Universal Soil Loss Equation model. The results
show that soil erosion was reduced by 68.6% when slopes were reinforced with jute. Erosion
was effectively reduced by reinforcing the slope with vegetation and AAB-treated jute
geotextiles. Vegetation with 0.35 w/s AAB-treated jute geotextiles significantly reduced
erosion by 84% for a 30° slope under heavy rainfall. The MUSLE model-based observations
showed that the MUSLE-calculated sediment yield values were close to those in experiments.
Between 79.9% and 95.8% of the MUSLE results and experimental data match each other.

An attempt was made to numerically simulate the behaviour of soil slopes reinforced with

untreated and treated jute geotextiles under rainfall conditions. A software called Plaxis 2D

viii



which is based on the Finite Element Method (FEM), is used to simulate the slope model.
The soil is described using the Mohr-Coulomb model with plane strain 15-noded triangular
elements. In this research, the effects of low (10.2 mm/hr) and high (23.4 mm/hr) rainfall
intensities on unreinforced and reinforced soil slopes of different slope angles (30°, 45°, 60°)
are investigated. Numerical studies show that the maximum deformation of the slope under
rainfall mainly depends on rainfall intensity, slope steepness, and reinforcement. The 0.35
AAB treated jute reinforcement application improved the slope's stability by increasing the
soil's shear strength and providing additional tensile strength to increase the slope failure
time. Under lower rainfall conditions, a 30° slope with a reinforcement resulted in a
maximum slope failure time of 6.37 hours. This model can be utilized in future research to
evaluate the stability of various slope angles during rainfall events. Current research is a step
toward a sustainable and environmentally friendly solution for applying treated natural
geotextiles and plants to improve slope stability, reduce surface erosion, and have a

significant practical impact on slope construction at a low cost.

Keywords: Alkali Activated Binder; Duarbility; Slope Model; Plants; MUSLE Model; Plaxis
2D
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CHAPTER 1

Introduction

1.1 General

The necessity of using eco-friendly materials in the construction sector to reduce
environmental pollution justifies the use of natural materials in slope stabilization.
Biodegradability issues with natural geotextiles hinder their popularity of usage in
geotechnical structures such as retaining walls, slopes, and river bank protection. Controlling
the environmentally hazardous effects of geosynthetic materials and, at the same
time, reusing waste materials in the construction industry, such as fly ash (FA), is of the
highest priority in modern times, particularly in developing countries. The present research
seeks to develop a method for the sustainable and environmentally favourable use of natural
materials in slope stabilization. The background and motivation of the research are presented

in this chapter. The organizational structure of the thesis is discussed in detail in this chapter.
1.2 Background of the Proposed Study

Stabilizing slopes and reducing surface erosion are important goals in many civil and
environmental engineering projects. Slope failures, such as landslides and rockfalls, may
devastate human life, property, and infrastructure. At the same time, surface erosion can lead
to soil loss, sedimentation, and water quality degradation. Slope failures in soil due to intense
rainfall are major global geotechnical disasters. In India, landslides have resulted in major
mortality rate and destruction of communication systems, human settlements, agricultural
areas, and forest regions. The occurrence of intense rainfall in various regions worldwide has
the potential to induce slope failures, resulting in severe consequences for human lives and
infrastructure. There are several cases of large-scale devastating landslides produced by
rainfall in nations such as China, Chile, India, Japan, and Venezuela (Brown et al., 1982;
Lagmay et al., 2006; Sengupta et al., 2010; Schuster et al., 2002; Van Sint Jan & Talloni,
1993). According to the Disaster Management Authority of India, Ministry of Home Affairs
(MHA), Govt. of India, roughly 100 to 150 crores of monetary loss occurred in the last
decade and, as per the Geological Survey of India, around 0.42 million km? (12.6% of
landmass) of the area in India is prone to landslides. In 2003, 2007 and 2008, the proportion
of landslides in India was in the top ten worldwide (Kirschbaum et al., 2010). During the

monsoon season, which typically lasts from June to September and October to December,



landslides occur more frequently (NDMG, 2009). Weak geological patterns, extremely
intense rainfall, naturally critical slopes and the absence of permeable granular soil are the
most identified causes of landslides. Figure 1.1 shows a railway embankment failure because

of excessive rainfall at Shivatan railway station in Belagavi district, Karnataka, India.

Figure 1.1 Railway embankment failure due to rainfall in Belgavi, Karnataka, India (Deccan
Herald, August 17, 2020)

Traditional methods for prevention of erosion and stabilization of slope have relied on
geosynthetics and hard armor solutions, such as retaining walls and concrete structures.
Geosynthetics, including geomembranes, geotextiles, and geogrids, are designed to have
desirable physical characteristics for various engineering applications. Their high efficiency
and reliable performance make them popular for various civil engineering projects, including
erosion control, soil stabilization, and drainage systems. However, these methods can be
costly, difficult to install, and have negative environmental impacts. Artificial geosynthetics
that do not biodegrade, such as polyethylene, polyester, or polypropylene, may persist in the
environment for centuries, leading to landfill accumulation and long-term pollution. Toxic
additives or chemicals in certain geosynthetics potentially leach into the environment and
pollute soil and water. During manufacturing and disposal, certain polyvinyl chloride (PVC)
geosynthetics release dioxins, a hazardous toxin. Artificial geosynthetics degrade into
microplastics, which may enter the food chain and harm animals. Manufacturing
geosynthetics in a plant requires the use of energy-intensive equipment and the extraction and
processing of fossil fuels. Thus it contributes to global warming by emitting greenhouse gases
(CO2, CHa, N2O) (Dixon et al., 2016).

The use of materials like natural fibres and plant roots has gained popularity recently
to stabilize slopes and reduce surface erosion. Natural geotextiles such as coir, jute, and sisal

provide immediate protection when installed in the ground. They have no negative effects on
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the environment, and their slow biodegradation benefits plant life by providing organic
matter and essential minerals which can improve soil fertility, water retention, vegetation
process and establishment of roots (Daria et al., 2020; Shavandi and Ali, 2019; Sarasini and
Fiore, 2018; Broda et al., 2016). As the vegetation grows, it helps to anchor the soil and
prevent erosion. Plant roots, particularly those of certain grasses and shrubs, can stabilize
slopes effectively and reduce erosion. These plants have deep, fibrous root systems that can
help to anchor the soil and absorb water, preventing it from flowing across the surface and
causing erosion. The plant roots can also improve soil strength and nutrient availability.

Traditional techniques for controlling soil erosion on steep slopes include bench
terracing and dry rubble-packed bunds. However, these usual approaches cannot
support plant development on steep slopes. Natural vegetation is an effective way of erosion
management and slope protection on sloping terrain. Issues like soil erosion due to frequent
rainfalls can wash away germinating seeds and tiny plants in the initial stages, preventing
plants from properly growing on such a slope. Under such circumstances, geotextiles protect

the soil and seeds during the earliest phase of plant development.

Natural fibres, such as coir, jute, etc., are preferable over synthetic fibres due to the
environmental friendliness of the material and ecological compatibility as it degrades with the
soil. In contrast to synthetic fibres, natural geotextiles are more efficient in preventing soil
erosion due to their enhanced drapability (Bhattacharyya et al., 2010). Unlike synthetic
geotextiles, natural fibres may absorb water and degrade over time, making them unsuitable
for slope stability applications (Lekha, 2004). Based on mechanical performance, natural
geotextiles are equivalent to synthetic geotextiles. Natural fibres have similar specific tensile
strength and Young's modulus as compared to synthetic fibres (Nam et al., 2006). Natural
geotextile costs less than synthetic geotextiles and leaves no carbon dioxide (CO2) footprint
(Wambua et al., 2003). Moreover, natural geotextiles may be substituted for synthetic ones in
various construction applications. For example, river banks and hill slopes need protection
against erosion until the vegetation is mature enough to hold the soil. Many uses have been
found for raw jute geotextile (JGT) and treated JGT in India. Datta (2007) has provided
several examples of the successful use of JGT to halt soil erosion, enhance road subgrade,

and safeguard river and canal banks.

Nevertheless, the global use of natural geotextiles is considerably low, such as less
than 6% of total geotextile use (Sanyal, 2017). Several potential factors may contribute to the

limited utilisation of natural geotextiles, such as (i) paucity of academic research on the
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properties of natural geotextiles along with the behaviour and performance of soil reinforced
with them, (ii) the differences in properties among geotextiles of the same kind can be
attributed to disparities in their origin and manufacturing procedures, and (iii) low resistance

to microbial, physical, and environmental deterioration.

Slope parameters determine the applicability of the natural geotextile material as
reinforcement. Natural geotextiles are efficient on low-volume roads, river banks and mild to
moderate steeper slopes. Natural geotextiles on mild slopes may stabilize the soil and prevent
erosion. Natural geotextiles act effectively on slopes with vegetation. In the process of
stabilizing slopes over time geotextiles protect vegetation and promote plant growth. On
slopes with mild to moderate erosion, natural geotextiles are effective. They work particularly
well in areas with a significant erosion risk from water runoff. Natural geotextiles may be
used on construction sites and embankment slopes. During construction, they stabilize

disturbed soil and prevent erosion while vegetation develops.

However, the life span of JGT is of a maximum period of 6 to 12 months (Shukla, 2021;
Sanyal, 2017). In regions with varying precipitation, the durability of natural geotextiles can
differ due to several factors, such as material type, installation technique, and local
conditions. Therefore, certain procedures are necessary to prolong the practical lifespan of
these fibres. Bitumen coating, acetylation, and treatments with sodium hydroxide and
hydrogen peroxide are all effective, but they are expensive and may lead to leachate (Gupta et
al., 2018). Therefore, an innovative treatment for extending the durability of JGTs has to be
developed. At the same time, the treatment method, which is environmentally and
economically friendly treatment can be adaptable, like an alkali activated binder (AAB)
treatment that uses the industrial by-product fly ash for production. In vitreous phases, AAB
is produced by disrupting the covalent bonds of Al-O-Si, Si-O-Si, and Al-O-Al, yielding a
long-chain polymerized sodium aluminosilicate structure (Davidovits, 1994). By dissolving
NaOH in an alkaline medium, the covalent bonds between Si-O-Si, Al-O-Al, and Al-O-Si in
the vitreous phase of the raw material are broken, allowing the SiO2 and Al;O3 ions to be
transformed into colloids and released into the solution. This concentration of Al,O2SiOs3
polymerizes into a highly reactive material, producing a well-structured alumino-silicate
matrix. The degree to which covalent bonds are destroyed depends on volume, pH, and
alumina-silica origin variables. Utilizing AAB for the treatment of natural geotextile has dual
advantages. It reduces the need for conventional treatment methods (e.g. acetylation, bitumen

coating) and landfill disposal expenses for fly ash. In addition, AAB has a low carbon
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footprint (80% less CO2 and 70% less potential for global warming) and excellent
mechanical performance, workability, and durability (Gartner 2004; Taylor et al., 2006). The
treatment technique proposed for natural geotextiles in this study involves the utilisation of
fly ash as the primary constituent. India is the third most prominent producer of coal-based
electricity globally, following China and the United States. According to research by the
central electrical authority India, power plants of the country generate between 106.37 and
133.9 million tons of fly ash annually, of which % is very fine (CEA 2022). Every year,
between 20 and 25 % of fly ash is wasted. In India, the land area occupied by fly ash and
other ash ponds amounts to approximately 65,000 acres. It is projected that the annual
production of ash in the country will exceed 230 million tonnes by the year 2022(IRC: SP:20-
2002). Since most of the factories generate fly ash as a leftover product, the manufacturing
costs for AAB are less than those of conventional treatment processes such as acetylation.
However, a significant amount of research encompassing extensive laboratory investigations
is needed before recommending AAB for treating natural geotextiles. Alternative stabilisers
for slope stabilisation are becoming a viable option as the use of eco-friendly materials gains

popularity in civil engineering.
1.3 Importance of Proposed Research

The research results (optimal design of natural fiber and plant root stabilization soil slope)
can be innovative solutions to protect soil erosion on road and railway embankments. This
innovation will be very useful for the construction industry. Fly ash is produced in huge
quantities in India as an industrial byproduct of coal-based thermal power plants. The
methodology adopted in the present study will make use of fly ash as one of its primary
components. The use of AAB-treated natural fiber on road/railway embankments, river
dykes, and other embankments will be an economically and environmentally friendly solution
to utilize waste products. In addition, a numerical model is simulated to compute the effects
of various reinforcements to stabilize slopes when exposed to rainfall will significantly
assist the design of embankments and slopes. Using natural fibers for the protection of slopes
and erosion control will be a best practice example for all and the results can be used as
educational material for spreading awareness on sustainable slope management and erosion

control practice.



1.4 Goals and Objectives

An attempt is made in this research to utilize natural geotextiles for slope stabilization and to
treat the natural geotextiles with industrial byproducts to increase their durability and
performance. This research aimed at finding environmentally friendly alternatives to
traditional chemical treatments for JGTs. The main goal of this study is to determine the
optimal AAB mix for a wide range of w/s ratios and aluminosilicate precursor concentrations
in alkaline mixtures. The main focus of this study is to evaluate the microstructural properties
of untreated and treated JGTs to assess the durability of jute. Experimentally, the stability of
a slope reinforced with various JGTs together with and without vegetation is evaluated when
subjected to varying rainfall intensities. After installing different reinforcements on the slope
surface, the stability of the slope under rainfall conditions is simulated using commercially
available finite element software Plaxis 2D. Considering the goals mentioned above, the

specific objectives of this research are listed as follows:

e Development of a novel treatment method with Alkali Activated Binder (AAB) for

natural fibres to improve their strength and durability.

e (Geotechnical and material characterization of AAB-treated natural fibres, plant roots and

locally available soil.

e Comparison of relative soil reinforcing efficiency of plant roots and AAB-treated natural

fibre, both individually and in combination.

e Evaluation of the effectiveness of treated natural fibres and plant roots in reducing surface
erosion by the construction of a laboratory scale slope model exposed to rainfall.

e Assessment of stability behaviour of slopes, reinforced with treated JGTs and subjected to

varying rainfall patterns using numerical modeling

1.5 Thesis Organization

A brief description of the work carried out in various chapters is presented chronologically.

Chapter 1: This chapter briefly overviews the research topic and emphasizes the significance

of the current investigation.

Chapter 2: Extensive literature reviews are conducted to assess the performance of different

natural geotextiles in enhancing soil strength, decreasing surface erosion, and stabilizing



slopes. Several methods for improving the durability of natural geotextiles are covered.
Bioengineering methodology in preventing slope instability and soil erosion is discussed.
Various numerical strategies for dealing with slopes that have been reinforced are also
addressed.

Chapter 3: This chapter illustrates the characterization of red soil and locally available
natural JGT. Methods for microstructural characterization of natural geotextiles, performing

geotechnical tests, study on vegetation, and soil erosion models are discussed in detail.

Chapter 4: This chapter focuses on the extensive durability research on untreated and treated
natural JGTs. Studies characterizing the mechanical strength of JGTs are also reported.
Analysis of chemical, mineralogical, and morphological changes of natural JGTs after being

treated with AAB solution is also discussed.

Chapter 5: The soil erosion experiments carried out in the laboratory on a slope model
consisting of different inclinations reinforced with untreated and treated jute reinforcement,
along with and without vegetation, are elaborated on in this chapter. The Modified Universal

Soil Loss Equation model is also used to analyze the values of soil erosion.

Chapter 6: In this chapter, the stability behaviour of soil slope reinforced with various
untreated, treated JGTs and exposed to various rainfall intensities are discussed in detail with

the help of Plaxis 2D, a commercial finite element software.

Chapter 7: This chapter provides a summary of the most important results from the current
study and discusses the possibilities for future research.



CHAPTER 2

A Review of Literature

2.1 General

This chapter presents an overview of existing research on natural geotextiles and their
application in ground improvement, specifically slope stability. It discusses the role of natural
geotextiles in protecting the slope against erosion to reduce the risk of erosion caused by
raindrops and flood waters, slope stabilization, and their reinforcing performance along with
vegetation in their natural, chemically treated form. The uses of natural geotextiles against

conventional synthetic geotextiles are also discussed.

The major concern of this chapter is to examine the efficacy of natural geotextiles for
slope protection. A comprehensive analysis of how natural geotextiles are used to enhance
the strength properties of weak soil is presented. A thorough explanation of the durability of
natural geotextiles, as well as their limitations and a variety of treatment approaches to
increase their durability, are highlighted. The effectiveness of various chemically treated
geotextiles for ground improvement and slope stability is also discussed. The influence of
different bioengineering methods on slope stability is reviewed. In addition, the significant

research gaps and possibilities for future research are also addressed.

The review is presented chronologically under the following categories:

< Improvement of the strength of soil using natural geotextiles

% Reduction of surface erosion using natural geotextiles

«» Slope stabilization using natural geotextiles

% Strengthening of soil and decreasing surface erosion by bioengineering methods
% Durability studies and treatment methods for natural geotextiles

% Numerical studies of reinforced soil slopes
2.2 Improvement of Strength of Soil Using Natural Geotextiles

2.2.1 Natural Geotextiles

Geotextiles have gained significant popularity in engineering applications in recent decades

owing to their multifunctional capabilities in soil filtration, reinforcement, drainage, and
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separation. The excellent mechanical properties of manmade synthetic geotextiles have led to
their widespread recognition in the engineering field (Shtykov et al., 2017; Bouazza et al.,
2006). Artificial geosynthetics, also known as geotextiles, geogrids, geonets, etc., are
polymeric products used in direct interaction with soil and/or rock in civil and environmental
engineering. (Wiewel and Lamoree, 2016). Miller and Saathoff (2015) estimated that the
annual worldwide geosynthetics market is around 6,125 million square metres, with a value
of $5.76 billion. Artificial geosynthetics, in general, are made from petroleum-based
polymers like polyolefins and polyesters. While polyethylene makes up the remaining 10%,
polypropylene dominates (90%) as the geosynthetic material (Wiewel and Lamoree, 2016).
Petroleum-derived polymers exhibit commendable mechanical strength and durability,
however, prolonged exposure to normal environmental conditions can generate microplastic
particles (less than 5 mm) to release and leach eco-toxic chemicals into the surrounding
environment (Browne et al., 2007). Micro-plastics have been found in various concentrations
in drinking water, including bottled and tap water, marine water, wastewater, fresh water,
food, and the air. Micro-plastics may be ingested or inhaled, and once within the body, they
may be absorbed by different organs and have a variety of potential negative effects on
health, such as causing cell damage or inflammatory and immunological responses (WHO
2019). Consequently, many researchers are currently exploring the efficacy of natural
geotextiles, including JGT (JGT), coir, hemp, and flax by studying their mechanical and
performance characteristics (Sanyal, 2017; Subaida et al., 2009; Rawal and Anandjiwala,
2007; Lekha, 2004).

Natural geotextiles such as JGT, coir, hemp, sisal, and flax are widely used in civil
engineering. The majority of JGT originates from India, Bangladesh, and China. The
adaptability of JGT was recognized as early as the fifteenth century. An organised effort to
grow JGT probably was initiated around the 16™ century (Ghosh et al., 2014; Singhavi,
2003). The premier center for textile processing, research, and training was established in
Dundee, Scotland, and the experts suggested using JGT to spin thicker yarns suitable for
weaving into sacking, wrapping, and backing materials. The demand for JGT to make sacks
increased in the years between the American Civil War (1860-1865) and Crimean War
(1854-1856) (Sanyal, 2004; Mitra, 1999). Dundee, Scotland, witnessed the first successful
use of JGT as a road reinforcement in 1920, and Strand Road, Kolkata, India, followed in
1934. In the 1950s, a woven synthetic cloth was used to prevent erosion in Florida. However,

in 1966, a nonwoven fabric was first used for asphalt overlay in the USA (Ghosh et al.,



2014). This is how the utilization of JGT in civil engineering came into implementation. The

following chapters will discuss various aspects of JGT.

In the last several years, JGT has emerged as a potentially useful material in many
fields of civil engineering (Panigrahi and Pradhan, 2019). Plants of the genus Corchorus are
used to produce JGT. Manufacturing JGT is commercially popular in countries like
Bangladesh, India, and China. Compared to other natural fibres, this material stands out as
both cost-effective and extensively manufactured. (Faruk et al., 2010). JGT is a
biodegradable lignocellulose fiber. After cotton, it is the most widely produced natural fibre.
The composition of this fibre primarily consists of cellulose, hemicellulose, and lignin (Saha
et al., 2010). The presence of a high amount of cellulose in JGT provides high tensile
strength. The strength ratio of expansive soils improved up to fiber content of 0.6% and the
shear strength of the soil increased with an increase in the length of the fiber (Wang et al.,
2017). The incorporation of a woven variant of JGT (85%) in the cross-direction geotextile
for the construction of unpaved rural roads led to a significant enhancement in modulus,
breaking strength, and puncture resistance as measured by the California Bearing Ratio
(CBR), in comparison to the strength improvement achieved with a 100% HDPE geotextile
(Basu et al., 2010). Natural geotextiles serve multiple functions within civil engineering, such
as soil stabilisation and erosion prevention. The following sections discuss in detail some

prominent civil engineering applications by natural geotextiles.

2.2.2 Strengthening of Soil using Natural Geotextiles

Due to rising industrialization and urbanization, the construction industry requires improving
the engineering properties of existing ground. Ground improvement techniques are employed
to enhance the geotechnical characteristics and engineering properties of soils that are weak
and soft. Since ancient times, stabilizing these soils has improved their engineering
properties. Soil reinforcement is a ground improvement technique that enhances the bearing
capacity, ductility, and resistance to soil deformation. Shear strength of sand that has been
reinforced with various synthetic, natural, and metallic fibres was studied by Grey and
Ohashi (1983). These factors included the orientation, content, area ratios, and stiffness of the
fibres. The researchers concluded that the relationship between the area of fibres and the area
of the matrix directly influences the shear strength of a material. In their study, Maher and
Grey (1990) conducted triaxial compression experiments on sand that had been reinforced
with discrete, randomly dispersed fibres. Mechanical characteristics of a kaolinite-fiber soil
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composite were examined by Maher and Ho (1994) using splitting tension, unconfined
compression, and three-point bending tests. In recent decades, research has demonstrated that
the engineering properties of various soil types, including sand, silt, and clay, can be
improved through the incorporation of fibre reinforcement (Shaia et al., 2016). The study
conducted by Aggarwal and Sharma (2010) examined the utilization of JGT to improve the
characteristics of subgrade materials. The findings indicate that applying JGT reinforcement
resulted in a reduction in the maximum dry density and an increase in the optimal moisture
content of the subgrade soil. According to Singh and Yachang (2012), reinforced soil may
have a deviatoric stress at failure that is maximum of 3.5 times higher than that of plain soil.
They also found that the increased stiffness modulus of reinforced soil dramatically reduced
soil settling. Multiple laboratory CBR experiments on soil reinforced with JGT of varied
lengths and diameters were also performed by Singh and Bagra (2013). Soil CBR values
were found to rise by a large amount (200%) after being treated with JGT. Experimental
research on the usage of JGT for subgrade soil enhancement has been conducted by Al et al.,
(2016). The research included a series of testing, including rutting, dynamic load, CBR, and
durability. With JGT, the subgrade soil's CBR value was increased, the rutting depth was
decreased, and the cost of maintenance was lowered. Using JGT reduces the pavement's
thickness and the associated construction expense. Choudhary et al., (2011) assessed the
utility of JGT and geogrid through CBR tests on both the reinforced and unreinforced soil in
wet conditions. It was found that increasing the number of reinforcing layers significantly
raised the soil's CBR value. Compared to geogrid, JGT was also proven to be more successful

at strengthening.

The study conducted by Kumar (2012) found that the incorporation of woven and
nonwoven geotextiles in the interface between a soft subgrade and unbound gravel within an
unpaved flexible pavement system resulted in improved penetrating resistance and,
consequently, enhanced the CBR strength of the unpaved road, especially when dealing with
a soft subgrade. Incorporating geotextiles into the design of an unpaved road increased its
performance, and this effect was amplified with deeper penetration. Ghosh et al., (2014)
constructed two types of clayey soil, one with JGT and one without, to compare the effects of
adding and removing the geotextile on the soil properties. They discovered that the JGT
substantially impacted final form of the soil. The JGT geo-shear textile strength, dry density,

and permeability values were examined before and after being laid. Hence, it may be
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concluded that JGT is a powerful tool for enhancing soil quality by lowering compressibility

and raising strength.

Pozzolanic materials including fly ash, JGT, lime, and water-resistant compounds
were added to black cotton soil by Pandey et al., (2013) for the study. Multiple Proctor
compaction tests, CBR and Atterberg limit tests were performed on soil containing JGT of
varying diameters (2-8mm) and lengths (0.5-2mm) and percentages (0.2%-1%) of fly ash
(10%, 15%, 20%, and 25%) to determine the optimum amount of each. The results showed
that combining 1% JGT, 20% fly ash, and 5% lime in soil yielded superior results than
adding each ingredient separately for soil improvement, thereby reducing the cost of the road
(black cotton soil) by approximately 50-60% and increasing the CBR values by around 80-20

times.

As part of their research, Philip and Charly (2016) examined the effects of geotextile
reinforcement on granular soils when applied at the top, middle, and bottom of the model,
the CBR values of geotextile-sheet-reinforced granular soils were observed to rise. When
compared to unreinforced soil, soil that was strengthened using a geotextile sheet possessed
greater shear strength. Naeini (2008) studied geotextiles to understand more about their usage
as a tension material in the strengthening of granular soils. The effectiveness of reinforcing
on three samples of granular soil of varying sizes was evaluated. Geotextile sheets were
stacked in one or two layers at various depths inside the sample. They found that granular
soils with reinforced geotextile materials had a greater bearing capacity and CBR after being
covered with geotextile sheets. Compaction, deformation, and strength properties of fly ash-
stabilized soils were studied by Tapas and Baleshwar (2014). A higher soil dry unit weight
was observed after incorporating JGT layers. Two-layer compacted samples made of JGT
were subjected to unconfined compression strength (UCS) test. The UCS of soil reinforced
with JGT was found to be higher than that of soil that had not been treated. Four layers of
JGT, with uniform vertical spacing between each layer, significantly increased strength of the
soil. Dasgupta (2014) examined how roads with and without JGTs performed and how much
they cost to build. Results showed that geotextile construction was more cost-effective than
using natural granular materials for roads. This was because geotextile helped improve road
performance and economy via lower road thickness and shortened building times. Using
triaxial testing at four distinct locations, Singh (2013) conducted experimental work to
measure the soil stiffness and strength after geotextile reinforcement. Each soil sample was
dried to a density of 17.46 kN/m® and a moisture content of 14.55%. With the JGT sheet
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incorporated into the soil, they observed an increase in the shear strength values. Soil
cohesion (c) and angle of friction (¢) values are maximized by 72% and 46%, respectively
when 4 layers of JGT sheets were used. The stiffness modulus of soil is also increased with
confined pressures. Adding 4 layers of JGT sheets increased soil stiffness modulus by an
average maximum of 112%. Several studies found that after being reinforced with JGTs, soil
CBR values increased. The bearing capacity of a foundation resting on weak or poor soils
may be increased and settlement can be minimised when geotextile reinforcements are
utilised in the construction process. It has a wide range of applications in geotechnical
engineering, including foundations, retaining walls, embankments, and more. In combination
with soil, geotextiles are permeable materials that serve to separate, filter, reinforce, protect,
and drain (Panigrahi and Pradhan, 2019). The bearing capacity of subgrade soil was found to
be greatly enhanced by adding a layer of JGT between the sub-base and subgrade (Jadhav et
al., 2011). Aggarwal and Sharma (2010) used CBR and compaction experiments to
investigate the use of JGT-reinforced clay soil in subgrade construction. By using JGT, the
CBR value was able to be raised from 1.8 to 5.5, resulting in a 35% reduction in subgrade
thickness. Fiber addition lowered MDD and raised OMC for the subgrade material. Using a
series of CBR experiments, Kumar et al., (2015) compared the performance of JGT- and
coir-reinforced silty loam soil. It was found that the CBR values of JGT were greater than
those of coir fibres for the aspect ratio (L/D = 20 to 100). Datta (2007) summarised many
case studies demonstrating the effectiveness of JGT in preventing soil erosion, enhancing the

quality of the subgrade for new roads, and protecting the river and canal banks from damage.

Constructing low-traffic highways on top of black cotton soil subgrade, blended JGT
can be a cost-effective and environmentally safe alternative for 100% synthetic geotextiles
(Ghosh et al., 2021). Natural geotextiles, such as coir geotextiles, when used in conjunction
with sand interfaces, exhibit significant resistance to bonding, particularly under low normal
stresses (Menon et al., 2021). By improving its strength and stiffness, the bearing capacity of
soft soil for supporting footing was enhanced by the use of JGT and sisal as geocell
reinforcement (Kolathayar et al., 2020). JGTs also have higher tensile stiffness and modulus
than synthetic geotextiles (Buragadda and Thyagaraj, 2019). Even though JGTs have many
positive attributes, one major drawback is their biodegradability, which reduces their

effectiveness as a soil-stabilizing agent.
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2.3 Reduction of Surface Erosion of Soil Using Natural Geotextiles

External processes like wind and water flow remove soil from the surface of earth, which is
subsequently transported and deposited on other sites as a result of soil erosion. As a general
rule, soil erosion is the physical loss of topsoil by different causes, such as rain, river flow,
wind, glaciers, or gravitational attraction. Surface erosion is particularly likely to occur on
bare or unprotected ground surfaces. Mass movement differs from erosion in that it is
generated by the sliding, collapsing, toppling, or spreading of quite large and, in some cases,
whole masses. During a slide, shear failure occurs over a defined surface or set of surfaces
inside the failure mass, causing a gradual, sloping movement. The factors that control surface
erosion, such as slope, soil, rainfall, and so on, also control the movement of mass. Although
precipitation plays a significant role in rainfall erosion, precipitation has only a secondary
effect on mass movement via its effect on the groundwater regime at a location. On the other
hand, geological features like the orientation of joints and bedding planes in a slope may have
a significant impact on mass stability while having little effect on erosion at the surface. Land
and water are the most important natural resources for human life. About two-thirds people of
India depend on farming, which provides half of the employment of country and keeps the
environment in balance. Soil erosion affects plants and crops by removing the physical
characteristics of soil. About 45 percent total land area of India is affected by severe soil
erosion through gorges and gullies, crop rotation, cultivated wastelands, sandy regions,
deserts, and water-logged areas.

In India, landslides have resulted in significant loss of life and damage to
communication networks, human settlements, agricultural areas, and forest regions. In many
parts of the globe, rainfall may cause slopes to collapse, which can have devastating effects
on both people and property. Countries like India, Chile, Japan, China, and Venezuela have
all seen large-scale landslides caused by rain. (Sengupta et al., 2010; Lagmay et al., 2006;
Schuster et al., 2002; Van Sint Jan and Talloni, 1993; Brown et al., 1982;). According to the
Disaster Management Authority of India, Ministry of Home Affairs (MHA), Govt. of India,
roughly 100 to 150 crores of monetary loss occurred in the last decade and, as per the
Geological Survey of India, around 0.42 million km? (12.6% of landmass) of the area in India
is prone to landslides. According to Kirschbaum et al. (2010), India ranked among the top ten
countries in terms of landslip rates in the years 2003, 2007, and 2008. The monsoon season,
occurring from June to September and October to December is characterised by a heightened

occurrence of landslides (NDMG, 2009). Weak geological patterns, extremely intense
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rainfall, naturally critical slopes, and the absence of permeable granular soil are the most

identified causes of landslides.

The failure of slopes caused by rainfall is a major problem in India. Several
researchers have reported landslides and slope failures due to rainfall occurrences.
Embankments cut slopes, and fill slopes along the natural slopes are prone to these storm-
based failures (Chen et al., 2004; Day and Axten, 1989). According to the findings of Xu and
Zhang (2010), the occurrence of a slope failure above a railway line in China was attributed
to the combined effects of rainfall infiltration, inadequate drainage system, and subsequent
saturation of clay within the retaining wall. Because of the existence of inefficient soil to
disperse surplus water generated inside the soil slope during rainfall penetration, pore water
pressure increased, lowering the shear strength (Chatterjee and Krishna, 2019; Bhattacharjee
and Viswanadham, 2018). In the context of unsaturated soils, the process of rainfall
infiltration results in an increase in groundwater level, the augmentation of pore water

pressure, and the reduction of matric suction (Ng and Shi, 1998).

However, the significance of matric suction in ensuring the stability of unsaturated
slopes has been highlighted by Fredlund and Rahardjo (1993). Soil shear strength was
affected by both increased water pressure and decreased matric suction. Consequently, this
could potentially lead to occurrences of landslides and slope failure. Wu et al., (2021)
elaborated that rainfall intensity was the main reason for 80% of landslides. As rainfall
intensity increased, the displacement of soil sediment also increased, leading to greater soil
erosion and lower embankment stability. The amount of soil erosion is directly correlated
with slope angles, the higher the gradient, the more erosion occurs. Several research projects
have been conducted to comprehend the processes of slope collapse under situations of
rainwater infiltration. In the general scenario, there are two types of failure mechanisms:
shallow and deep slope failure mechanisms, as explained by Cai and Ugai (2004). According
to Zhang et al., (2011), infiltration is a major factor in the instability of slopes during rainy
weather. Consequently, soil erosion estimates are necessary for developing floodway soil
conservation strategies. Some areas of India have seen significant soil erosion as a result of
massive deforestation, substantial road development, mining, and farming on steep slopes
(Mahabaleshwara et al., 2014). Hence, it is necessary to understand soil erosion and mass

movement mechanism to control them effectively.
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2.3.1 Soil Erosion Mechanism

To effectively develop and implement soil management approaches to reduce and manage
soil erosion risk, thorough understanding of the processes through which erosion happens is
essential (Garca-Daz et al., 2017; Keesstra et al., 2016). Soil erosion, as described by Morgan
(2005), is a dual-phase phenomenon characterised by the initial detachment of soil particles
followed by their subsequent displacement through the action of erosive agents (such as
water or wind). The forces exerted on particles near the boundary or interface of a fluid bed
are illustrated in Figure 2.1. Erosion is primarily attributed to the influence of drag or tractive
forces, contingent upon velocity, discharge, particle shape, and roughness. The inertial or
cohesive forces between the particles balance out the drag forces generated by the fluid.
However, the erosion process is impeded by inertia, friction, and cohesion, which arise from
inherent soil properties, soil structure, and physicochemical interactions. The primary
methods for protecting soil against erosion involve main strategies such as 1) reducing the
drag or tractive forces by diminishing the speed of water flowing across the surface or by
dissipating the water's energy within a protected region, and 2) enhancing erosion resistance
by shielding or protecting the surface with a suitable reinforcement or by augmenting the
strength of inter-particle bonds.

\ Flowing Fluid
Q@ O Drag or Tractive Force
Q D at Fluid-Bed Boundary

Inertial or Cohesive
Forces between Particles

Figure 2.1. Schematic representation of forces acting on particles (Gray and Sotir, 1996)
2.3.2 Soil Erosion Agents
Soil erosion can be categorised into three types, as depicted in Figure 2.2: water erosion,

wind erosion, and chemical or geological erosion, in accordance with the causes of erosion.
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Soil erosion resulting from the forces of water and wind is a prevalent phenomenon that is

readily identifiable. Erosion by a chemical or geological agent can take years or even

decades, and it is sometimes difficult to measure that erosion. Water erosion is classified

based on the degree of influence it has on the environment. The subsequent sections

explain the various forms of erosion. Figure 2.2 shows the image illustrating water erosion.

Soil Erosion Agents

| | @ _ | LandSlide
L J\/L 5| LandFill
Caused by Wind Velocity @ -, Debris
Water Form < > Glacier —> Creep
Reservoir Run off Ocean Rainfall
@ @ Causes Splash Erosion
Surface Runoff Subsurface Runoff
Sheet Erosion | < > Rill Erosion

Gully Erosion <::>

Stream Bank Erosion

Figure 2.2. Different types of Soil Erosion (Das, 2000)

Water erosion is the term used to describe soil erosion that is caused by water. During

water erosion, the water works as a dislodging and transporting agent for the eroded soil

particles. The image of water erosion is shown in Figure 2.3. The many forms of erosion

include rill erosion, tunnel erosion, stream bank erosion, coastal erosion, and splash erosion.
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Figure 2.3. Water Erosion Process due to rain fall (Maitra el al., 2020)

Angulo-Martinez et al. (2012) define splash erosion as a complex phenomenon in
which the impact of a raindrop on a soil surface causes soil particle to detach from the surface
and be transported over relatively short distances. Splash erosion, which involves the
separation of soil particles, may be seen as the first stage of soil erosion caused by water, and
as such, it is important to investigate the causes and processes that regulate this process.
Splash erosion, aided by the wind, may carry soil particles more than 5 metres horizontally
(Erpul et al., 2009a, 2009b) and up to 1.5 metres vertically (Ryzak et al., 2015).

Sheet erosion occurs when raindrops and shallow surface flow cause the loss of thin
layers of soil. In the agricultural industry, skimming is a regular practice to be engaged in. As
a result of this type of farming, soil nutrients, and organic matter are severely depleted. The
often unnoticed nature of soil loss is a consequence of its sluggishness. This has a severe
negative impact on the soil over time. This type of soil erosion is mostly responsible for the
decline in soil productivity. Because of the lack of vegetation to act as a soil buffer and
stabilizer in overgrazed and cultivated soils, sheet erosion is more likely. Rainfall causes
water to pool on the ground, allowing grass and tree roots to be seen, as well as subsoil or
stony soils to be seen. When examining soil deposits on the upper sides of fences or other

barriers, sheet erosion can be identified.

When water flows downslope in croplands and rangelands, a substantial soil erosion
process known as rill erosion takes place (Kimaro et al., 2008; Cai et al., 2004). Rills are
formed when erosion leads to gullies. The first step in gully development is the advanced
form of rill. In terms of geomorphology, rill erosion is important because it creates erosion
features and moves sediment from areas of inter-rill erosion to areas of rill erosion (Bewket
and Sterk, 2003). Rill networks might develop at various levels of complexity (Mancilla et
al., 2005; Brunton and Bryan, 2000). Developing a rill network improves the concentration of

water flow and the connections between runoff areas along the channeling system (Heras et
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al., 2011). It is common to see rill erosion on newly tilled soil and overgrazed land due to the
loosening of the soil structure. Rill erosion is common in the Chambal River basin in India,

where alluvial soil is prevalent.

When the rill is more than 50 cm deep and wide, gully development begins. It is
impossible to clear gullies with standard tillage. Deforestation, overgrazing, or other methods
of clearing vegetation make hillsides more prone to gullying. When heavy rain occurs in
rapid, violent storms, the eroded soil is quickly taken away by the rushing water. The
phenomenon of gully erosion has been attributed to the rapid depletion of soil moisture and
groundwater in arid and semiarid regions, as evidenced by studies conducted by Avni (2005)
and Nyssen et al., (2004). According to Poesen et al., (2003), gully erosion has been a major
problem, having a devastating impact on agriculture and infrastructures including roads and
bridges. Assessment of gully extension and agricultural soil loss in the Jawa Block of the
Rewa District in Madhya Pradesh, India, conducted by Savindra and Prakash (1987), reveals
a worrying annual average loss of 2.35 million m® of agricultural soil. In the next half-
century, the impacted region is expected to grow by almost 50 percent. Severe soil erosion
affects around 27% of the land in India, with yearly soil loss estimated at 1.6 kg/m? (Lekha
2004).

2.3.3 Soil Erosion Control Methods

Erosion of soil occurs when soil particles become detached from their original locations and
are carried away by wind, water, or other agents. This is a major environmental concern that
may lead to many different ecological and social problems. There are several types of
techniques used to prevent soil erosion which are afforestation, crop rotation, mulching,

terrace farming, vegetation, etc.

e Afforestation: Afforestation is reforesting an area by planting new trees and plants. The
survival of plants is directly responsible for human life's existence. Therefore, whenever
trees are felled, they must be replaced with new ones. The best conservation results may
be achieved by planting trees in mountainous regions.

e Crop Rotation: There is a time when farmland has no crops, between when one crop is
harvested, and the next is planted. To prevent soil erosion, farmers often plant grass or

other cover crops at this time. Soil may replenish some of its mineral content in this way.
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Terrace Farming: Steps are dug into the hillside for cultivation in mountainous regions.
Water is slowed while the soil is deposited on the next level, and the process repeats. This
means that the soil is preserved forever.

Shelterbelts: The vegetative cover encompassing the field serves the purpose of
impeding the velocity of powerful winds, thereby safeguarding the soil against erosion
caused by wind-induced displacement.

Embankments: Agricultural land may be safeguarded against river floods by building
strong embankments along the banks of the river. These barriers keep the river and rains
from washing away a lot of the rich, productive soil.

Vegetation: Ground cover is a vegetative layer formed by plants, the plants roots
effectively bind the soil, thereby impeding the process of soil erosion.

Matting the soil: Implementing a protective covering, similar to a blanket, over the soil
to facilitate the growth of small plants also serves as a preventive measure against soil
erosion.

Application of mulches: It is a layer of material applied to the soil surface, which betters
the quality and holding capacity of the soil.

Constructing windbreakers: It prevents soil erosion resulting due to speedy wind.
Turning the slope area into a flat surface: At the time of rain, the soil surface can run
down with water, however, it can be prevented by flattening the surface.

Bio engineering methods: All types of vegetation techniques come under this category.
Sometimes it includes mulching matting methods.

Application geotextiles: Using geotextiles to prevent soil erosion is one of the effective
methods.

Using rock material: The utilisation of crushed stone, wood chips, and analogous
materials in areas characterised by challenging conditions for plant growth and

maintenance.

2.3.4 Erosion Control by Natural Geotextile

Installation of geotextiles on slopes is a popular method of erosion control (Rickson, 1995).

Soil erosion on designed slopes may be reduced in several ways, and one of them is by using

geotextiles as suggested by Jankauskas et al., (2008b). Using geosynthetics to prevent erosion

involves slowing the flow of soil particles away from the bank, diverting runoff to an

appropriate disposal area, and keeping silt from washing away (Sanyal, 2011). Mats or nets
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made of geotextile materials are used to protect soil from being washed away by precipitation
and overland flow (Alvarez-Mozos et al., 2014). Numerous physical characteristics of
geotextiles contribute to their efficacy in soil protection. The percentage of open area (or the
proportional size of apertures), moisture sorption depth, mat thickness, hydraulic roughness,
and tensile strength are important characteristics that determine how well such materials
operate in a given situation (Rickson, 2006). Additionally, the length and gradient of a slope,
the type of soil, and the local precipitation regime all affect erosion reduction ability of a
geotextile (Bhattacharyya et al., 2010). The majority of geotextiles can decompose in
landfills and are constructed from sustainable materials. In the last 50 years, geotextiles have
made significant contributions to erosion control. When it comes to preventing soil erosion
on and off construction sites, geotextiles are often utilised (Mitchell et al., 2003; Dayte and
Gore, 1994; Sutherland, 1998a). To prevent soil erosion and support plant growth,
establishment, and protection, a wide range of temporary degradable and permanent non-
degradable materials have been developed or fabricated into rolls (Allen, 1996). Some of
them are erosion control blankets (ECBs), erosion control re-vegetation mats (ECRMs), and
turf reinforcement mats (TRMs) (Gray and Sotir, 1996; Theisen, 1992). In most cases,
geotextiles come in rolls and are installed in the field with the help of different anchoring
mechanisms. Synthetic geotextiles are those made from man-made polymeric materials. Non-
degradable synthetic geotextiles have the potential to pollute the soil (Fullen et al., 2007).
Furthermore, the manufacturing process may result in environmental damage to the air and
water. The cost of synthetic geotextiles may be more than 10 times that of natural geotextiles
per unit area (Ingold, 1996). Recent environmental concerns have prompted research into the
production of environmentally friendly materials for engineering purposes, such as ground
improvement, slope protection, etc. The replacement of artificial geotextiles with natural
geotextiles to reduce associated CO> emissions is one option for achieving sustainability
(Kiffle et al., 2017). Because of easy accessibility, reproducibility, low cost, and good
biocompatibility, natural fibres such as JGT, coir, and hemp are commonly used to replace
synthetic fibres as reinforcing agents in soil (Muthukumar et al., 2019; Mishra et al., 2017;
Rawal and Sayeed, 2013). Despite the extensive use of synthetic geotextiles in the industry,
geotextiles produced from natural geotextile materials are particularly successful in
preventing erosion and encouraging the vegetation growth (Chakrabarti et al., 2016). The
protective function of natural geotextiles is summarised in Table 2.1. Natural geotextiles are
superior to synthetic geotextiles in terms of erosion control and soil adherence (Jankuskas et
al., 2012). Because of their 100% biodegradability and superior adhesion to the soil, natural
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fibres were the chosen option for reducing erosion (Sutherland and Ziegler, 1996; Langford
and Coleman, 1996). In addition, biomats may aid in preventing excessive heat from the sun
from reaching the soil, keep soil temperatures from swinging wildly, limit water loss from
evaporation, and foster healthy plant development (Sprague and Paulson, 1996). JGT was the
first material employed as a rolling erosion control geotextile due to its lower cost and wider
availability (Ranganathan, 1992). JGT is a natural cellulose-based fabric that is abundantly
available, particularly in the Indian subcontinent. Wool geotextile, which is slow to
biodegrade and supports plants for full slope protection, can provide immediate protection
against soil erosion (Broda et al., 2018). Table 2.1 summarises the effects and applications of

natural geotextiles.

Table 2.1. Effects and applications of various natural geotextiles (Wu et al., 2020)

Type of Geotextiles Application Effect
Palm-matgeotextiles Reduce soil erosion 1) Palm-mat geotextiles have demonstrated
on slopes significant efficacy in mitigating soil erosion
and minimising water runoff.
Desert fixing sand 2) Repair gullies and take measures to stop
erosion.

3) Palm-mat geotextiles are very effective in
preventing water loss and erosion.

Coir geotextiles Reducing the risk of 1) Coir geotextiles have a great impact as a
riverbank erosion protective measure for river banks.
2) The tensile strength of untreated fibres
maintained just 23% of their original strength
after being exposed to the environment over 12
months.

JGTs 1) It can filter and separate freely flowing water,
preventing the passage of microscopic
particles.

2) 600-700 days is the lifespan of the modified
JGT.

3) The tensile strength of treated JGTs for riparian
applications is sufficient, and they last for up to
four years.

4) JGTs may delay runoff, decrease runoff by
62.1%, and prevent erosion by 99.4%.

5) JGTs provide superior runoff control
effectiveness compared to coir geotextiles.

Protection against
riverbank erosion

Elephant grass & York Prevention of Soil 1) The soil loss of the two geotextiles was
grass geotextiles erosion reduced by 56.6% and 97.3%, respectively,
when compared to the reference case study,
indicating effective control over erosion and
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sediment management.

Water hyacinth, reed, Prevention of Soil 1) Geotextile raw materials like sisal and roselle
sisal, Rosellegeotextiles  erosion indicate potential, and reed and water hyacinth
fabrics are effective in preventing soil erosion.

Soil conservation seems to be greatly enhanced by the use of palm mats, according to
results collected in the field in the United Kingdom. Rates of erosion were from 0.45 Mg ha™
for uncovered soil to 0.09 Mg ha for grass plots and 0.17 Mg ha* for both covered and
buffer zone plots, respectively (Davies et al., 2006). Reduced sediment yield from South
African tailing dam slopes by 55% was achieved using biodegradable geotextiles made from
the leaves of the Lala palm (Hyphaene coriacea) (Buhmann et al., 2010). Producing
biogeotextiles is also economic (often between €0.34 and €4.40 per square metre) according
to Fullen et al., (2011). Geotextiles fabricated from palm leaves were shown to be effective in
reducing soil erosion. These materials are abundant and renewable when they are gathered
properly. They are permeable, making them useful even on cohesive soils, and biodegradable,
giving organic matter to soil stabilization (Booth et al., 2007; Fullen et al., 2006). Geotextiles
are used to improve soil quality in a variety of engineering applications. On steep erodible
slopes, geotextiles may be utilised as a substitute for vegetative cover when erosive pressures
of precipitation and runoff constrain plant development (Smets et al., 2007).

Open weave JGT is applied to the slope surface at the beginning to prevent soil
erosion and promote plant growth because of its coarse fibre nature, thick threads, and 3-D
qualities. With their open weave, JGTs operate like a series of mini-check dams to divert
water away from a specific area. JGT may be stretched and arranged to imitate the
topography of wherever it is planted (Thomson, 1988). To prevent further soil erosion along
the eroding banks of Indian rivers, a fabric made from JGT treated with resistant chemicals
was utilised. Additionally, JGT was proposed as an innovative material for soil erosion
control (Ingold, 1994). The erosion rates on sandy soils were significantly reduced when
JGTs were used. The JGT net provided 35% and the JGT mat 247% of the control runoff
compared with the bare control as stated by Mitchel et al., (2003). Additionally, Tauro et al.,
(2018) demonstrated that JGT was an excellent choice for hillslope protection because of its
high hygroscopic characteristic. They evaluated the efficiency of two biodegradable
geotextiles made from JGT in preventing soil erosion on a steep slope. Water storage was

made possible by unique ability of JGT to absorb water at a rate of 4.5 to 6 times its dry
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weight (Rickson, 1988). Overland storage and preventing soil from detaching from slopes are
effective ways to manage soil erosion during times of high precipitation and impermeable
soil. JGTs are naturally hygroscopic due to their inherent characteristic, which also
contributes to the adaptability of the material. JGT is used for erosion management for
several reasons, including its advantages, biodegradability, and ability to contribute rich
organic nutrients to the soil and promote plant growth. Because of its low cost and wide
variety of available manufacturers, JGT has become a popular erosion control method (Ghosh
et al., 1994). The eco-friendliness of the material is important to the widespread use of JGT

in erosion control, which makes it a natural, risk-free alternative (Manivannan et al., 2018).

Henderson (1982) proposed using strips of biodegradable paper knitted together to
protect vulnerable soils while construction sites are stabilized with vegetation. Balan and Rao
(1996) demonstrated that using a geotextile from natural fibres stabilises soil surfaces and
reduces erosion. Banerjee (1996) introduced a highly versatile material, blended natural fibre
geotextiles made of coir and JGT. Rao and Balan (2000) conducted a comprehensive data
collection effort pertaining to the sustainability of the coir geotextiles market. In a study
conducted by Lekha (2004), the focus was on the stabilisation of slopes through the
utilisation of coir geotextiles. The findings of the study indicated that the implementation of
coir nettings effectively prevented the displacement of seeds caused by erosion, while also
serving as a protective barrier against the erosive forces of rain and wind. Soil erosion was
greatly reduced when lemongrass turf was installed over coir netting. One such protected plot
was found to have a yearly soil loss of 94.9% less than a neighbouring non-protected plot.
Soil erosion decreased by 99.6% ,95.7%, and 78.1% before, during and after the monsoon in
the protected plot, compared to the unprotected plot. This proves that the method is very
effective in preventing soil erosion in damaged mountainous areas. Cotton palm may reduce
soil erosion in Mediterranean climes, according to research by Gimenez-Morera et al.,
(2010), and palm geotextiles reduce runoff coefficients and reduce soil erosion on hillslopes,
according to research by Smets et al., (2007). Laboratory tests showed that soil loss might be
drastically decreased by using geotextiles made from hyacinth (Maneecharoen et al., 2013).
Coir geotextile was investigated by Vishnudas et al., (2012) as a means of increasing soil
moisture availability on hillslopes. Based on their research into erosion management, Rao and
Balan (2000) concluded that coir geotextile may effectively stop particles from eroding along
a surface of the slope and instead let the soil settle onto the bare rock. In a study conducted by

Anil (2006), an experiment was conducted using multi-slot devices within a controlled
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environment. The findings revealed that when subjected to a 40% slope, the control plot

exhibited a soil loss that was 12% greater than the plot treated with coir geotextiles.

2.4 Slope Stabilization using Natural Geotextiles

2.4.1 Slope Failure

Shear stress and shear resistance are influenced by the slope's topography, geology, and
climate. Slope failure occurs when shear stress is greater than shear strength. Determining a
slope safety factor involves dividing the shear strength by the shear acting along the critical
failure surface. Slope movement is often caused by any factor that raises shear stress or
lowers shear strength. Table 2.2 displays the classification of slope instability or failure

reasons by Varnes (1958).

Table 2.2 Causes of Slope Failure (Varnes, 1958)

Increase in shear stress Decrease in shear strength

Surcharge load on the slope Because of the rise in pore water pressure, the
(Constructions and landfills at effective stress is reduced (the amount of rainwater

top) penetrating a slope).

Elimination of lateral support Presence of expansive clays (absorption of water

(excavation-related works at the | accompanied by a breakdown in structural integrity))

toe)

Water level changes on a slope Physical and chemical weathering processes (including ion
abruptly (water table decrease) exchange, hydrolysis, and process of solutioning, in which
water dissolves and transports minerals such as calcium
carbonate and gypsum. This produces voids and changes

soil particle bonding, decreasing the shear strength of soil)

Enhanced lateral stress (water Progressive failure by shear strain softening
filled within the cracks and

fissures)

The other causes for slope failures are inherently unstable and extremely steep slopes. Until
the natural angle of repose is discovered, materials on steep slopes will naturally slide
downward. The stability of a slope is affected whenever it is disturbed, either by natural
means such as a stream eroding the riverbanks or through manual processes such as the
removal of a portion of the base for the construction of roads. According to Khan and Chang
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(2006), slopes of several hills (<20m) (Dev hill, Goal Hill, etc.) are prone to the risk of

sliding due to excessive sliding.

Compared to air, water has a substantially larger density. The soil on slopes becomes
much heavier after heavy rain because the water has filled the air between the soil grains.
When retaining walls hold the earth back, this becomes a critical concern. If the amount of
soil behind the wall is too high, the wall will buckle and collapse, releasing the soil behind it
in a flood disaster. Also, water decreases the angle of repose and soil cohesiveness by
decreasing the contact between individual grains. Changes in groundwater hydraulic pressure
in slope rocks during the rainy season and the presence of water saturation both increase the

likelihood of mass movement of a slope.

Slope failure analysis necessitates examining the soil type on the slope. This is
because soils widely vary in their cohesiveness between grains and frictional resistance to
erosion. Loose soil or sand, for instance, will have poor cohesiveness and can be eroded
quickly when saturated. The swelling behaviour of clay-rich soils upon water contact leads to
increased density and instability, particularly in slope conditions, due to the added weight

from clay expansion.

Slopes may suddenly experience large displacement of soil for various reasons,
including earthquakes, storms, volcanic eruptions, the passage of heavy vehicles, blasting,
and other similar shocks. The crucial component of preventing and controlling slope changes
is the early detection of these causes. Perhaps the most prevalent cause of instability is
removing lateral support, which either natural or human forces may cause.
Implementing barriers or structures for retention at the lower portions of slopes is proposed as
a remedial measure. The addition of water to a slope may raise stress and reduce strength at
the same time. Almost all landslides include water as a contributing element (Chassie and
Goughnor, 1976). As a result, drainage and diversion systems are among the most efficient
ways to avoid and mitigate slope collapse. According to Patil and Gopale (2018), landslides
occur when natural or anthropogenic processes cause the rapid downhill movement of
consolidated and unconsolidated soils and rock materials from a geomorphic structure. The

terms fall, topple, slide, spread, and flow apply to this motion (Ering and Babu, 2016).
2.4.2 Slope Stability Analysis

Predicting the stability of slopes and embankments is done in various methods. Limit

equilibrium analysis and deformation analysis are the two primary methods. Shear stress and
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shear resistance are slope properties considered explicitly by limit equilibrium techniques.

The safety factor for a particular slope may be calculated using limit equilibrium analysis,

which can also be used to examine the impact of a change in one or more factors on the

stability of slope. For this reason, many techniques and processes based on the limit

equilibrium theory have been developed. The following ideas (Morgenstern and Sangrey,

1978) apply to limit equilibrium analysis across all approaches.

The schematic diagram presented in Figure 2.4 illustrates the surface failure process,
wherein hypothetical slopes are postulated to undergo collapse along planes or circular
surfaces that undergo sliding. Complex failure surfaces can be observed and analysed in
situations where slope conditions vary.

The statistical calculation determines the shear resistance necessary to stabilise the mass
at risk of failure. It is postulated that the potential failure mass is in a state of "limiting
equilibrium," with the shear strength of the soil or rock within the failure mass being fully
utilised along the entire slip surface.

The equilibrium shear resistance is computed and compared to the available shear
strength. This evaluation is made relative to a safety factor.

The least risky mechanism or slipping surface identified through iteration. The least safe
surface is the critical slip surface. If the location of the slip surface can be predicted, then
it is usually optional to conduct tests in the field.
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Sliding Mass with planar

faiture surface parallel to
slope, L/H>20

(a)

Shiding mass with

rotational failure

(b)

Figure 2.4. Slope failure models or mechanisms for mass stability analysis a) transitional

failure infinite slope model; b) rotational failure, circular arc model (Gray and Sotir, 1996)
The following are essential components of a slope stability analysis:

e The slope geometry is accurately described

e Soil properties (c, @, v)

e External loads including surcharge, line loads, and earthquake loads

e Accurate description of slope hydraulic conditions like ground water table position and
seepage condition

e Type of analysis methodology for slope stability
2.4.3 Improvement of Slope stability by Natural Geotextiles

According to Sanyal (2017), JGT is superior to synthetic fibre as a geotextile due to its
superior tenacity, initial modulus, low elongation at break, high roughness coefficient,
outstanding spinnability, and extremely high thermal stability. Embankment field tests using

JGT showed an improvement in the safety factor of 1.26 (or 51%). The safety factor was
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determined to be 3.2 after seven months (Sanyal, 2017). In the lab, it was shown to decrease
topsoil erosion by 95% and boost slope stability during wet weather when there is no plant
cover (Khan and Binoy, 2012). Slope stabilisation and erosion management were much
improved when JGT is applied to sandy soil, as Khan and Binoy (2012) reported. Slope
stabilisation was best accomplished by using 500 GSM open-weave JGTs with tea plants (up
to 90% of the slope) or 700 GSM open-weave JGTs with grass plants (up to 10% of the

slope) (Manivannan et al., 2019).

The influence of JGT on the engineering and strength parameters of lime-treated
black cotton soil was investigated by Bairagi et al., (2014). Index qualities of soil samples
with varying amounts of JGT added (from 0% to 5%) were measured following the IS code
requirements. The results of the experiments showed that the black cotton soil's expansive
tendency had significantly diminished. The CBR and UCS of black cotton soil were
significantly improved if the soil is blended with lime and JGT at a weight ratio of 5% (by
weight of black cotton soil). Their experimentation led them to the conclusion that adding
lime and JGT into black cotton soil raised the OMC and lowered the MDD. Overall, the
results show that incorporating JGT into lime-stabilized soil mitigated swelling and boosted

the CBR and unconfined compressive strength values of soil.

Ramesh et al., (2010) conducted an investigation on the compaction and strength
characteristics of black cotton soil treated with lime-coir fibres. The researchers made a
discovery that black cotton soil, when reinforced with 1.0% coir fibre having an aspect ratio
of 20, and 0.5% coir fibre with an aspect ratio of 80, exhibited greater strength compared to
black cotton soil treated with alternative combinations of coir fibre. JGT and coir mats were
excellent alternative materials to melt-spun thermoplastic fibres for slopes that were not steep
(< 45°) (Prambauer et al., 2018). Other than just geotextiles, vegetation is also important for

slope stabilization. The following sections discuss soil bioengineering (vegetation) methods.

2.5 Improving Soil Strength and Decreasing Surface Erosion by

Bioengineering Methods

Soil-bioengineering stabilizes slopes and controls erosion economically and sustainably. Soil
bioengineering uses plants or plant components to reduce soil erosion, shallow mass

movements, stream-bank protection, etc. Soil bioengineering is a sub-part of biotechnical
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engineering. Biotechnical engineering employs plants or plant components alone or with inert

materials like steel, concrete, rocks, etc. (Gray and Leiser, 1982; Schiechtl, 1980).

Biotechnical engineering methods are divided into categories depending on the
environment and the objective. Some categories include surface stabilization, plant-based
stabilization methods, and hybrid stabilization strategies that use both living and inert
materials (Donat, 1995). Plant components (such as cuttings, roots, and stems) are the
primary structural and mechanical elements of a soil bioengineered slope protection system
(Coppin and Richards, 2007; Morgan and Rickson, 2003; Schiechtl and Stern, 1996; Gray
and Sotir, 1995; Schiechtl, 1985). Using trees and small retaining walls to protect sloping
terrain is an application of biotechnical engineering. Trees are used to improve stability
because their roots are capable of doing things like anchor a porous mass of soil to a hard
stratum or reinforce a layer of porous soil, all while enabling drainage for surface runoff,
stopping debris from moving, and decreasing pore water pressure through absorption of
moisture (Mickovski et al., 2009; Howell et al., 2006;).

Soil bioengineering incorporates both the life sciences and conventional engineering
practices. It is a broad area that needs input from researchers and engineers in many other
disciplines, such as geotechnical engineering, botany, landscape design, hydrology, etc.
(Freer R 1991). Protecting soil slopes and reducing erosion by plant cover approach has been
employed in numerous regions of the world, mainly Asia and Europe, for a very long time.
One of the early uses was reported by Kraebel (1936), who utilised contour wattling to
stabilise steep, fill slopes along the Angeles Crest roadway in southern California. Although
soil bioengineering has mostly been used for erosion management, recent research has shown
its efficacy in preventing shallow earth movements (Mafian et al., 2009). The following
section describes the current state of the literature on bioengineering methods for slope
stabilization, including plant-soil interaction mechanism, physical modelling, laboratory scale
testing, numerical methods for measuring the influence of root system on the tensile strength

of soil-root matrix, and challenges in the field of soil bioengineering are described.
2.5.1 Effect of Vegetation on Surface Erosion

The significance of vegetation in reducing the damaging effects of rain is important.
Maintaining a thick layer of grass, weeds, or other herbaceous plants on the ground may

reduce the soil carried away by rain (USDA Soil Conservation Service, 1978). Here is a
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summarizing the results of studies on the effectiveness of grasses and other herbaceous plants

in reducing erosion caused by rain.

e Interception: The energy of raindrops is absorbed by the foliage and plant debris, and the
soil is protected from being washed away.

e Restraint: Root systems hold soil particles in place while runoff is cleared of silt by parts
above ground.

e Retardation: Runoff is slowed by the surface roughness that stems and leaves produce.

e Infiltration: Soil porosity and permeability are maintained with the help of plant
residues, which in turn delays the beginning of runoff.

Herbaceous plants and grasses that provide a thick ground cover are more effective than

woody plants in preventing surficial erosion.

2.5.2 Vegetation influence on Mass Loss

The recognition of the protective role of vegetation in maintaining slope stability is

increasing. The subsequent points outline the primary beneficial impacts of woody plants on

slope mass stability.

e Soil Moisture Depletion: Evaporation and transpiration in the foliage may mitigate
negative pore water pressure.

e Root Reinforcement: Soil shear stress is converted to tensile resistance in the roots, a
mechanism referred to as mechanical reinforcement.

e Arching and Buttressing: Anchored and embedded stems may resist downslope shear
stresses by acting as buttress piles or arch abutments.

e Surcharge: In some cases, the weight of vegetation may promote stability by increasing
the normal confining stress on the failure surface.

Root reinforcement is the most prominent way woody vegetation increases mass stability.

Extensive laboratory research on fibre-reinforced sands (Maher and Gray, 1990) suggests that

small quantities of fibre may result in large gains in shear strength. The arching and

buttressing effect of woody plant roots and stems/trunks is also crucial to slope stability.

Plant evaporation and transpiration may also decrease pore water pressures in the soil layer,

which may improve slope stability in slopes (Brenner, 1973).
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2.5.3 Role of Vegetation in Slope Stability

The factor of safety (FS) quantifies the capacity of a slope to withstand failure. The
calculation involves determining the ratio between the resistance to shear along a potential
slip plane within the soil mass and the shear force exerted along that same plane. Soil failure
occurs when the ratio reaches one. The analysis of infinite slope may investigate the most
basic scenario of a translational failure occurring along a sliding surface that is parallel to the
ground, situated on a significantly longer and uniformly inclined slope. The smaller portions
of the slope, specifically the head and top sections, are disregarded due to their relatively
negligible size. Instead, a single element or segment of the slope, as depicted in Figure 2.5,
can be considered representative of the entire slope. The safety factor without vegetation may

be determined using effective stress analysis.

FS = C'+(yz—ywhw)cos?Btan ¢’
- Yzsinfcosf

(2.1)

Where,

¢’ = effective soil cohesion (kN/m®)

vy = unit weight of soil (kN/m?)

z = vertical height of soil above slip plane (m)

B = slope angle (degrees)

yw = unit weight of water (KN/mq)

hw = vertical height of ground water table above slip plane (m) and

o' = effective angle of internal friction of the soil (degrees)

Based on the study of Coppin and Richards (1990), Figure 2.6 explains how vegetation
affects the stability of vertical profile of the slope. The following may be considered a safety

factor.

_ (C"+C'R)+[{(yz—ywhy)+W}cos?B+T sin 8]tang’ +TcosO

FS {(yz+W) sin B+D}cosf

(2.2)

where,
¢'r = enhanced effective soil cohesion due to soil reinforcement by roots (kN/m?)
W = surcharge due to weight of vegetation (kN/m?)

hy = vertical height of groundwater table above the slip plane with the vegetation (m)
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T = tensile root force acting at the base of the slip plane (KN/m)
0 = angle between roots and slip plane (degrees) and

D = wind loading force parallel to the slope (kN/m)

_Slope

Ground
water

/

Pore-water
Pressure,

W=vybz
Slide ) ' P =ybzcos
Surface sec p T=ybzsmf

Figure 2.5. Factors involved in the infinite slope method (Styczen and Morgan, 1995)

Figure 2.6 Main influences of vegetation on slope stability (Coppin and Richards, 1990)
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2.5.4 Root Morphology and Strength

Woody plants significantly affect the stability of shallow mass by increasing its shear
strength through root reinforcement. The significance of the root system in this context will
be based upon various factors, including the concentration, branching features, spatial
distribution of roots within the soil, and root strength and interface properties. The plant

species and the soil conditions impact the root's overall structure and strength.
2.5.4.1 Root Architecture

The various constituents of a tree's root system are characterised by distinct
terminologies. In the context of discussing tree roots, the terminology employed includes the
designation of "taproot™ to denote the primary vertical root situated directly beneath the root
ball, "sinker root" to refer to vertical roots originating from either the trunk or lateral roots,
and "lateral root" to describe the horizontal growth of roots emerging from the central trunk.

The root structure of a tree may also be classified according to its general form or
morphology. There are three known root shapes: the taproot, heart, and plate root. It is also
possible that variants on these standard forms might emerge as well. Both hereditary and
environmental factors influence morphology. The root architecture determines capacity of a
tree to contribute to slope stability it develops in response to any of these conditions. The
resilience of a root system against shallow sliding may be improved by the presence of
strong, vertical or sinker roots that penetrate likely shear surfaces. When improving the shear
strength of a root-penetrating soil mass, it has been shown that a greater number of fibrous
roots with smaller diameters is more efficient than a smaller number of larger roots. Plants'
capacity to withstand shallow sliding is mostly attributable to their deeply penetrating vertical
taproots and sinker roots. Mechanical anti-sliding barriers are effective only to the extent that
tree roots reach. In order for the roots to have a substantial influence, they must also reach

underneath the failed surface.

The majority roots of the loblolly pine plantation are found within the first 0.9 metres,
according to research by Patric et al., (1965). Roots near the surface were mostly lateral,
whereas those below 0.9 m were often vertical. Watson and O'Loughlin (1990) reported on
the root architecture and dispersion of mature Monterey pine (Pinus radiata) and other tree
species. They showed diagrams of the root structure of an excavated Monterey pine tree that

was 25 years old. When the tree was 25 years old, the major laterals reached a maximum
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height of 10.4 metres (33 feet) from the bole. The average depth of the vertical roots was

around 2.4 m and reached a high of 3.1 m.
2.5.4.2 Root Strength

Despite the challenges, some researchers have attempted to evaluate root tensile strength.
Table 2.3 compiles the nominal tensile strengths in the technical literature for a few common
types of bushes and trees. There is a large disparity in tensile strength between tests
conducted in wet and dry conditions, as well as across different diameters. This means
it should consider the numbers in Table 2.3 as approximations at best. Although certain
species have been measured as having tensile strengths of up to 70 MPa, the average across
all known species is between 10 and 40 MPa. Roots of coniferous trees, in general, are
weaker than those of deciduous trees. It seems that the tensile root strengths of shrubs are at
least comparable with those of trees. The tensile strength of a plant roots may vary as much

due to species as it does due to size variation (diameter).

The effectiveness of vetiver grassroots for slope stabilization was investigated by
Hengchaovanich et al., (1996). They found that vetiver roots have a tensile strength that
meets or exceeds that of many hardwoods. It is long (2.0 to 3.5 m), and enormous root
networks are superior to many other tree species because they are extremely rapidly
expanding and important for the stability of embankments. He noted that vetiver root had a
mean tensile strength of 75 MPa, about 1/6th that of mild steel. Root tensile strength has
decreased with an increase in diameter (Nilaweera, 1994; Burroughs and Thomas, 1977; Wu,
1976; Turmanina, 1965). This is a significant study because it demonstrates that shallow-
rooted shrubs may provide the same level of reinforcement as deeper-rooted trees without the
latter inherent drawbacks, such as their larger weight, stiffness, and propensity for wind
tossing. Root tensile strength may range from around 8 MPa to 80 MPa for root diameters
between 2 and 50 mm. Tensile strength may be increased by as much as thrice if the root
diameter is reduced from 5 to 2 m. Finer roots may significantly aid in soil reinforcing and
shear strength enhancement. As the finer roots have larger specific areas than larger roots
with similar area ratios, finer roots have better tensile strengths and greater resistance to

pullout.
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Table 2.3 Nominal tensile strengths of different Tree Species

Tree Species Common Name Mean Tensile Strength (MPa)
Acacia confusa Acacia 11 (3.99%)
Ficus benjamina Banyan 13 (4.71%)
Hevea braziliensis Rubber tree 11 (3.99%)
Populus deltoids Poplar 37 (13.42%)
Shrub Species Common Name Mean Tensile Strength (MPa)
Castanopsis Golden chinkapin 18 (6.53%)
chrysophylla Ceanothus 21 (7.61%)
Ceanothus velutinus Scotch broom 33 (11.97%)
Cytisus scoparius Scrub lespedeza 71 (25.74%)
Lespedza bicolor Huckleberry 16 (5.8%)
Vaccinium spp. Vetiver 75 (27.19%)

Note: The values in the parenthesis indicate % strength compared to 40-grade steel.
2.5.5 Bioengineering

The purpose of vegetation is to stabilize the soil through the hydrological and mechanical
properties of roots, which is accomplished by covering the soil with plant communities (Islam
and Rahman, 2019). Vegetation is recognized as a more sustainable and cost-effective
alternative to artificial structures for improving the stability and durability of hillslopes (Basu
et al., 2014, Stokes et al., 2014; National Research Council, 2006). Soil erosion is prevented
in two ways by plants: first, by physically protecting the soil surface from erosion agents, and
second, by aiding in the growth of a thick protective vegetation cover (Alvarez-Mozos et al.,
2014). Plant roots stabilize the soil and prevent shallow slope movements. Plant roots may
increase soil stability in several ways, including an increase in cohesion and friction angles.
Fine plant roots retain the soil and prevent erosion. The root system of plant helps drain
excess water from the soil and provides interlocking properties that make the soil more
resistant to shear (Saifuddin and Osman, 2014). Plant leaves not only divert precipitation but
also increase the evapotranspiration rate. In contrast, plant roots draw water from the ground

and lower pore-water pressure, triggering soil movement on a slope. In addition, they slow
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down surface runoff and prevent the transport of fine particles (Mafian et al., 2009; Coppin
and Richards, 2007)

When it comes to altering the hydrological properties of a site, plants play a key role.
Grass, shrubs, herbs, and trees are all viable options for slope reinforcement, each with
unique root systems, mechanical qualities, cost, care requirements, and time required to get
established. Where wind speeds and cyclone risks are minimal, deep-rooted trees are more
effective at stabilising slopes because the factor of safety is much higher under these
conditions (Gupta, 2016). Nevertheless, the impact of herbaceous vegetated slopes on surface
mat decreases as depth increases. The hydrological dynamics of soil have minimal impact on
vegetation, thereby mitigating shallow slope collapse, which is predominantly associated with
increased moisture levels (Lobmann et al., 2020). Vetiver grass (Vetiveria zizanioides), a
type of grass belonging to the graminaceous family, possesses fibrous roots that have the
capacity to reach a height of up to 3 metres. It has been found to be highly effective in
mitigating top-soil erosion and providing protection against shallow depth slope failure.
Notably, the implementation of vetiver grass for these purposes is cost-efficient, with an
estimated expense of only US$ 4.7 per square metre (Islam et al., 2013) and it attained
sufficient height quickly (Islam and Islam, 2018). Rainfall-induced slope failures might be
reduced by planting vetiver grass on a slope since this kind of grass was shown to lower
surface runoff volume by 18-71% (for varied vegetation intervals) and cumulative sediment
production by 312%. (Islam et al., 2021). Although reduced surface runoff might reduce soil
erosion, increasing soil permeability can increase the rate of infiltration by as much as 35% in
a closed experimental setting; in hilly places, precipitation infiltration and steep slope were
two major causes of slope failure (Islam et al., 2021, Islam and Rahman, 2019). Nasrin
(2013) compared growth rates of the vetiver grass in silty and clayey soil and found that the
former produced much faster results. This finding was similar to an earlier experiment by
Islam and Islam (2018). In silty soil, FS contribution for vetiver grass might reach 48%,
whereas, in clayey soil, the number is more like 5% - 35% (Suhatril et al., 2019). Some
sample locations in Bangladesh have been treated with artificial grass made from vetiver as
part of a bioengineering project meant to reduce the risk of landslides; the participants of the

project have embraced this strategy (Dhungana et al., 2020).

Slopes in a subtropical environment that make use of vegetation and JGT for erosion
control have less soil erosion and less particle displacement. When natural geotextiles are

installed in the ground, they immediately provide a protective layer. First, they do not
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negatively affect the environment (Broda et al., 2016; Sarasini and Fiore, 2018; Shavandi and
Ali, 2019). Secondly, their progressive biodegradation provides organic matter and nutrients
to plants, improving their vegetation growth and taking over the function of geo-JGT. It was
found that there was no problem of erosion when the side slope was protected by vetiver and
geo-JGT (Islam et al., 2013). Soil particles were kept in place and erosion of the prepared
slope was halted after JGT was applied to the shoulder and surface of slope. The vegetation
on slopes ensured the slope stabilility and reduction in soil erosion (Choudhury and Sanyal,
2010). When natural geotextile like JGT is applied, the top layer of soil becomes moist,
stimulating fast plant development. A micro-level addition of nutrients to the soil often
causes JGT to biodegrade within a year or two. As soon as plants begin to grow, they replace
JGT. When plants have matured, their canopy cover acts as a barrier, preventing rain from
reaching the ground and eroding the soil. The deep-penetrating root system of vegetation
reinforces slopes over the long run. When JGTs biodegrade, they return nutrients to the soil
(Choudhury and Sanyal, 2010). Vegetation cover and geotextiles reduce erosion by at least
99 per cent and runoff by 44 to 62 per cent. The combination uses geotextile to assist with
growing plant cover and preventing erosion immediately and vegetation cover to protect in
the long term. Therefore, according to Liu et al., 2023, the combination is the superior option
for protecting road slopes in northern China. According to Kumar and Roy (2023) the use of
JGTs on a trench slope helped to retain cohesive soil particles and prevented soil particles
from being washed away from the slope surface. Vegetation development stabilized the soil
on the trench slope. These types of soil bioengineering method practiced in India by
following IS 14986:2001 and EN 13253:2016.

However, plants take around six to nine months to cover a bare surface. Until
permanent measures can be taken to prevent top soil erosion, geo JGT, an open mesh
naturally biodegradable JGT, may be employed. The vegetation canopy is developed when
the geo JGT coating decomposes and becomes a fertilizer for enhanced plant development
(Khan et al., 2012). At the same time, JGT biodegrades within a year (Sanyal, 2017). The
perpendicular root model and fibre bundle model are two common models for vegetation-
based slope stabilisation, and they both primarily consider the impacts of vertical roots.
However, vertical and horizontal root impacts might alter slope stability when vegetation
produces shallow but dense root systems. In addition, the dynamics of topsoil stabilisation in

herbaceous vegetation are poorly explained by existing models designed for woody root
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systems. Therefore, further research into the impacts of herbaceous plant roots on horizontal

stabilization is required (Lobmann et al., 2020).

People worldwide have turned to live plants and other natural materials to counteract
slope erosion for centuries. With the start of the Industrial Revolution, these natural remedies
lost their popularity (Evette et al., 2009; Gray and Sotir, 1996; Gray and Leiser, 1982). Soil
bioengineering transferability is assessed by examining the current state of affairs in so-called
developing nations and weighing the advice of important international cooperation bodies.
According to Food and Agriculture Organization (FAO) literature, this method is preferable
in a wide range of land reclamation contexts, including watershed management, landslide
prevention, vegetation, and soil treatment, and more (Costantinesco, 1976; Sheng 1977a, b,
1979, 1990; Bostanoglou, 1980; Marui, 1988; Schiess, 1994). The widespread use of soil
bioengineering in hilly regions of Europe and North America has generated a wealth of
information that may be used to plan future operations (Evette et al., 2009) safely. Due to the
scarcity of such interventions in developing nations, it is important to emphasize their
potential use in the context of technology transfer and sustainable development principles.
(Dickerson and Lake, 1989; Anaya et al., 1977; Clyma et al., 1977).

2.6 Durability and Treatment Methods for Natural Geotextiles

Depending on the soil type and where the natural JGT is placed, it may biodegrade within
one year (Sanyal, 2017). Researchers developed many chemical treatment procedures to
enhance the durability and mechanical qualities of JGTs to address this problem. The
following sections elaborate on the different chemical approaches.

2.6.1 Treatment Methods

Researchers have used numerous chemicals to treat JGT to increase its strength and
durability. These processes change the chemical composition or the physical properties of the
JGT to increase its durability. The following sections provide an in-depth discussion of the
effectiveness, treatment procedures, and limitations of a select number of treatment

procedures.

Alkali treatment, bleaching, and acetylation are some of the most popular methods to
improve the tensile strength of natural fibres (Rosa et al., 2009). Sodium hydroxide and
hydrogen peroxide significantly reduce the hemicellulose and lignin content of JGT in an

experimental setting. This led to enhanced breaking tenacity and subsequent low moisture
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absorption capacity (Saha et al., 2010; Wang et al., 2009). Natural fibres treated with plant
oils in conjunction with sodium hydroxide and formaldehyde showed improved resistance to
biodegradation. The research concluded that a transesterification process replaced the
hydroxyl group with oleic and stearic acid after the treatment (Saha et al., 2012). JGTs
treated with 0.5% isothiazolinone and 1.0% fluorocarbon resulted in higher water repellency
and rot resistance. However, strength properties were not altered after treatment with these
chemicals (Chakrabarti et al., 2016). Alkali steam treatment comprising NaOH solution and
steam increased the uniaxial tensile strength of JGT up to 65% by removing non-cellulosic
matters of JGT like lignin, pectin, and hemicellulose (Saha et al., 2010). The biological
degradation of JGTs was also reduced by bitumen coating. Even after 1.5 years of usage, the
tensile strength of JGT treated with bitumen used for river bank protection was high.
However, the maximum life span of untreated JGT was reported to be one year (Sanyal and
Chakraborty, 1994). However, it was reported that the bitumen coating technique on JGT
might lead to leaching (Basu et al., 2009). Treatment of JGT fabric with chemicals like N-
vinyl pyrrolidone and ethyl hexyl acrylate in the presence of plasticizers increased the tensile
strength up to 80%, with subsequent improvement in durability (Uddin et al., 1997).

2.6.1.1 Scouring and Bleaching

The raw JGT was subjected to two chemical processes scouring with alkali and bleaching
with hydrogen peroxide in the investigation by Wang et al., (2009). Using diluted alkali and
hydrogen peroxide solutions, they subjected JGT to 90 minutes of treatment at 95°C and
90°C, respectively. Both procedures maintained a constant ratio of 1:20 JGT-to-liquid.
Samples were neutralized with diluted sulfuric acid after each treatment. Fourier transform
infrared (FTIR) analysis, characteristic surface analysis, the chemical composition of fibre,
XRD analysis, breaking tensile strength, breaking elongation, fineness index, moisture
regain, and optical properties tests were performed on treated materials after treatment. It was
determined by FTIR analysis that both scouring and bleaching remove some part of the
hemicellulose and lignin content. To remove non-cellulose material, alkali scouring was more
effective than bleaching. After scouring and bleaching, the cellulose content of the sample
increased from 62% to 78% and 76%, respectively. As another observation, scouring was
more effective than bleach in removing hemicellulose, while bleaching was more effective at
removing the lignin content. One additional sample that underwent scouring and bleaching

had the greatest cellulose content (82%).
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Scanning electron microscopy (SEM) examination of raw JGT revealed the presence
of several impurities. Alkali scouring is more effective than bleach in removing surface
impurities, as determined by a SEM study of a treated sample. The combined scouring and
bleaching of a sample produced the cleanest surface of all tests. X-ray diffraction (XRD)
examination did not show crystalline transition or a change in the crystal structure. However,
the proportion of different crystals present in raw JGT changed, leading to differences in
crystallinity across samples. The crystallinity of the bleached and scoured sample was higher
than that of the scoured sample. The crystallinity was lowest in the bleached sample
compared to the others. A series of experiments determined the physio-mechanical
characteristics of the treated materials. The JGT sample had a higher breaking tenacity due to
its enhanced crystallinity and decreased hemicellulose and lignin concentration. The breaking
tenacity was highest for the scoured sample, the bleached sample, and the combined scoured
and bleached sample. The breaking extension increased for the scoured sample but reduced
for the bleached and "scoured and bleached” samples. When lignin was extracted from JGT,

the fineness index dropped for all treated samples.
2.6.1.2 Rot Resistant Solution

Both the significance and benefits of chemically treated JGT were highlighted by Prodhan
(2008). The author also discussed several treatment methods to extend the durability of JGT.
The author claimed that after just six months on the ground, JGT has already degraded
significantly. The sensitivity of JGT to both acidic and alkaline conditions was well-
documented. To make JGT last for an additional 5-10 years in the ground, Prodhan (2008)
suggested a series of chemical treatments. To begin, he suggested spraying JGT with a
mixture of copper sulfate, sodium carbonate, and water. This treatment enhanced the ability
of JGT to resist rot. In addition, he applied a treatment consisting of a mixture of volatile oil
and bitumen, which he had previously emulsified. JGT was brushed with this emulsion to
coat it. The treated sample was then put out in the sun to dry. The sample was further
processed with silicate solution before being dried one more. Finally, a JGT fabric that had
been modified was rubbed with grease made from Ca, carbon black, and volatile oil. After

treatment, this material was buried under 500 mm of subgrade.
2.6.1.3 Acetylation

The JGT was treated with acetic anhydride by Anderson et al., (1989). Tensile strength, rot

resistance, and hydrophobicity tests were conducted on the treated samples. The authors
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submerged a square metre of JGT in acetic anhydride for one minute. After then, the sample
was heated between 90 and 120 degrees Celsius for 5 minutes to 24 hours. After heating,
excess acetic anhydride and the byproduct acetic acid were removed. Different concentrations
of acetic acid were added to the anhydride solution in various experiments conducted by the
author. Samples were weighed before and after the treatment to determine the weight increase
attributable to acetylation. Acetylation-induced weight gain increased with response time,
albeit the rate of increase slowed after 2 hours. Weight increase was higher in the samples
heated to 120°C than in those heated to 90°C. JGT acetylation is an endothermic process. A
study showed that after 2 hours, weight growth was 11% at 120°C and 7.5% at 90°C. Due to
its swelling effect, acetic acid enhances the reaction between JGT and acetic anhydride,
resulting in a larger weight gain when added to JGT. The weight gain proportion was reduced
only because acetic anhydride was diluted as the concentration was raised.

The stability of JGT samples was evaluated by storing them at 25°C in a fungal cellar
with moist soil. Fungi and germs of all kinds were growing in this cellar. After 2, 5.5, and 8
months, samples were visually assessed for signs of deterioration. After two months, the
sample with the 11.5% weight rise showed no signs of degradation, as stated by the author.
After 5.5 months, the damage was still quite significant. However, after eight months, there
were warning signals of extensive degradation. There was no noticeable evidence of decay
even after eight months in the samples that gained 14.2% and 16.2% of their initial weight.
After two months, untreated JGT samples exposed to the same conditions showed significant
degradation, and by 5.5 months, they had completely degraded.

Similarly, treated samples were submerged in water. The weight gain was carefully
recorded due to increased water intake. Acetylation resulted in a 16% increase in the weight
of the sample and a 30% decrease in water absorption compared to an untreated JGT sample.
The treated JGT samples were also less likely to shrink than the untreated ones. Acetylation
reduced the tensile strength of JGT textiles. In the weft direction, the sample weight loss was
16% for the 11% weight increase group and 42% for the 16% weight gain group. Similar
weakening of about 10% and 33% were seen in the warp direction. There was a significant
increase in the life of JGT at the expense of very little loss of strength, leading the author to
conclude that the sample with an 11% weight rise is the best.
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2.6.1.4 Transesterification

Saha et al., (2012) used a chemical combination derived mostly from natural sources to
process the JGT sample. The chemical compound had a 1:8:10:6:2:4 weight ratio of sodium
hydroxide, liquid from cashew nut shells, plant tannin, neem oil, resorcinol, and
formaldehyde. The pH level of solution was kept constant at 8. The geotextile was soaked for
24 hours and then baked for 1 hour. Two examples were prepared: One sample was made by
treating individual jute fibres before weaving them into the fabric, whereas the other was
treated after the fabric was already woven. T1 refers to geotextile made with treated
fibre, and T2 refers to a fabric-level treated sample for easy reference. The letter JU indicates
unprocessed JGT. As soon as samples were ready, testing and analysis were done to
understand more about the treated samples' qualities. Freshly produced samples were
subjected to a tensile strength test by ASTM D751.

In comparison to the JU sample, the tensile strength of the T1 sample was 13% lower,
whereas the tensile strength of the T2 sample was 13% greater. However, there was not much
change in the elongation at break. The treated samples were also put through a series of tests
to see how well they withstood chemical and biological deterioration. Samples were tested
for tensile strength after being stored in a 3% NaCl solution for 120 days. T1 and T2 samples
maintained 82% and 64% of their original strength, respectively. JU sample, on the other
hand, kept just 17% of its initial potency. The treated samples were also stored in solutions
with a range of PH values from 3 to 10. They discovered that 50% of the tensile strength of
both T1 and T2 samples was maintained in PH 4-9 solutions, with T1 samples performing
somewhat better. The tensile strength test showed that JU samples had just 15% of their

original strength.

There had been attempts to simulate real-world conditions in which the resilience of
geotextile samples to biological degradation could be tested. Using the right proportions of
water, the authors created a combination of black soil, cow dung, and sand. The sample was
buried in the compound for 200 days. The temperature and humidity of this set-up were
carefully monitored and maintained. Treated samples were shown to be very resistant to
biological breakdown. Nearly 40 to 50 % of the original strength was maintained in the T1
and T2 samples, but the UJ sample completely disintegrated after just 90 days. By exposing
materials to an artificial weather chamber for 500 hours, we could evaluate their resistance to

physical damage. Only 33% of the original intensity of UJ was maintained, whereas T1 and
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T2 samples maintained 80% and 75%, respectively. T1 and T2 samples were found to have

66% and 55% less water affinity than their respective controls.

FTIR analysis was performed on JU, T1, and T2 JGT samples to investigate the
chemical changes during processing. Alcohol was used to clean up a JU, T1, and T2 sample.
A 1% NaOH solution was then used to hydrolyse them. FTIR testing was performed on these
modified samples. The FTIR analysis of samples T1 and T2 revealed the presence of stearic
acid and oleic acid. Since these acids make up most of the neem oil, this suggested that JGT
had been transesterified. FTIR testing also revealed that the hydroxyl groups in the T1 and
the T2 samples had been modified. This suggested that JGT that had its fibres altered fared
worse than JGT that had just its fabrics altered. The XRD analysis revealed that the
crystallinity of the JGT samples had improved. Half-life estimates (the time it takes for a
sample to lose half of its original tensile strength) for both T1 and T2 samples were presented
in the last section of Saha et al (2012). Survival estimates for JU, T1, and T2 samples were
384, 1584, and 1115 days, respectively.

The aforementioned treatment methods are costly and require very skilled
workmanship. To overcome such problems, a novel treatment is required, which is
economically friendly and can be applied easily on JGT sheets. It is necessary to estimate the

durability of different treated natural fibres also.
2.6.2 Durability Studies of Natural Geotextiles

All natural or artificial geosynthetics are likely to be exposed to sunlight and weathering
during construction on-site and must therefore possess the capacity to resist weathering. The
chemical bonds of polymers rupture, and the fibres start to disintegrate on exposure to
weathering, thereby leading to fading of the natural colour of the fibre. Humid weather
conditions and high microbial activities in soil enhanced the degradation process, decreasing
its tensile strength (Wahit et al., 2012; Yussuf et al., 2010). Quinoid structures were
developed when the lignin content of natural fibre starts absorption of UV rays, and the aging
procedure is initiated in the fibres. Most natural and synthetic fibres were buried under
the soil during service, but those that would be permanently exposed required a higher level
of resistance. One of the primary reasons why natural geotextiles are less often used as
reinforcement than manufactured geosynthetics is because of their low durability. The rate of
degradation for a natural geotextile is significantly shorter in comparison to an artificial

geosynthetic material. VVarious methods can be employed to evaluate the biodegradability of
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natural fibres namely, natural and accelerated weathering tests ((ASTM G 154-16 (2016)) or
soil burial tests in natural soils or composts (ASTM D570-98, 1998), resistance to acids &
alkalis (BS EN 14030:2001) and hydrolysis of water ((BS EN 12447:2001), microbial attack,
etc. (Batista et al., 2010).

Fibres may be evaluated for their long-term performance after 1-2 years of exposure
to various environmental conditions (Beninia et al., 2011). Polymer cracking, black spots,
bulging, twitching of fibres, and decrease of tensile strength was measured in a JGT or
phenolic biocomposite after two years of exposure to natural weathering (Dittenber, 2012).
Soil burial studies showed faster degradation of bamboo-reinforced epoxy hybrid composites
than accelerated weathering (Chee et al., 2019). Modifying coir geotextiles coated with
cashew nut shell liquid (CNSL) increased the tensile strength by 22% compared to
unmodified coir geotextiles. The rate of degradation was more for unmodified coir textiles.
At the end of 240 days, tensile strength for modified coir was retained up to 76% and
decreased by 19% for unmodified coir geotextiles (Sumi et al., 2016). A chemically treated
JGT plastic composite showed no change in elongation at breaking strength when immersed
in different conditions like soil, semi-mud, and water for up to 150 days. However, for
untreated JGT plastic composite, loss in tensile strength was 65% in water and 75% in soil,
while the treated composite showed a loss of 5-15% (Uddin, 1997). JGT—polyesteramide
composite specimens also showed tendencies of biodegradability with high porosity and lost
more than 30% of their original weight when exposed to weathering after 21 days (Dash et
al., 2002). Tensile strength increases in treated JGT textiles compared to untreated JGT
textiles in both the warp and weft directions after being treated with bitumen emulsion and
polyester resin solution. However, long exposure led to a reduction in tensile strength (Akter
et al., 2018). In 1 year after installation in tropical climates, the tensile strength of coir
geotextiles decreased by 80% (Marques et al., 2014). Balan (1995) observed that in organic-
rich sand, coir geotextiles decomposed more rapidly than in clay. Coir in sand had a 63%
drop in tensile strength after a year, whereas coir in clay had a 31% decrease. The initial
tensile strength of coir netting used for slope stabilization in the field decreased by 78% after
seven months (Lekha, 2004). For watershed management embankment applications, coir
geotextiles were shown to lose 70% of their tensile strength in only seven months (Vishnudas
et al., 2006). Field research by Joy et al., (2011) shows how much time coir geotextiles spend
buried and how quickly they degrade. Research indicates that after 90 days in a compost

environment, the durability of JGT, another lignocellulosic material, drops to 72% (Saha et
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al., 2012). Coir geotextile samples had a 77% drop in tensile strength after being exposed

to rainfall and sunlight for a year in the tropical area of eastern Brazil. (Marques et al., 2014).

70-80% of the initial tensile strength of modified coir geotextiles is retained after 12
months in soil burial condition. In contrast, unmodified coir geotextiles have lost 88% of
tensile strength within four months (Sumi et al., 2016). Tensile and flexural characteristics, as
well as impact strength, of oil palm trunk fiber-filled recycled polypropylene composites
were found to drop by roughly 38%-47%, 37%-50%, and 47%, respectively, after being
buried in soil for 3, 6, and 12 months (Khalil et al., 2010). It was observed that lignin had a
slower degradation rate than that hemicellulose when buried in natural soil. The structural
integrity of the fibres in windmill palms reduced biodegradation, resulting in an insignificant
decrease in the tensile strength following a 90-day exposure to soill. However, a 43%
decrease in tensile strength was observed in alkali-treated fibre after 90 days of burial in soil
(Chen et al., 2017). The incorporation of vetiver grass fibre as a natural filler material in the
composite of natural rubber and polylactic acid resulted in a notable augmentation in the
weight loss of the specimens as the duration of burial increased (Juntuek et al., 2014).
Experiments showed that the biodegradability of polypropylene-based fibres was greatly
enhanced by the addition of 5% each of wood sawdust and wheat flour (Fakhrul and Islam,
2013). Natural fibres like a banana peel and pigeon pea stalk, used in the preparation of the
composites, were prone to microbial attack and can be used to prepare polymer composites,
thereby replacing the non-biodegradable synthetic fibre. These natural fibres filled polymer
composites are a suitable alternative to synthetic fibre-filled polymer composites (Luthra et
al., 2020).

Chin et al., (2020) examined how soil burial affects the degradation of an alkali-
treated bamboo fibre-reinforced epoxy composite (BFREC). As the amount of time spent
buried in the soil increased, the BFREC's ultimate tensile strength declined. Longer periods
of soil burial resulted in a lower ultimate tensile strength for the BFREC. The material
degradation due to water absorption is probably responsible for the reduction in tensile
strength. After 80 days, the tensile strength of BFREC was only 969.95 MPa, a loss of almost
19% from the fresh sample. Rashdi et al., (2010) conducted a soil burial test for Kenaf fibre
unsaturated polyester composites. According to their findings, the cellulosic component of
fibres decreases their tensile strength when exposed to soil burial conditions. Water
absorption also increased, which led to the swelling of fibres. In work done by Rashdi et al.,

(2009), long kenaf fibres are alkalinized in a 6% NaOH solution and then combined with
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unsaturated polyester resin to form a composite buried for four months. Composites' tensile
characteristics were measured, including their tensile strength and modulus. As the weight
percent of fibre increased, the high cellulose content improved its effectiveness at absorbing
water. It observed that when the percentage of moisture absorption in KFRUPC samples
increased, the materials' tensile properties decreased. When buried, these composites' water

absorption pattern followed a Fickian distribution.

Soil burial degradation tests ranging from one to five months were performed to
determine the biodegradability of the biodegradable polyester Bionolle composite material
treated with waste flour conducted by Tserki et al., (2005). Within a month of exposure to
bacteria, the composite surface changed from brown to white. The surface of the biodegraded
composites appeared uneven and damaged, with holes of varied sizes and depths. After 3 and
5 months, biodegradation accelerated, and microorganisms completely degraded the samples.
The biodegradation rate was reduced by adding treated flour or a compatibilizer into
composites. One possible explanation for this slight decline is the correlation between flour
modification and reduced composite hydrophilicity. Sapuan et al., (2013) conducted a study
of Soil burial experiments on the kenaf fibre-reinforced thermoplastic polyurethane
(TPU) composites to determine how absorbing water affected their mechanical absorption

characteristics.

The tensile and flexural properties of composite material were evaluated before and
after being buried for 20, 40, 60, and 80 days. The weight gain and moisture absorption
percentages after being buried in the ground were calculated. After being buried for 80 days,
the tensile strength of a TPU composite reinforced with kenaf fibre decreased to 16.14 MPa.
The flexural characteristics of the kenaf fibre-reinforced TPU composite specimens were
likewise found to be unaffected by soil burial. The tensile strength, impact strength, and %
weight loss of pure HDPE remained unchanged during the compost soil test because it is non-
biodegradable, whereas those of pure PBS decreased significantly. In the natural soil burial
test, the drop in mechanical characteristics and % weight loss of PBS and bio-composites
were much less than in the compost soil test due to the higher warmth and humidity
conditions in the chamber (Kim et al., 2006). To investigate and evaluate the characteristics
of totally biodegradable poly lactic acid (PLA) composites reinforced with elephant grass
fibre, a 90-day soil burial test was conducted (Gunti et al., 2018). Weight loss as a percentage

increased linearly with the number of days the composites were buried in the soil.
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Composites with the largest percentage of untreated fibres showed the greatest
deterioration. About 1.5% of the weight was lost for plain PLA and 16.31% for the PLA
composite containing 25% untreated elephant grass fibres. The biodegradability of the coir
fibre (CF) and pineapple leaf fibres (PALF) with polylactic acid (PLA) biocomposites was
confirmed by burial experiments in soil (Siakeng et al., 2020). The C3P7 (hybrid
biocomposites lost the most weight (16.8%), whereas the C7P3 (70% PLA + 21% CF + 9%
PALF). Treatment with cashew nut shell liquid on coir geotextiles increased their tensile
strength by 22%. After being buried in the ground for 240 days, the treated coir retained 76%
of its initial tensile strength (Sumi et al., 2016).

The weight loss of specimens buried in compost soil was used to assess the
biodegradability of the material. Twenty per cent water, twenty per cent organic material,
thirty per cent decayed leaves, five per centurea, and five per cent additional materials
(sawdust, waste paper) make up compost soil. The evaluation of the biodegradability of poly
(butylene succinate) (PBS)/JGT composite is conducted through the analysis of various
factors, including fibre content, diameter, surface modification, and arrangement forms.
Considering the effect of fibre content biodegradability, higher weight loss is observed for
PBS/low JGT composition (Liu et al., 2009).

Coir fibres treated with NaOH showed that the tensile strength increased significantly
by 53%compared with composites made with untreated coir fibres (Rosa et al., 2009). Coir
geotextiles modified with cashew nut shells have a faster degradation process in alkaline than
in acidic conditions (Sumi et al., 2018). When placed in soil, natural nettle fibres biodegrade
faster than lactic acid poly fibre. These nettle fibres, which are not treated in any way, have a
lower tensile strength (Kumar and Das, 2018). For two geotextiles named Terrafix and
Secutex, it is shown that internal hydrolysis damages more than external hydrolysis. The
Secutex geosynthetic has more tendency to degrade under the hydrolysis process (Dumitru et
al., 2017). From the durability aspect, changes in the surface colour, surface texture, and
weight of the treated and untreated samples can be evaluated and compared with the
unweathered samples after weathering for a certain period (Siakeng et al., 2020).

2.7 Numerical Studies of Reinforced Soil Slopes

The geometry of a slope and the shear strength of soil are the primary factors in failure
resistance. In geotechnical engineering, determining the stability of slopes exposed to

precipitation is one of the most critical challenges that must be addressed. Several researchers
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have conducted extensive studies on slope stability in wet circumstances (Hossain et al.,
2013; Rahimi et al., 2011; Gasmo et al., 2000; Ng et al., 1998). Past research has shown that
allowing rainfall to infiltrate the ground decreased slope stability (Chipp et al., 1982; Pitts,
1983). Matrix suction develops in dry soil because unsaturated soil has a negative pore water
pressure. This improves the soil's shear strength. Soil matric suction is mitigated when
enough water is absorbed by the soil through infiltration into the slope. A decline in matric
suction weakened the soil shear strength, which in turn brought about the collapse of the
slope. There is a direct relationship among the flux parameters like infiltration, evaporation,
and slope stability indicators like matric suction, water flow, and soil strength at the soil-
atmosphere interface. During the rainy season, pore water pressure and groundwater level
rise, but matric suction decrease. This combination makes the slopes more prone to collapse
(Alietal., 2021).

According to Zhang et al., (2004), it was revealed that under steady-state conditions,
the rainfall intensity was the key component that influenced the matric suction. However,
when flow circumstances are described as transitory, the profile of matric suction is affected
not only by the intensity of rainfall but also by the water storage function, the saturated
permeability, and the rainfall infiltration. Yubonchit et al., (2017) conducted many
parametric studies. They concluded that the major slope collapse might occur either during
the infiltration stage or after the water table rose, depending on the ability of the slope to
absorb water in a saturated environment. Due to constant matric suction, the slope stays
stable during the infiltration process. However, the slope could fail if the water table rises
above the ability of soil to absorb water. If it rains at a rate that is faster than saturated
capacity of the soil, matric suction will stop while infiltration happens. This could lead to the
discovery of slope collapse. Therefore, ground improvement practices must be applied to
slopes under rainfall conditions. Geotextile reinforcement is a solution for slope stabilisation
that requires little effort and is inexpensive. Geotextile reinforcement is a technique that may
be used to stabilise slopes by improving FS value (Ghosh et al., 2012). The impact of
vegetation cover on the stability of slopes was examined by Razali et al., 2023. An analysis
was conducted on the factor of safety values derived from the Plaxis 2D numerical modeling.
Based on the findings of the research, it can be inferred that vegetation will influence the
soil's shear strength, as indicated by the increasing factor of safety from the initial slope. The

factor of safety exhibited an increase in value from 2.968 to 2.991.
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Additionally, the weak layers inside slopes play a crucial role in determining the
stability under rainfall. Thus, including reinforcing layers inside the slope, in addition to
adequate drainage measures, is a useful strategy for ensuring slope stability against rainwater
infiltration (Bhattacherjee and Viswanadham, 2015). Slopes with poor permeability soils
exposed to rainfall need a geosynthetic material with drainage and reinforcing qualities to
improve their performance. According to Iryo and Rowe (2005), the reinforcing function
seems to be more important than drainage in keeping an unsaturated embankment stable. The
performance of geotextile structures built with poorly draining backfill is satisfactory,
according to several studies, even when subjected to prolonged rainfall. On-site fine-grained
backfill materials may be used with the help of nonwoven geotextiles, which have been
claimed to result in significant cost reductions. This is because nonwoven geotextiles, when
used as reinforcing layers, are predicted to enable internal drainage, which subsequently leads
to enhanced stability by dispersing pore water pressures during precipitation events
(Portelinha and Zornberg, 2017). When assessing the hydrological response of unsaturated
slopes exposed to rainfall infiltration, estimating the slope-specific pore water pressure
variation is crucial and difficult. In order to define the physical reactions (i.e., soil shear
strength, variation of soil moisture, slope stability, effective stress, and matric suction) of
unsaturated soil subjected to infiltration, some recent investigations have utilised coupled and
uncoupled hydro-mechanical analyses within the context of unsaturated soil mechanics (Oh
and Lu, 2015; Qi and Vanapalli, 2016). Water flow and stress changes in unsaturated soils
may be more accurately represented by the coupled analysis (Yang et al., 2017), allowing for

a more accurate assessment of slope stability under infiltration circumstances.

Most practical slope stability evaluations are still carried out using limit equilibrium
techniques, such as slicing techniques. Regarding slope stability analysis, the finite element
technique is a powerful alternative as it is accurate, adaptable, and depends on fewer
assumptions, particularly concerning the failure mechanism. In the finite element model,
slope failure naturally happens in the areas where shear strength of the soil is inadequate to
withstand the shear pressures (Griffiths et al., 2004). Geotechnical engineers have employed
a range of methodologies and approaches to analyse earth slopes. These include the Finite
Element Method (FEM), which involves reducing cohesion (c) and soil internal friction angle
(¢), the Limit Equilibrium Method (LEM) or Limit Equilibrium Analysis (LEA), the Finite
Difference Method (FDM), the Limit Analysis (LA), and the integration of the Finite
Element Method and the FDM (Madhav and Reddy, 2018). Ali et al., (2019) used Plaxis 2D
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FEM software to analyze the stability of slopes reinforced with soil nailing exposed to
different rainfall intensities. They proved that reinforcing the soil with nailing can reduce
soil deformation effectively under high rainfall intensities. Numerous studies have
investigated the efficacy of reinforced soil walls and slopes against the penetration of rainfall.

2.7.1 Van Genuchten Model

The analysis used PLAXIS 2D finite element modelling software with fully coupled flow
deformation (Brinkgreeve 2002). Mohr-Coulomb failure criteria and Bishop's effective stress
idea were used to evaluate the shear strength of soil under unsaturated conditions, represented

as equation (2.3).
T=c"+ (o, —uy)tane’ + x(u, — uy)tane’ (2.3)

Where T = shear strength of unsaturated soil; on= total normal stress; u. and uw are pore air
pressure and pore-water pressure, respectively; on—ua = net normal stress; us—uw = matric

suction; ¢’ = effective cohesion; ¢’ = internal soil friction angle; and X = scalar multiplier.

In unsaturated regions, the permeability is denoted by a curve representing the soil
water properties (SWCCs). The Van Genuchten equations express the relationship between
the pressure head and moisture content, shown in equation (2.4). This relationship is
represented by SWCC graphically, as shown in Figure 2.7. The Van Genuchten-Mualem

model, as given in the equation, explains the permeability function in equation (2.5).
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Where 6w = volumetric water content; Ors = residual volumetric water content; Osat =
saturated volumetric water content; Ksat = saturated permeability of soil; a and n are Van

Genuchten fitting parameters.

The hydraulic-related parameters («, n, ksat) and the strength parameters (c', ¢’ ) are
required for slope analysis in PLAXIS. Depending on the values of the van Genuchten
parameters a, n, the SWCC graph can show a variety of shapes. The simulation of geotextiles
in Plaxis 2D used geogrid components, which need the axial rigidity of the material being

modelled.

2.7.2 Calculation of Van Genuchten Parameters

The pedo transfer functions (PTFs) approach for determining the Van-Genuchten parameters

a and n is derived from the regression equations developed by Benson et al., (2014). The

empirical equations utilise the grain size parameters Cy and deo.

o First, using the connection between o, n and dsoand assuming Cu =1 for wetting and
drying as shown in equations 2.6 to 2.9, determine the a, n values corresponding to
wetting (otzw, N1w) and drying (oad, N1d).

o Before calculating the second step, here, two new parameters are defined: normalised a,

o at given Cu

i.e., Ng, and normalised n, i.e., Nn. (Normalised Na = , Normalised Nn =

aat Cu=1

n at given Cu

v— ). Simply put, normalised a or n is the ratio of a at a given Cyto a at Cy =1,

which is also applicable for normalised N.

e Normalised values of a and n give their corresponding result to the given Cy, which is
distinct from the first step.

e Multiplying the a (from the first step) and Ny(from the second step) or n (from the first
step) and Ny (from the second step) gives the corrected o and n values, which will be used

as Van Genuchten parameters in Plaxis 2D simulation.
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For Wetting:

The following equation represents the Van Genuchten air entry fitting parameter for wet
conditions.
O = Oqw- Ng
0w = 1.993 dg, (2.6)
N, = 0.99C, *>*

The equation below represents the Van Genuchten water extraction rate from soil fitting

parameters for wet conditions.

Ny = Nqy. Ny
Ny, = 8.22e(70-35%ds0)
N, = —0.0033C,, + 0.550 (lf C, > 2.2) 2.7)
N, = —0.383C,, + 1.383 (lf C, <22)

For Drying:

The following equation represents the Van Genuchten air entry fitting parameter for drying
conditions.
g = Qq4- Ng
a4 = 1.354 dg (2.8)
N, = 0.99C; %>
The following equation represents the Van Genuchten water extraction rate from the soil
fitting parameter for drying conditions.
Ng = Nyg. Npy
Nig = 14.4e(7043%ds0)
N,,, = —0.0033C, + 0.379 (if C, = 2.2) (2.9)
Ny, = —0.542C, + 1.542 (if C, < 2.2)

Where deo (grain size) and Cy (coefficient of uniformity) are grain size analysis parameters.
(ouw, N1w) (0ud, N1g) are Van Genuchten parameters for wetting and drying conditions. N is a
normalised a value with the same empirical formula for wetting and drying. Naw and Nng are

normalised n values for wetting and drying conditions.
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The empirical equation for finding Van-Genuchten parameters using the PTFs method
is the most precise method (Bension et al., 2014). Based on this study, it is observed that
there is a range for both a and n values. For a (1/kPa), the values range is from 0.10 to 2.39,
and for n values range is from 1.48 to 8.08 based PTF estimation method (Benson et al.,
2014). The values of Cy = 6.6 and Deo =2 mm are obtained after performing the gradation

analysis of soil samples used to calculate Van Genuchten parameters.

2.8 Summary of Literature Review and Limitations of Existing Research

A thorough review of existing literature provides a detailed discussion of different types of
natural geotextiles and bioengineering methods for improving strength and reducing surface
erosion, various treatment methods for natural geotextiles to improve their durability, and
numerical studies of reinforced soil slopes A comprehensive summary of the literature is

presented as follows:

e Previous research shows that untreated natural JGTs degrade in the soil within a
maximum period of 6 to 12 months. Thus, chemical pretreatment is required to preserve
its functioning. Numerous studies have recommended using various treatment methods,
including chemical treatments such as alkaline scouring, bleaching, acetylation,
and plant-based oil treatment. However, these treatments are unfortunately expensive and
cause leaching. To increase the shelf life of JGTs by two to three years, the present
research proposes the development of a novel technique for treating jute with an Alkali
Activated Binder (AAB).

e A thorough review of past research work highlights that some of the existing chemical
treatment methods for natural fibers are expensive and may cause environmental concerns
due to leaching. However, the influence of various mediums on the chemical composition
of natural fibers has not been adequately quantified or documented, which will differ for
different fibers due to their greatly variable composition. Fiber debonding, the influence
of corroded fibers, and the effect of exposure circumstances all contribute to a reduction
in the strength of composite, which is intended to be used to understand the natural fibers'
longevity. The differences in the strength properties of natural fibers in dry and wet
conditions, as well as after exposure to various climates may provide further insight into
the real degradation process and aid in understanding the deterioration mechanism of

natural fibers in these environments.
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e From past research, it can be observed that limited studies are available for improving the
strength of the soil with the help of vegetation. However, it has been reported that slope
erosion triggers before the vegetation grow strong enough to protect the soil. Hence, the
present study aims at using the soil bioengineering system i.e. vegetation in conjunction
with the AAB-treated jute to increase the strength and durability parameters and decrease
surface erosion. Thus, the present research proposes a study on a bioengineered small-
scale laboratory model and assessment of the efficiency of AAB reinforcement in

conjunction with vegetation on soil erosion using existing empirical models like MUSLE.

e Most of the existing research on modeling a slope against rainfall infiltration is focused
on unreinforced soil or soil reinforced with artificial geosynthetics. A systematic
numerical study considering the effect of rainfall infiltration on bio-engineered slopes
reinforced with treated natural geotextiles is not reported in the literature. Thus, the
current work proposes in developing a numerical model that will consider the interaction
between soil slopes having different slope angles and reinforcing material subjected to

rainwater infiltration.

2.9 Research Significance

The findings (optimal design of natural fibre and plant root stabilised soil or soil slope) of the
current research can be innovative solutions for protecting soil erosion on roadways and
railroad embankments. Erosion control and slope failure caused by water erosion due to
rainfall are the most important aspects which can be addressed effectively by the application
of AAB reinforcements in this research. This innovation will benefit the construction industry
significantly. India produces enormous volumes of fly ash as an industrial byproduct. Fly ash
will be one of the key components of the technique used in the current investigation. Using
AAB-treated natural fibre on road/railway embankments, river dykes, and other
embankments will be cost-effective and environmentally safe. In addition, the design of
embankments, dams, and slopes will benefit greatly from the creation of a numerical model
for calculating the impacts of natural fibres on increasing soil strength or providing soil
reinforcement. The successful use of natural fibres for slope protection and erosion control
will provide a case study of best practices, and the findings may be utilized to educate the

public about sustainable slope management and erosion control techniques.
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CHAPTER 3

Materials and Experimental Methodology

3.1 General

This chapter presents the basic characterisation of raw materials and the salient experimental
procedures used in the thesis. Red soil, Alkali Activated Binder (AAB), Bermuda grass, and
natural JGT were the materials employed in this study. The characterisation includes
evaluating the geotechnical properties, morphological characteristics, and chemical properties
of red soil, untreated and treated JGTs with AAB having different water-to-solids ratios, and
Bermuda grass. A comprehensive experimental investigation is conducted, and
methodologies concerning the strength and microstructural aspects of red soil and AAB-
treated JGTs are examined in detail in this chapter.

3.2 Material Used
3.2.1 Red Saoil

The red soil used in the present research is collected from Shameerpet, located in the
Medchal-Malkajgiri region of Telangana, India. The soil is obtained from a depth of 300 mm
below ground level to ensure no roots or other plant matter are included in the sample. The
soil is brownish-red in colour and is fine-textured. The soil samples are prepared for
examination by breaking them into little crumbs with a wooden mallet and then dried at 105-
110°C in a thermostatically controlled oven. The red soil comprises 4.26% gravel, 60.47%
sand, and 35.27% silt and clay and is classified as silty sand (SM) according to Unified Soil
Classification System (USCS ASTM D 2487-93). The grain size distribution curve for red

soil is shown in Figure 3.1.
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Figure. 3.1 Grain size distribution curve of Red Soil

The following tests are conducted to characterise the red soil:

Specific gravity (according to 1S 2720 - Part 3 (1980)).

Gradation Analysis (following IS 2720 - Part 4 (1985))

Atterberg’s Limits (following IS 2720 - Part 5 (1985))

Proctor’s Compaction Test (following IS 2720 - Part 7 (1980) and IS 2720 - Part 8
(1983))

Variable Head Permeability test (following IS 2720 - Part 17 (1986)) on soil using
universal permeability apparatus.

Soaked and Unsoaked California Bearing Ratio (CBR) (according to 1S: 2720 - Part -
16 (1987)).

Strength characteristics using Unconfined Compression Tests (following 1S 2720 —
Part 10 (1991))

Large Shear Box test to determine interface friction angle between soil and
reinforcing element (jute) (according to IS 2720-13 (1986)).

The different properties of the soil are provided in Table 3.1.
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Table 3.1 Properties of Red Soil

Properties Values
Specific gravity, (G) 2.61
Liquid Limit (LL) (%) 31
Plastic Limit (PL) (%) 15
Plasticity Index (PI) (%) 16
Shrinkage Limit (%) 12
Optimum Moisture Content (%) 11.00
Maximum Dry Unit Weight (KN/m®) 19.40
Permeability (mm/sec) 1.13 x 102
Unsoaked CBR 11.67
Soaked CBR 4.2
Cohesion (KN/m?) 9.5
Internal Angle of Friction (°) 26.05
Grain Size Analysis

Gravel (%) 4.26
Sand (%) 60.47
Silt and clay (%) 35.27

3.2.2 Natural Jute Geotextile

Commercially available jute (Corchorus olitorius - Tossa Jute) used in the present study is
procured from Secunderabad in Telangana state of India as a hessian cloth in a roll of 0.91 m
width and 30 m length. The jute sheet is a woven type made from fresh raw jute fibres. The
process of obtaining jute fibres from the plant, as mentioned by the manufacturer, is as

follows:

Harvesting |=>| Retting [>| Stripping > Yarns |>| Fabrics

It is checked that the jute fabric lacks scouring and bleaching. The aperture opening size,
thickness, and mass per unit area of treated and untreated jute sheet are determined
confirming to 1S 15868 (Parts 1 to 6): 2008. The basic properties of the raw JGT are provided
in Table 3.2. The FTIR peaks and corresponding bonds are shown in Table 3.3 and Figure 3.2
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shows images of FTIR and XRD patterns of untreated jute. Consistent with the findings of
Wang et al. (2009) and Gupta et al., (2018), the peaks at 15.1°, 22.8° and 31.5° (represented
by the letter J) in the XRD diffractogram are indicative of unaltered, raw jute fiber. Peaks
corresponding to 26 values of 15.1°, 22.8°, and 31.5°(denoted by "J") indicate the presence
of minerals consistent with the composition of jute in Figure 3.2(a). From FTIR spectra, the
observed peaks at 2915 cm™, and 1639 cm™* represent C-H and C—C stretching absorption.
The stretching absorptions of the C—-O—C bond are detected at 1247 cm™ and 1053 cm™.
These peaks coincide with the FTIR spectra of normal cellulose (Wang et al., 2009).

Table 3.2. Fundamental characteristics of untreated jute

Parameters Values
Aperture Opening Size 4.7 x 10" pm?
Thickness 0.62 x 10°m
Mass per unit area 0.22 kg/m?
Cellulose content 53%
Hemicellulose content 20%

Lignin content 12.6%
Water absorption 11.6%
Elongation at break 60.38%
Tensile strength (warp direction) 6.68 KN/m
Young’s Modulus 20.8 GPa

Table 3.3 FTIR peaks and corresponding for Jute (Merck KGaA, 2022)

FTIR Peak (cm™) Bonds
3467-3434 O-H Stretching
2930-2910 C—H Stretching
1035-900 C-O-C Stretching
1730 C — O Bending
1700-1644 C=0
1640-1618 Cc=C
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Figure 3.2 a) XRD diffractogram and b) FTIR spectroscopy of untreated Jute.
3.2.3 Alkali Activated Binder (AAB)

Dry aluminosilicate-rich precursor (Class F fly ash) is reacted with an activating solution
(consisting of sodium silicate, sodium hydroxide, and water) to create Alkali Activated
Binder (AAB). After 24 hours, fly ash is added to the activating solution because of the
excessive heat generated by the exothermic reaction between the sodium hydroxide (NaOH)
and the sodium silicate (Na2SiOs). The Global Warming Potential (GWP) effect of fly ash,
sodium silicate and sodium hydroxide on the environment are zero, 0.83 and 1.32 kg COz-eq,
respectively (Chottemada et al., 2023). However, the manufacturing process of AAB does not
generate any CO> emissions as it utilizes already available industrial wastes as raw materials
compared to Portland cement (PC), which emits almost to 750-850 kg CO for 1 ton of
Portland cement production. Using AAB to treat jute does not lead to the formation of any
environmentally harmful volatile compounds. Besides, the heavy metals leaching from the
mixture of fly ash and is very negligible. The composition of heavy metals such as chromium
(Cr), arsenic trioxide (AS203), lead oxide (PbO), and zinc oxide (ZnO) was not contained in
fly ash. The chemical compound of fly ash and slag (such as Cao, MgO) can easily monitor
the pH and leachate, which does not impact much too surrounding flora and fauna. The
chemicals were procured from Hychem Laboratories Ltd., Hyderabad, Telangana, India.

Class F fly ash was obtained from the National Thermal Power Corporation plant in
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Ramagundam, Telangana, India. The NaOH is obtained as pellets with 99% purity, whereas
the NazSiO3z solution is a mixture of 29.5% SiO, and 14.7% Na2O. In a mass ratio of
1:12.24:37.84 the sodium hydroxide, sodium silicate, and fly ash are mixed to prepare AAB
(Gupta et al., 2018; Kar et al., 2014). The detailed mix design procedure is described by Kar
et al., (2014). The water-to-solid ratios (w/s) of the AAB mix are varied at 0.35, 0.40, and
0.45 (Gupta et al., 2018). Various amounts of fly ash, NaOH, Na,SiOgz, and water required to
prepare the AAB mix are shown in Table 3.4, along with the corresponding AAB quantity
needed per m? of JGT.

Table 3.4. Amount of AAB required treating per sg. meter JGT

Water/Solid  AAB Applied Fly Ash NaOH Sodium Water

Ratio (kg/m?) (kg/m?) (kg/m?) Silicate (kg/m?)
(kg/m?)

0.35 3.44 2.18 0.058 0.706 0.498

0.40 3.07 1.87 0.049 0.606 0.537

0.45 2.75 1.62 0.043 0.526 0.5611

The hardening characteristic of AAB exhibits similarities to that of hydraulic cement.
Therefore, the process of hardening will commence upon the addition of the alkali solution to
the fly ash. To optimise resource utilisation and minimise material waste, it is recommended
to apply the AAB coating during its workable state, thereby preventing premature hardening.
The application of the AAB coating can be accomplished through two methods, either by
utilising paint brushes to apply it directly onto the JGT, or by sprinkling the coating over the
JGT. Alternatively, the JGT can be soaked in a manner that ensures the entire surface area of
the JGT is covered by the coating mixture. The JGT, which is coated with AAB, is
maintained at a temperature of 40°C within a controlled environment that regulates humidity
for a duration of 24 hours. The treated JGT is subsequently stored at room temperature
for seven days to render it appropriate for practical utilisation in ground improvement. During
this duration of seven days, the AAB undergoes a hardening process, allowing it to acquire
the necessary strength to endure externally imposed loads. Figure 3.3 shows the images of
untreated and treated JGT. The treated JGT is then introduced into the soil in horizontal

layers. A series of laboratory experiments on permeability, California Bearing Ratio, and
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unconfined compressive strength tests are then conducted to compare the properties of the
soil before and after the addition of the treated JGT.

Figure 3.3 JGT before and after AAB treatment

3.2.4 Bermuda Grass

Bermuda grass (Cynodon dactylon) is often used for slope stability due to its deep and broad
roots. It prevents erosion and stabilises steep slopes, especially in rainy or foot-trafficked
areas. The broad, extending root system of Bermuda grass can grow up to 2 metres deep,
anchoring the soil and preventing erosion. This is particularly important on slopes, where soil
erosion and instability may cause landslides, infrastructure damage, and soil loss. Bermuda
grass exhibits adaptability to diverse soil compositions and climatic conditions. It grows on
sand, clay, and other soils and resists drought and heat. It may be planted in many conditions,
giving it an adaptable slope stabilisation option. Bermuda grass spreads quickly and covers
the surface of soil with its deep and spreading roots. This reduces soil erosion and blocks
runoff. It is particularly beneficial for stabilising slopes prone to erosion, such as those in
areas with heavy rainfall or foot traffic. The image of Bermuda grass is shown in Figure 3.4.
Physical observation provided the fundamental characteristics of Bermuda grass, including

colour, texture, growth range, length, and width, as listed in Table 3.5.
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Figure 3.4. Bermuda grass in laboratory condition

Table 3.5 Basic Properties of Bermuda Grass

Property Type Values
Colour Lawn Green
Texture Smooth texture (lower surface) and jagged

texture (upper surface)

Growth Range Upto 100 cm
Leaf Blade Property 0.02 m to 0.2 m in length and 0.003 m to
0.01 m in width

3.3 Mineralogical, Chemical, and Microstructural Characterizations

Microstructural analyses such as XRD, FTIR, Thermogravimetric analysis (TGA), Stereo
microscopy, and SEM are performed on both untreated and AAB-treated jute to quantify the
morphological and phase changes caused by the application of AAB to jute fibre. The
mechanical properties of jute, including shear strength, volumetric stability, and bearing
capacity, can be significantly affected by the microstructural properties of the material. These
aforementioned properties play a crucial role in determining the practical implementation of
these materials in the field of construction. The chemical composition of materials may be
inferred qualitatively using FTIR and XRD data. Qualitative data on the physical properties
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of material may also be obtained by stereomicroscopy. SEM examination is used in

conjunction with other methods to get quantitative data on treated geotextile-reinforced soils.
3.3.1 Stereomicroscopy

Stereomicroscopy is used to examine the overall structure and any irregularities of the JGTs
before and after AAB treatment. Using an Olympus SXZ7 system, the surface texture and
physical characteristics of jute samples are examined by collecting stereomicroscopic images
at several magnifications. 20um is the smallest dimension that can be focused with this
microscope. Depending on the topography and shape of the surface, the chosen target area of

each stereomicroscope image varies between 4x10° and 10x10° um?,

3.3.2 X-ray Diffraction (XRD)

Mineralogical analyses using XRD are used to identify the crystallinity of untreated and
AAB-treated natural JGTs. The RIGAKU Ultima IV diffractometer is used for the XRD
analysis. Powdered samples are analysed using CuK, rays, produced at 40 mA with a step of
0.02° for 26 values ranging from 0° to 80° and integrated at a 2 sec/step rate. Preparation of
powdered samples for X-ray diffraction (XRD) analysis involves a two-step process, first, the
sample is subjected to an oven dry treatment at 105°C for 24 hours to eliminate any moisture
content, and second, the resulting sample is crushed into a powder form using a mortar and

pestle.
3.3.3 Fourier Transform Infra-Red (FTIR) Spectroscopy

FTIR determines the molecular bond structure of untreated and AAB-treated jute fibre. FTIR
is used to study how AAB treatment affects chemical composition of the jute, which can
affect performance and durability. The JASCO FTIR 4200 instrument generates FTIR spectra
through the KBr pellet technique. All jute samples are analyzed using spectral transmittance
from 4000 to 400 cm™ to determine the different vibrational bonds present, such as the
stretching vibrations of C-H, O-H, and C=0 bonds in jute, which occur in the 4000-2500 cm”
! range, and the bending vibrations of C-H and O-H, which occur in the 2500-400 cm™ FTIR
range (Gupta et al., 2018; Kar et al., 2014).

3.3.4 Scanning Electron Microscopy (SEM)

SEM is used to assess the microstructural and morphological characteristics of jute fibre at
high resolution. In addition, SEM is used to examine the influence of AAB treatment on the

microstructural change, which is beneficial for studying the performance of jute fibres. An
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FEI-Thermo Scientific Apreo SEM setup is used to analyse SEM micrographs and elemental
compositions. Untreated and AAB-treated jute was dried in an oven at 110° C for 4 hours
before sample preparation to remove moisture without causing any significant alteration to
composition and SEM analysis is an imaging method with a high resolution that needs a high
vacuum environment to function properly. Thus, any remaining moisture or water in the
sample might cause pressure changes that can damage the sensitive components of the
microscope. The sample adhered to the carbon tape with the help of crushed powder made
from a soil-fibre combination. The surface morphology is examined at four distinct spot sizes
and magpnifications (1000x%, 2500%, 5000%, and 10000x). A constant excitation voltage of 20
kV is used for JGTs throughout the investigation with a covering of 10 nm thick platinum
coating to prevent the electron cloud and fuzzy condition of SEM pictures and the vacuum
pressure of 1.0 x107Pa is observed to obtain the images. (Gupta et al., 2018). The excitation
voltage range of 5kV-15 kV is recommended for AAB-treated JGTs; for this study, 10 kV

excitation voltage is used (Kar et al., 2014).
3.3.5 Thermogravimetric Analysis (TGA)

The thermal stability of both untreated and treated jute is assessed using differential TGA
on SHIMADZU/DTG-60 equipment. Samples of JGT are typically between 10 and 15 mg in
weight. Temperature between 30 to 950 degrees Celsius is used to decompose the
materials (Yang et al., 2007). For consistent warmth, the heating rate is maintained constant
at 10 C/min.

3.4 Geomechanical Characterisation

3.4.1 Natural Jute Geotextile
The following tests can identify the basic material properties of natural JGTs.

e Aperture size

e Thickness (thickness gauge at 2 KPa pressure)

e Mass Density

e Tensile strength (grab test as per ASTM D 4632/D4632M-15a)

3.4.1.1 Aperture Opening Size
The aperture opening size (AOS) of the untreated JGT is determined by analysing the stereo-
microscopic images by direct method for finding the pore size of geotextiles (Babu G.S.,

2006). Due to their planar shape and comparatively large pore openings, woven geotextiles
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are more effectively examined utilizing a direct method such as image analysis for pore size
determination (Ayidlek et al., 2007). The average area of 10 different samples is considered.
AOS = 4.7 x 107 sq. um. Figure 3.5 shows the aperture opening size of the jute obtained from
the stereomicroscopic image. The aperture opening size of JGTs impacts their performance
and functioning in various applications. The aperture opening size is the size of the opening
of the fabric, which enable water, air, and other fluids to flow through while retaining soil
particles and debris. The application and performance criteria determine JGT aperture
opening size. For example, in erosion management applications, a smaller aperture size may
be needed to avoid soil erosion and retain soil particles, whereas, in drainage applications, a

larger aperture size may be needed to assist water flow and prevent clogging.

Flgure 3.5. AOS obtamed from the stereomlcroscoplc image

3.4.1.2 Thickness

The average thickness of the untreated JGT is measured using a thickness gauge under a
gradually applied specified pressure. Thickness values were obtained for 1, 3, and 6 months
for lab burial conditions. Table 3.5 shows the thickness values of untreated and treated jute at
various time durations. The thickness values of untreated and treated JGTs are decreased
maximum over the period 6 months due to various reasons including moisture absorption
from the environment and biological degradation. From table 3.6 it is observed that the values
of thickness reduction are 6.25% and 3.12% for untreated jute 0.35 AAB treated JGTSs.
Biodegradable untreated JGTs exposed to microorganisms, such as fungi and bacteria, can
break down and reduce in thickness. Hysteresis develops when natural geotextiles are
regularly wet and dry because the fibres absorb and evaporate moisture from the surrounding
environment. This hysteresis may pack the fibres more densely, reducing thickness. The
AAB treatment for JGTs protected them from biological degradation and water absorption
effect.
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Table 3.6 Thickness (in mm) of Untreated and Treated jute at various times

Thickness at Untreated 0.35 AAB 0.40 AAB 0.45 AAB
jute(mm) Jute(mm) Jute(mm) Jute(mm)

0 month 0.64 1.92 1.93 1.84

1 month 0.64 1.92 1.92 1.83

3 months 0.62 1.89 1.88 1.79

6 months 0.60 1.86 1.85 1.76

3.4.1.3 Mass per unit area

Mass per unit area
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Figure 3.6. Mass per unit area values of Untreated and Treated jute at various times

To determine the mass per unit area of untreated JGT, a total of 10 test specimens with
known areas are carefully weighed and collected from various sections of the fabric sample.
The calculation of the mean mass per unit area is performed by taking the average of the
acquired values. Table 3.6 displays the thickness values of untreated and treated jute at
various time durations. The reduction in mass per unit area of untreated and treated JGTs
over time is a natural process that occurs as a result of various environmental factors and
biological factors. From figure 3.7, it is observed that the reduction values of mass per unit
area are 6.66% and 1.13 % for untreated jute 0.35 AAB treated JGTs. The reduction in mass
per unit for untreated jute is caused by exposure to moisture and microorganisms in the

environment, which breaks down jute fibres and causes the geotextiles to lose mass, whereas

AAB coating protects treated JGTs from microorganism attack.
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3.4.1.4 Tensile Strength Test (Grab Test)

Grab tensile strength is commonly used for woven fabrics, including JGTs. This is because
the test measures the strength of a fabric in both the warp and weft directions simultaneously,
providing an overall measurement of strength of the fabric. The grab test is also a quick and
simple test that can be performed using relatively small samples of material. The tensile
strength of a geotextile strip was evaluated using a Zwick/Roell Z100 testing equipment. The
dimensions of a sample were 50mm in width and 200mm in gauge length. The 25 mm grab
length was maintained. Narrow strip tensile strength was measured by maintaining a tensile
loading at a 100 mm/min deformation rate, as specified by the ISO 13934-1:1999 standards.
Ten samples of each geotextile were evaluated for tensile strength in the machine direction
(clamps moving direction), and the average of those results was reported. Figure 3.6 shows
the image of untreated and treated natural fibre subjected to grab tensile strength test. Table
3.8 displays the tensile strength values of both treated and untreated JGTs. The tensile
strength test is a common mechanical test that measures the tensile strength of a material. In
the context of JGT, the tensile strength test can provide valuable information on the
behaviour of a material under stress and deformation. The tensile strength of 0.35 AAB, 0.40
AAB, and 0.45 AAB treated JGTs is found to be 123.5%, 114.7%, and 107.3% greater
than untreated jute. The maximum increase is observed in 0.35 AAB jute, which is attributed
to a lower wi/s ratio. At a lower w/s ratio, the greater adhesion of AAB paste to jute results in
an increase in tensile strength, which can be demonstrated by the specifications of mass per
unit area shown in Table 3.7, which indicate that 0.35 AAB, which has a lower w/s ratio than

the others, acquires a larger mass per unit area than the other AAB formulations.

Table 3.7. Tensile Strength of Untreated and Treated Jute

Type of Sample Tensile Strength(kN/m)
Untreated Jute 6.8
0.35 AAB treated jute 15.2
0.40 AAB treated jute 14.6
0.45 AAB treated jute 14.1
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AAB Treated Jute

Figure 3.7. Tensile Strength Test of Untreated and AAB Treated JGT

3.4.2 Permeability of jute-reinforced soil

The permeability test is essential for determining the water movement rate through the soil.
The purpose of the permeability test for jute-reinforced soil is to measure the influence of jute
reinforcement on the hydraulic conductivity of soil. Soil reinforced with untreated and treated
jute fibres is subjected to falling head permeability tests following IS 2720 (Part 18):1986.
The corresponding schematic diagram for the permeability test is shown in Figure 3.7, and
the obtained permeability values are shown in Table 3.9. Since AAB partly blocks the pores
of the jute and obstructs the flow of water, it is clear that the permeability reduces for the soil

reinforced with treated jute samples.
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Figure 3.8. Schematic diagram of permeability test of jute-reinforced soil

Table 3.8. Permeab

ility of jute-reinforced soil

Types of reinforcement k (mm/sec)
No reinforcement 11.3x 102
Untreated Jute 1.94 x 102

0.35 AAB treated jute 2.32x 10
0.40 AAB treated jute 3.12x 103
0.45 AAB treated jute 5.90 x 10’3

3.4.3 CBR of jute-reinforced soil

Soil reinforced with untreated and treated jute fibres undergoes a series of wet and dry CBR
tests following ASTM D-1883. At respective MDD-OMC values, different fibres are
compacted at varying depths in a CBR mould with a 15 cm diameter and 17.5 cm height. For
the soaking condition, compacted soil samples are submerged in water for 96 hours with a 5
kg surcharge before being tested at 1.25 mm/min with a loading frame coupled to a 50 mm
plunger. The obtained CBR values are shown below in Tables 3.10 and 3.11. Figure 3.8
shows the images of jute-reinforced CBR samples at various positions from the top. The CBR
values of treated jute samples are more than untreated jute samples. 0.35 AAB jute has a
higher CBR value among all because more material is applied to the surface of 0.35 AAB

jute. It has a CBR value of 105% more than untreated jute samples in unsoaked conditions at

two thirds of total height of the specimen.
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Table 3.9. CBR of jute-reinforced soil (Unsoaked)

15t layer (2H/3 2" layer (H/2 3" layer (H/3
from top) from top) from top)
No reinforcement 11.67 11.67 11.67
Untreated Jute 13.4 13.0 12.6
0.35 AAB treated jute 24.02 23.0 21
0.40 AAB treated jute 22 21 20
0.45 AAB treated jute 20.43 20.35 20.11

Table 3.10. CBR of jute-reinforced soil (Soaked)

15t layer (2H/3 2" layer (H/2 3" layer (H/3
from top) from top) from top)
No reinforcement 4.2 4.2 4.2
Untreated Jute 6.6 5.8 5.04
0.35 AAB treated jute 12.8 12.4 12.25
0.40 AAB treated jute 11.65 11.54 11.23
0.45 AAB treated jute 11.27 10.98 10.86
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Figure 3.9. Images of jute-reinforced CBR samples at H/3, H/2, and 2H/3 positions from top

3.4.4 UCS of jute-reinforced soil

According to ASTM D-2166, multiple UCS tests are conducted on red soil with untreated
and treated jute reinforcement using a typical three-split cylindrical UCS mould with a
diameter of 38 mm and a height of 76 mm at corresponding MDD-OMC values. Soil samples
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are dried out in a vacuum chamber for 30 minutes before being tested to ensure they are
mature. This experiment used a strain-controlled, fully-automated 20 KN compression
machine that applied a constant strain rate of 1.25 mm/min. Further tests are conducted using
the identical three specimens if there is more than a 10% disparity between the peak stress
values for any combination. The obtained UCS values are shown in Table 3.12. The failure
patterns of soil samples reinforced with jute at various heights are shown in Figure 3.9. The
UCS value of treated jute is greater than that of untreated jute. Among all, 0.35 AAB jute has
the highest UCS value. The failure pattern of an unreinforced sample is 45° degrees to the
horizontal, whereas untreated and treated jute reinforcements prevented the failure at the

reinforcement location.

Table 3.11. UCS values red soil reinforced with different jute fibres

Type of Reinforcement gu (KN/m?)
No Reinforcement 268.45
Untreated Jute 286.8
0.35 AAB treated jute 323.48
0.40 AAB treated jute 304.70
0.45 AAB treated jute 293.62

Figure 3.10. Untreated and jute-reinforced UCS samples at 38mm position from the top
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3.4.5 Interface Friction Angle between soil and untreated / treated jute

Normal
Load vertical
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Applied > Soil L —Horizontal
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Figure 3.11. Schematic Diagram of Large Shear Box Test

To investigate the interface properties between the soil and the reinforcing material, a
Heico automated large-size direct shear apparatus is utilised. The schematic diagram of a
typical large shear box is shown in Figure 3.10. The procedure for experimenting is
determined following IS 2720-13 (1986). The soil sample is compacted to the required
density in the large shear box of 300 mm length, 300 mm width, and 150 mm depth. The top
of the lower shear box is fitted with untreated and treated JGTs. Sufficient care is taken to

attach the geotextiles to the sides properly so they do not move while applying shear.

To evenly distribute the normal load, a thick rigid loading pad is installed on top of
the upper shear box. Using the hydraulic jack arrangement, the normal load is applied on the
loading pad through the reaction frame of 100kN capacity. Both horizontal and vertical
displacements are measured using LVDTs (Linearly Variable Differential Transformers) of
100mm capacity. The strain rate used in this experiment is 1.2617 mm/min. It is observed
that the angle of internal friction between jute and red soil is 8.78% higher than the internal
friction of red soil. In contrast, the value decreased between red soil and jute sample by 2%,
7%, and 10% after treating the jute with AAB solution with w/s ratios of 0.35, 0.40, and 0.45,
respectively. The possible reason for this is the formation of smoothness on the surface of
JGTs due to AAB solution application. The values of the friction angle between red soil and

different reinforcements are shown in Figure 3.11.
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Figure 3.12. Friction angle between red soil and different reinforcements

3.5 Mechanical Properties of Bermuda Grass
3.5.1 Growth Mechanism of Bermuda Grass

The Bermuda grass growth mechanism starts with sowing seeds in a seeding tray for healthy
seed germination. The soil is mixed with compost for the healthy germination of plants from
seed. The seed containers provide the optimal environment for the healthy germination of
seeds, including appropriate drainage and protection from parasitic organisms and diseases.
Seed containers make identifying and preventing signs of unhealthy seed growth
easier because they are easily recognisable in closed proximity. The seeds started growing
after three days of sowing with regular watering intervals. The seed-sowing process is shown
in Figure 3.12, and germinated Bermuda grass plants are shown in Figure 3.13. The observed
crop period is six months to get a root length of 34 cm and plant length of approximately 100
cm in laboratory conditions. The grown Bermuda grass and its root system are shown in
Figure 3.14.
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Figure 3.14. Germinated plant from Bermuda grass after 25 days from the sowing date

Figure 3.15. Length of Bermuda Grass Plant and Root System
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The grass forms a dense mat by creeping along the ground with its stolons and roots wherever
a node touches the ground. Bermuda grass reproduces through seeds, stolons, and rhizomes.

The Bermuda grass regrowth mechanism is shown in Figure 3.15.
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Figure 3.16. Grass regrowing mechanism (Department of School Education, TN, 2020)
3.5.2 Root Matrix of Bermuda Grass

Bermuda grass used in the present study falls under thin, hairy roots. Figure 3.16 shows the
Bermuda grass root matrix, which has three distinct root systems: primary, secondary, and
tertiary. The root samples are then analysed to study their properties. Vernier Callipers are
used to measure the average length and width of the roots. The root system and root matrix of
Bermuda grass are shown in Figure 3.17.

«— Primary Root
System

Secondary Root
System

Tertiary Root
System

Figure 3.17. Root Matrix for Bermuda Grass

76



£
5
[—‘ 1S Rowts System
. b
v — Deammcter 128 nam
Mo
J
v 10 Ronots Syvtam
Scvomdary i ?
Moot z:'_w‘._ Dissncter 135 s
'
’ 3 Mot Ny v
Sesumdars .;‘:‘. ) Digmeter BNN s
b '

Figure 3.18. Root Matrix and Root System Diameter for Bermuda Grass

3.5.3 Tensile Strength of Roots

A Zwick/Roell 2100 with 100KN capacity testing equipment is used to measure the tensile
strength of the root matrix. The tests are carried out on individual root systems consisting of
approximately 5, 10, and 15 numbers of roots (Noorasyikin and Zainab, 2016). The tensile
strength values of different root matrix systems are shown in Table 3.13. The tensile strength
of 15-root 67% and 30% higher than that of the 5-root and 10-root systems, respectively, due
to the increased thickness of the overall system. The tensile strength test for Bermuda

grassroots is shown in Figure 3.18.

Figure 3.19. Tensile Strength Test of Bermuda Grass
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Table 3.12. Tensile Strength of different Root Matrix Systems

Root Matrix Root Diameter Root Length  Tensile Strength

System (mm) (mm) (MPa)
5 root 0.88 226 27.13
10 root 1.35 215 34.86
15 root 2.28 210 45.30

3.5.4 Shear strength of soil infused with roots

The determination of the shear strength of vegetated soil, where roots have germinated, is
find out through the measurement of the apparent cohesion value using a direct shear test.
The size of the sample is 60x60x25 mm?®. The initial step involves extracting soil infused
with roots using a sampler, as shown in Figure 3.19. Subsequently, the soil is manually
transferred into the shear box setup, in which the test is conducted. It is conducted for soil
with any root as standard for comparison, and other samples consist of roots in the soil. The
obtained shear strength values are shown in Table 3.14.

Figure 3.20. Sample collection from root-penetrated soil
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Table 3.13. Shear strength of soil infused with roots

Sample Shear Strength (kN/m?)
Bare Soil 9.5
Soil infused with grassroots 29.97

3.6 Soil Erosion Model Set up

In this investigation, a 0.9x0.9x0.3 m? soil erosion model is built in the laboratory to simulate
real-world conditions. Untreated and AAB-treated JGTSs reinforce the entire top surface of the
slope. The slope is also exposed to a rainfall impact due to an artificial rainfall setup. Soil
erosion tests are performed before and after various reinforcements have been installed on the
slope to evaluate how effectively they prevent erosion when exposed to rainfall. Similarly,
vegetation consisting of Bermuda grass is transplanted onto the surface of a slope to examine

soil erosion caused by rainfall.

3.6.1 Artificial Rainfall Simulating Assembly

A robust rainfall-simulating system (Figure. 3.21) is designed and developed to induce low
and high-intensity rainfall. To estimate the rainfall intensity, a non-recording type rain gauge
is used as the Indian Meteorological Department mostly uses it according to the guidelines of
IS 5225 (1992). The non-recording type rain gauge image is shown in Figure. 3.22. The water
flow system is set up with 12 pipes at a spacing of 7.5 cm, which is arranged using the grid-
iron system methodology. Drippers having 2.97 mm diameter holes are inserted into the pipe
with a centre-to-centre spacing of 5 cm. This grid pipe network is built before the main water
line is connected, and it is then attached to the wooden rod frame system to keep rainfall
height at no less than 1 meter. A water pump motor with a capacity of 0.5 hp is used to
supply the water. An L-shaped connector links the motor pump outlet to the inlet of grid pipe.
The water flow via the pump and drip system is verified after this setup to avoid operational
mistakes. A rotameter (Figure. 3.23) is used to control the water flow rate. The rotameter
exhibits predetermined flow rate levels. Through multiple experimental iterations, two
distinct flow rates, namely low and high, have been established. These two flow rates are
applied on the soil slope to estimate the soil erosion due to the rainfall effect. Rainfall

intensities of 10.2 mm/min and 23.4 mm/min are measured at low and high flow rates using a
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non-recording rain gauge. According to the Telangana State Development Planning Society
(Government of Telangana, 2022) these rainfall intensities are considered to simulate the
average rainfall in the Medchal-Malkajgiri District in the Telangana region for the past three
years. To maintain consistency, all experiments are conducted in the fixed position of the
model slope and with fixed flow rates. The collection of runoff and sediment occurs at
regular 5-minute intervals over a span of 12 periods, from its initiation to the completion of
the hour duration. To determine sediment generation, collected samples are oven-dried for 48
hours at 105 °C. The average value of sediment is calculated using an average of at least ten

samples.
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Figure. 3.21. Schematic Diagram of Experimental Setup for Surface Erosion
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Figure. 3.22. Non-recording type rain gauge
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Figure. 3.23. Rotameter
3.7 Summary

The material characterisation of red soil and the chemical and mechanical characterisations of
natural JGTs are presented in this chapter. After applying the AAB chemical treatment,
natural JGT is examined for its capability as a soil-reinforcing material. Furthermore, the
detailed methodology for the determination of microstructural and geotechnical properties of
materials is described in this chapter. The root matrix system of Bermuda grass is also
discussed, in addition to the fundamental characteristics of Bermuda grass. The laboratory
scale slope model and the artificial rainfall set-up are also discussed in the present chapter.
This information can establish the theoretical basis for the subsequent research and the
context of the study. It is also useful in understanding the properties of the tested materials
and how they may influence the results of subsequent analyses and the methodology for
determining microstructural and geotechnical properties of materials can help

in understanding how the research was conducted and how the results were obtained.
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CHAPTER 4

Durability Studies of Untreated and Treated Jute

4.1 General

This chapter deals with the durability studies of untreated jute and AAB-treated JGT (JGT).
Natural geotextiles undergo decay and the surface colour gets faded on exposure to sunlight
and weathering at the time of construction or during the service period as the chemical bonds
present in the fibers start disintegrating. The microorganisms present in soil enhance this
process, resulting in significant strength reduction. Previous research related to the durability
of jute indicates that there are limited studies in this area, and there is a need for further
investigation. Typically, durability assessments of natural geotextiles involve conducting
experiments to evaluate their resistance to soil burial, weathering, weight loss, exposure to
acid and alkali, and microbial attack. These experiments primarily focus on observing
changes in fibre tensile strength. Determination of weight loss and elongation at break are
also essential to estimate the extent of durability under different exposure conditions.
Characterizations of surface texture, crystallinity, molecular bond, morphology, and
thermogravimetry are conducted to demonstrate the effect of different exposure conditions on
JGTs. The relevant findings on untreated and AAB-treated jute fibres are analyzed and

discussed in detail in this chapter.

4.2 Methodology of Durability Tests
4.2.1 Soil Burial Test

To assess the durability criteria for JGT, a soil burial test is performed following ASTM G
160-12. Untreated and AAB-treated jute specimens are cut into strips of 25 cm length and 5
cm width. For the laboratory test, a large container with dimensions of 1 m x 1 m x 0.25 m is
filled with red soil [classified as silty sand (SM) by Unified Soil Classification System
(USCS)] consisting of 2.36% gravel, 55.47% sand, and 42.17% fines (silt and clay). Small
holes at specific intervals are punctured at the bottom and four sides of the container for
sufficient air and water circulation. During the entire test period, the moisture level for the
soil is maintained between 20 to 30 % of its dry weight, to ensure consistency moisture level
of soil is periodically evaluated and any water lost via evaporation is restored and kept

outside under the sun at an average temperature of 27 °C and relative humidity of around
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75%(Sumi et al., 2016). The untreated and treated jute specimens are implanted in the soil to
a depth of 15 cm below the soil surface, exposing them to the behaviour of microorganisms
often present in the soil to replicate field settings. In the same manner, a soil burial test is
carried out in the field to find out the durability of the JGT in-situ conditions. Untreated and
AAB-treated JGT specimens of 25 cm length and 5 cm width are buried at a depth of 30 cm
in the ground. Figure 4.1 shows the images of buried JGT samples in the laboratory and field
conditions. At fixed intervals of 30, 60, and 90 days, the samples are taken out and cleaned
with the help of a brush to remove the adhered soil on the surface before performing the post-
burial characterization tests. All the samples are air-dried till constant weight is reached. Loss
of strength due to biodegradability after soil burial may be evaluated by performing a tensile
strength test and using the average of three findings. Tests were conducted on untreated and
AAB-treated JGT by burying them in soil for 30, 60, 90, and 180 days, as shown in Figure
4.2.

0 day 30 days ;ln_\,'.s :

Figure 4.2. Images of (a) Untreated and (b) AAB-treated JGTs subjected to soil burial under
lab conditions at 30, 90, and 180 days duration
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4.2.2 Resistance to Acid and Alkali Test

—-l A W
(b Rnw Jute aﬂer 30 days, |

S Treated with HC

Figure 4.3. Images of (a) AAB-treated jute immersed in acidic and alkaline solution, (b) Raw
Jute, and (c) AAB-treated jute after 30 days of HCI and NaOH treatment

In almost all geotechnical engineering applications, geotextiles can come in contact with
dilute solutions of acids, alkalis, or dissolved oxygen. Hence, the resistance of jute against
acid and alkaline attacks is also an important durability parameter. The tests for exposure to
acid and alkali are conducted as per the guidelines of BS EN 14030. In this experiment, the
acidic solution is prepared by using 8 ml of 0.01 N HCI having pH 2. The 1 N alkaline
solutions having pH 13.3 are prepared with 40 gm of NaOH (99% pure) pellets. These
conditions are selected to represent strongly acidic and alkaline environments The untreated
and treated jute samples are immersed in acid and alkaline solutions for an interval of 30,60,
90, and 180 days at room temperature. The quantity of chemical solutions is chosen to be
greater than 30 times the weight of the samples, and care is taken to ensure that the liquids
cover the specimens completely. At the end of the respective exposure periods, the samples
are rinsed thoroughly with water, immersed in water for 1 hour, and then dried to remove the
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excess deposition of acid and alkali on the sample surface. Figure 4.3a presents the treated
jute just after immersion, while Figures 4.3(b-c) and 4.4(a-b) present the untreated and AAB-

treated jute samples immersed in the acidic and alkaline solution after 30 days and 90 days.

(a) Raw Jute after 90 davs b) AAB Treated Jute after 90 days

3 3 Treated with NaOH
Treated with NaOH

Figure 4.4. Images of (a) Raw Jute after 90 days of HCI and NaOH treatment and (b) AAB-
treated jute after 90 days of NaOH

Treated with HCL

4.2.3 Resistance to Hydrolysis

Hydrolysis degradation have an impact on the performance of fiber in two ways, internally
and externally. Both internal and external hydrolysis reduce the molecular weight of
polyethylene by damaging the polymer chain along the cross section. In the present study, an
external hydrolysis degradation test is carried out according to BS EN 12447:2001. As shown
in Figure 4.5a, both untreated and treated jute samples are submerged in 95°C deionized
water for 30, 60, 90, and 180 days throughout the test. The pH level is regularly monitored on
a weekly basis, and if it surpasses a value of 8, as measured under ambient conditions, the
water is subsequently replaced. Figures 4.5b and 4.5¢ show the untreated and 0.40 AAB jute
samples after 90 days of hydrolysis.
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Figure 4.5. (a) Hydrolysis Test; (b) Raw Jute and (c) AAB treated jute after 90 days of
Hydrolysis Test

4.2.4 Compost Burial method

The compost burial test is a type of soil burial used to assess the impact of microorganisms
such as endospore-forming Bacillus, Enterococcus, and protozoa resulting from cow dung
(Siakeng et al., 2020). The application of cow dung manure enriches the mineral content of
the soil and boosts the plant's ability to withstand diseases and pests (Tomar et al., 2020).
Compost is often used to augment plant development, while jute geotextiles are
employed with plants to provide slope stability. Hence, a compost burial test is conducted to
assess the impact of these bacteria on jute. The untreated and treated jute specimens are
placed in a soil bed that was previously produced using a 2:1:1:1 ratio of garden soil, cow
dung, dried leaves, and sand (Figure 4.6a). According to ASTM G160-12, the soil shall be
composed of equal parts of fertile topsoil, well-rotted and shredded horse manure, and coarse
sand. Due to the unavailability of horse manure, cow dung, and dried leaves are used. It is
ensured that the mixture is made homogeneous and that moisture content is maintained at
around 25% throughout the test. Although ASTM G160-12 recommends a minimum of 60
days of exposure for the compost burial test (Sumi et al., 2016), this test was conducted for
30 days to compare results to those of other kinds of durability tests, such as acid and alkali
tests. At the end of 30,60, 90, and 180 days, the samples are removed, cleaned thoroughly
with a brush, and air-dried to achieve a constant weight. Figures 4.6(b-d) show the images of
AAB-treated JGT subjected to compost burial test at different time intervals.
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(b) AAB Treated Jute at 0 days

(a) Fresh Compost

kr) Compost after 180 days
|

Figure 4.6. (a) Fresh Compost, (b) AAB-treated jute at 0 days (c) Compost after 180 days
(d) AAB Treated Jute after 180 days

4.3 Determination of Mechanical Properties
4.3.1 Weight Loss Test

Calculation of loss in weight at different stages of durability tests is considered a significant
aspect of all durability analyses and it is conducted according to IS 15868 (Part 1): 2008. For
the calculation of loss in weight, care is taken to ensure the removal of all soil particles
entrapped within fibres without causing physical damage. All samples are gently washed with
a brush and air-dried until the weights were consistent. The weights of each sample are
measured before and after degradation, and weight loss is calculated by comparing the loss in

weight before and after burial using the following equation.

Wl Wre

Weight Loss (%) = x 100 4.2)

where Wi and Wt are the initial (before soil burial) and final (after soil burial) weight of the
jute samples, respectively.

4.3.2 Tensile Strength

The tensile strength of treated and untreated jute samples after 30, 60, 90, and 180 days of
soil burial test are determined by Zwick/Roell Z100 tensile strength testing machine. The
width, gauge, and grip length of the samples are kept at 50 mm, 200 mm, and 25 mm,
respectively. Each sample is clamped in the top and bottom jaw in such a way that the
pressure of clamping is optimum to avoid slippage at the back of the jaws. The tensile
loading is maintained at a constant strain rate of 100 mm/min according to ISO 13934-
1:1999 standards. The estimated tensile strengths for each sample are taken as an average of
10 specimens of each untreated and treated jute sample. The procedure is repeated 10 times
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for all sets of untreated and treated samples, in the warp direction, and the average result of

the peak load is reported for each sample.

4.3.3 Elongation at Break

Elongation at break, also called fracture strain, is defined as the percentage increase in length
relative to initial length after a jute sample has been broken. The capability of a fibre to resist
changes of shape without crack formation can be assessed by this method. The elongation at
break is determined from the tensile testing results following EN ISO 527.

4.4 Determination of Chemical Characteristics

4.4.1 Surface Texture

In order to analyse the surface texture and physical characteristics of both untreated and
treated jute sheets, a stereomicroscopy technique is employed utilising an Olympus SXZ7
configuration. Different locations and magnifications are used to acquire the images, with the
smallest dimension being 20 m. The areas of interest in each image are selected with proper

care to include the prominent features of all the samples.

4.4.2 Crystallinity

XRD is performed for qualitative identification of chemical structure along with determining
the degree of crystalline nature of untreated and treated geotextile. To determine which
minerals are present in raw and treated JGT, an XRD analysis is carried out using a RIGAKU
Ultime IV diffractometer. At 40 mA and 40 kV, CuK rays are used to analyse the powdered
materials. With a 0:02° 2 step and a 2-second integration time, considering operating 26

range is from 0° to 100°.
4.4.3 Molecular Bonds

To identify the changes in the chemical bonds of untreated and treated jute fibre, FTIR is
carried out using JASCO FTIR 4200 setup. The transmittance spectral range having
wavenumbers in the mid-Infrared range of 4000 to 400 cm™ is maintained for all the
samples. Jute samples are shredded into powdered form for this test. The excess moisture
content in the powdered samples is removed by oven-drying at 105 °C for 24 h. KBr powder

is mixed with the dried powdered samples for the preparation of pellets.
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4.4.4 Morphology

A heated field emission scanning electron microscope (FE-SEM JSM-7600F) from FEI
Apreo is used for SEM examination to distinguish between untreated and treated jute sheets
by means of surface morphology and elemental content. In general, if the raw materials are
collected from an unknown source, a thorough analysis is recommended to identify its
components. For a complete analysis, an excitation voltage of 20 kV is commonly used.
However, electron clouds tend to develop due to such high voltage, thereby blurring the
obtained image. Cellulose and hemicellulose are the prominent components of raw jute. Since
AAB-treated jute contains fly ash, the existence of elements with atomic numbers greater
than iron is quite unlikely. Three distinct locations are selected at random for each sample. At
each designated location, three distinct regions are selected randomly. Subsequently, five
distinct points are examined at varying magnification levels within each of these regions.
Before analysis, the geotextile fibres undergo a drying process at a temperature of 105 °C
for 24 hours to eliminate any internal moisture present. To provide electrical conductivity
upon the jute fibres, a layer of platinum with a thickness of 15 nm was applied in an argon

gas environment.
4.4.5 Thermogravimetric Analysis

Thermal stability of untreated and treated jute is measured using TGA using a
SHIMADZU/DTG-60 setup. The 4 to 10 mg geotextile samples are stored in a nitrogen-rich
atmosphere on a platinum pan. Following the decomposition range of jute the samples are
heated progressively from 30°C to 950°C (Yang et al., 2007). For even heating, the

temperature rise rate is controlled to 10°C/min.
4.5 Results and Discussions on Durability Tests

4.5.1 Soil Burial Test

The untreated and treated JGTs exposed to soil burial tests are explained in weight loss,

tensile strength, and elongation at break perspectives.

4.5.1.1 Weight Loss for Soil Burial
Figure 4.7(a) shows the percentage of weight loss of untreated and treated jute at different
exposure times of 30, 60, 90, and 180 days for soil burial durability studies. The mass per

unit area of untreated jute is found to be 225 gm/m?. Treatment of jute by 0.35, 0.40, and 0.45
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AAB increases the mass per unit area to 2690 gm/m?, 2200 gm/m? and 2220 gm/m?
respectively. Figure 4.5(a) shows that treated jute exhibits less than 0.3% of weight loss, the
minimum being that of 0.35 AAB treated jute, while this weight loss increases to 2.2% for
untreated jute on exposure to natural soil after 30 days. Considering the soil burial test after
90 days weight loss of untreated jute, 0.35AAB, 0.40AAB, and 0.45AAB treated jute sheets
are 0.4%, 0.7%, 36.30%, and 1.12% respectively. After 180 days of soil burial, the weight
loss of untreated jute, 0.35AAB, 0.40AAB, and 0.45AAB treated jute sheets are 11.2%,
0.9%, 1.12%, and 1.67%.

Resistance to Soil Burial

10 ‘ —e— Untreated Jute
| —=—0.35 AAB
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Weight Loss (%)

Duration (Days)

Figure 4.7(a). Weight loss of untreated and treated jute with time in soil burial test

4.5.1.2 Tensile Strength for Soil Burial

The tensile strength of jute specimens of size 25 cm x 5 cm is measured at 30,60, 90, and 180
days duration after lab soil burial condition. Figure 4.7(b) shows the change in tensile
strength of different jute sheets after 30,60, 90, and 180 days. From the tensile strength test, it
is observed that after 90 days soil burial period, the reduction in tensile strength of untreated
jute, 0.35AAB, 0.40AAB, and 0.45AAB treated jute sheets are 50.72%, 24.57%, 27.57%, and
29.57% respectively. Considering the 180 days soil burial period, the reduction in tensile
strength of untreated jute, 0.35AAB, 0.40AAB, and 0.45AAB treated jute sheets are 85%,
32.23%, 35.23%, and 36.83% respectively. Table 3.4 states that the quantity of AAB paste
decreases from 0.35 to 0.45 wi/s, specifically from 3.44 kg/m? to 2.75 kg/m?. The main factor
contributing to the weight of AAB paste is the fly ash used in its preparation. For the 0.35 w/s
ratio, the fly ash weight is higher at 2.18 kg/m?, while for the 0.45 w/s ratio, it is lower at 1.62
kg/m?. The high porosity of the 0.45 AAB treated jute is the reason for the decrease in tensile
strength observed in the 0.45 AAB treated jute compared to the 0.35 AAB treated jute, as
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well as the decrease in mass per unit area from 0.35 to 0.45 w/s. Higher water content leads

to lower strength due to the formation of greater porosity.
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Figure 4.7(b). Reduction in Tensile Strength of untreated and treated jute with time in soil

burial test

4.5.1.3 Elongation at Break for Soil Burial

Figure 4.7(c) displays the percentage reduction in elongation at breaking of untreated and
AAB-treated JGT subjected to different durability tests after periods of 30, 60, 90, and 180
days. From the elongation at break result, it is observed that after 90 days soil burial period,
reduction in elongation at break of untreated jute, 0.35AAB, 0.40AAB, and 0.45AAB treated
jute sheets are 61.85%, 22.25%, 26.47%, and 31.75% respectively. After 180 days soil burial
period, reduction in elongation at break of untreated jute, 0.35AAB, 0.40AAB, and 0.45AAB
treated jute sheets are 85%, 32.1%, 33.45%, and 35.6% respectively.
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Figure 4.7 (c). Reduction in Elongation at Breaking of untreated and treated jute with time in

soil burial test
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4.5.2 Resistance to Acid and Alkali Test

The untreated and treated JGTs exposed to acid and alkali tests are explained in weight loss,

tensile strength, and elongation at break perspectives.

4.5.2.1 Weight Loss for Acid and Alkali Test

Figures 4.8(a-b) show the percentage of weight loss of untreated and treated jute at different
exposure times of 30, 60, 90, and 180 days for acid and alkali durability studies. The
maximum weight loss is observed when the fibres are exposed to the acid test. After being
exposed to acid for a period of 90 and 180 days, the weight loss is around 77.7% and 91.38%
for the untreated fibres, while the same reduces to 33.25% and 42.67% for 0.35 AAB treated
fibres. Considering the alkaline test for a period of 90 and 180 days, the weight loss is around
35.22% and 68.97% for the untreated fibres, while the same reduces to 24.09% and 31.07%
for 0.35 AAB treated fibres.
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Figure 4.8(a-b). Weight loss of untreated and treated jute with time in acid test (left) and
alkali test (right)

4.5.2.2 Tensile Strength for Acid and Alkali Test

The tensile strength of jute specimens of size 25 cm x 5 cm is measured at 30, 60, 90, and
180 days duration after acid and alkali tests. Figures 4.8(c-d) show the change in tensile
strength of different jute sheets after 30, 60, 90, and 180 days exposed to acid and alkali tests.
For the acid exposure test, after 90 days, the reduction in tensile strength of untreated jute,
0.35AAB, 0.40AAB, and 0.45AAB treated jute sheets are 97%, 82%, 85.37%, and 87.08%
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respectively. For the alkaline test, after 90 days, the reduction in tensile strength of untreated
jute, 0.35AAB, 0.40AAB, and 0.45AAB treated jute sheets are 71.30%, 36.57%, 38.57%, and
39.89% respectively. For the alkaline test, after 180 days, the reduction in tensile strength of
untreated jute, 0.35AAB, 0.40AAB, and 0.45AAB treated jute sheets are 80.78%, 43.23%,
45.23%, and 46.23 respectively. HCL degrades the microfibrils in natural fiber during
chemical treatment, resulting in a reduction in lignin and hemicellulose content. Because
HCI was an acidic medium, the chemical reaction was more severe, resulting in a substantial
reduction in cellulose, hemicellulose, and lignin (Vijay et al., 2021). Tensile strength
decreases when cellulose chains decrease. Acidic environments may destroy hydrogen bonds
and other intermolecular interactions that strengthen cellulose fibers. Tensile strength might
decrease due to cellulose bond breakdown. Strong NaOH alkaline solutions hydrolyze
cellulose, the primary component of jute fibers, swelling them. Swelling increases cellulose
chain intermolecular gaps, making fibers weaker and more susceptible to mechanical stress.
Prolonged exposure of jute to HCI acid and NaOH may have caused additional tensile
strength loss in 30 days, resulting in a steep slope. Jute geotextiles without AAB coating lose
tensile strength more than those with it.
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Figure 4.8(c-d). Reduction in Tensile Strength of untreated and treated jute with time in acid
test (left) and alkali test (right)

4.5.2.3 Elongation at Break for Acid and Alkali Tests

Figures 4.8(e-f) display the percentage reduction in elongation at breaking of untreated and
AAB-treated JGT subjected to acid and alkali durability tests after periods of 30, 60, 90, and
180 days. For the acid exposure test after 90 days, reduction in elongation at break of
untreated jute, 0.35AAB, 0.40AAB, and 0.45AAB treated jute sheets are 92%, 80.5%,
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82.9%, and 84.62% respectively. For the alkaline test, after 90 days, reduction in elongation
at break of untreated jute, 0.35AAB, 0.40AAB, and 0.45AAB treated jute sheets are 74.56%,
40.2%, 42.24%, and 43.24% respectively. For the alkaline test, after 180 days, reduction in
elongation at break of untreated jute, 0.35AAB, 0.40AAB, and 0.45AAB treated jute sheets
are 89.72%, 42.75%, 43.15%, and 44.75%.
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Figure 4.8(e-f). Reduction in Elongation at Breaking of untreated and treated jute with time
in acid test (left) and alkali test (right)
4.5.3 Resistance to Hydrolysis

The untreated and treated JGTs exposed to hydrolysis tests are explained in weight loss,

tensile strength, and elongation at break perspectives.

4.5.3.1 Weight Loss for Hydrolysis Test

Figure 4.9(a) shows the percentage of weight loss of untreated and treated jute at different
exposure times of 30, 60, 90, and 180 days towards resistance to hydrolysis. Considering the
hydrolysis test for a period of 90 and 180 days, the weight loss is around 39% and 61% for
the untreated fibres, while the same reduces to 21.98% and 31.67% for 0.35 AAB treated
fibres
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Figure 4.9(a). Weight loss of untreated and treated jute with time in hydrolysis test

4.5.3.2 Tensile Strength for Hydrolysis Test

The tensile strength of jute specimens of size 25 cm x 5 cm is measured at 30, 60, 90, and
180 days duration after the hydrolysis test. Figure 4.5(b) shows the change in tensile strength
of different jute sheets after 30, 60, 90, and 180 days. Considering the hydrolysis test after 90
days reduction in tensile strength of untreated jute, 0.35AAB, 0.40AAB, and 0.45AAB
treated jute sheets are 58.04%, 32.57%, 34.57%, and 35.57% respectively. For the hydrolysis
test, after 180 days, the reduction in tensile strength of untreated jute, 0.35AAB, 0.40AAB,
and 0.45AAB treated jute sheets are 89%, 37.23%, 39.23%, and 41.23% respectively.
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Figure 4.9(b). Reduction in Tensile Strength of untreated and treated jute with time in

hydrolysis test
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4.5.3.3 Elongation at Break for Hydrolysis Test

Figure 4.9(c) displays the percentage reduction in elongation at breaking of untreated and
AAB-treated JGT subjected to hydrolysis test after periods of 30, 60, 90, and 180 days.
Considering the hydrolysis test after 90 days reduction in elongation of untreated jute,
0.35AAB, 0.40AAB, and 0.45AAB treated jute sheets are 68.02%, 35.93%, 36.30%, and
38.79% respectively. Considering the hydrolysis test after 180 days reduction in elongation of
untreated jute, 0.35AAB, 0.40AAB, and 0.45AAB treated jute sheets are 88%, 41.45%,
42.76%, and 43.87%. Jute fibers are hygroscopic. Prolonged exposure to water may result in
elevated moisture levels inside the fibers, hence impacting the mechanical characteristics of
natural fibers. The primary component of jute fibers is cellulose. Water absorption causes the
cellulose microfibrils within the fibers to swell. This swelling may lead to an expansion of the
fiber structure, limiting the ability of the fibers to elongate during stress. With an increase in
time, untreated jute experienced a greater decrease in elongation at breaking compared to
AAB treated jute. This may account for the similar trend observed in the graphs of untreated
and AAB-treated jute geotextiles for the 60 days, followed by a trend change for the
subsequent 120 days.
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Figure 4.9 (c). Reduction in Elongation at Breaking of untreated and treated jute with time in

Hydrolysis test

4.5.4 Compost Burial Test

The durability of untreated and treated JGTs exposed to compost burial tests is explained in

weight loss, tensile strength, and elongation at break perspectives.
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4.5.4.1 Weight Loss for Compost Burial Test

Figure 4.10(a) shows the percentage of weight loss of untreated and treated jute at different
exposure times of 30, 60, 90, and 180 days towards resistance to hydrolysis durability study.
Considering the soil burial test after 90 days weight loss of untreated jute, 0.35AAB,
0.40AAB, and 0.45AAB treated jute sheets are 20%, 14%, 18%, and 18.35% respectively.
After 180 days of soil burial, the weight loss of untreated jute, 0.35AAB, 0.40AAB, and
0.45AAB treated jute sheets are 35%, 22%, 24.78%, and 25.12%.
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Figure 4.10(a). Weight loss of untreated and treated jute with time in hydrolysis test

4.5.4.2 Tensile Strength for Compost Burial Test

The tensile strength of jute specimens of size 25 cm x 5 cm is measured at 30, 60, 90, and
180 days duration after the compost burial test. Figure 4.10(b) shows the change in tensile
strength of different jute sheets after 30, 60, 90, and 180 days. For the compost burial test, the
reduction in tensile strength of untreated jute, 0.35AAB, 0.40AAB, and 0.45AAB treated jute
sheets are 56.23%, 27.57%, 29.57%, and 31.57% respectively after 90 days. For the compost
burial test, after 180 days, the reduction in tensile strength of untreated jute, 0.35AAB,
0.40AAB, and 0.45AAB treated jute sheets are 88%, 35.13%, 37.43%, and 38.53%

respectively.
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Figure 4.10(b). Reduction in Tensile Strength of untreated and treated jute with time in

compost burial test

4.5.4.3 Elongation at Break for Compost Burial Test

Figure 4.10(c) displays the percentage reduction in elongation at the break failure of
untreated and AAB-treated JGT subjected to compost test after periods of 30, 60, 90, and 180
days. For the compost burial test after 90 days, reduction in elongation at break of untreated
jute, 0.35AAB, 0.40AAB, and 0.45AAB treated jute sheets are 55.67%, 28.67%, 32.27%, and
34.31% respectively. For the compost burial test after 180 days, reduction in elongation at the
break of untreated jute, 0.35AAB, 0.40AAB, and 0.45AAB treated jute sheets are 87%,
33.78%, 35.98%, and 36.78% respectively.
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Figure 4.10 (c). Reduction in Elongation at Break of untreated and treated jute with time in

Compost burial test
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4.5.5 Reasons for Strength Reduction in JGT

In the case of soil burial and compost burial tests, the weight loss of untreated jute fibres is
discussed from biological degradation perspective. The rate of decomposition of cellulosic
fibres is dependent on the presence of microorganisms. Bacteria and fungi are the two
primary microorganism groups responsible for the enzymatic breakdown of cellulose. In the
presence of bacteria, cellulosic fibers degrade from the outside to the inside. The moisture
content in soil and compost burial experiments creates favourable conditions for
microorganisms to degrade untreated fibre surfaces, resulting in weight loss (Arshad et al.,
2011; Bordoloi et al., 2017). Moisture is absorbed by natural fibre because the cellulose,
hemicellulose, and lignin components all include an OH- group in their amorphous regions,
which is the main reason for the degradation of jute in the hydrolysis of water experiment,
and also it enhances the bacterial activity in case of compost and soil burial tests (Jafrin et al.,
2014). For AAB-treated fibers, the direct interaction between cellulose and microorganism is
restricted by applying a coating of AAB paste which leads to a delayed biodegradation
process (Gupta et al., 2018). Cellulose in lignocellulosic fibres provides them strength.
Glycose units are linked together in a linear polymer by B-1, 4 glycosidic bondsmaking this a
linear polymer. Cellulose consists of long polymer chains of glucose units covalently bonded
together by hydrogen bonds. Microfibrils are formed when cellulose chains bind together
inside a hemicellulose matrix. A macrofibril is composed of several microfibrils organised in
a helical pattern. Such a collection of macrofibrils is responsible for the formation of the plant
fibril matrix (Bordoloi 2017). Considering the acidic effect on JGT the degradation of
cellulosic fibres occurs when they are exposed to acid, which breaks the glucosidic bonds in
the cellulose and reduces the degree of polymerisation, which is important in increasing the
mechanical properties of cellulosic fibres (Palme et al., 2016). The reduction in weight loss in
AAB-treated fibres might be due to the improved interfacial bonding owing to the reduced

hydrophilic tendency of alkali-treated fibres.

The primary factor contributing to the reduction in the tensile strength of the untreated fibres
in soil burial and compost burial is damage to the cellulose microfibrils structure from
microorganisms and breaking of cellulose bonds in case of acidic exposure, as the tensile
strength of natural fibres is mostly due to cellulose (Arunavathi et al., 2017). The reduction
tensile strength of AAB-treated fibres is not much affected because of the strength-enhancing
nature of NaOH present in AAB. When jute fibre reacted with sodium hydroxide (NaOH)
present in AAB, the hydroxyl group on the alkoxide is ionised, affecting the cellulose fibril
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directly (Valadez-Gonzalez et al., 1999; Jéhn et al., 2002). NaOH, which is included in AAB
treatment, increases the surface roughness of cellulosic fibres, increasing their tensile strength

by mechanically interlocking the fibres with the matrix (Bordoloi et al., 2017).

The main reason for the maximum reduction in elongation at break for the untreated fiber-
exposed acid test is the breakdown of cellulosic structure from the fibre because it is the main
component contributing to the mechanical properties of jute (Arunavathi et al., 2017;
Methacanon et al., 2010).

4.6 Results and Discussions on Chemical Characteristics
4.6.1 Surface Texture

Significant changes are observed in surface texture after treatment with AAB as shown in
Figure 4.11. Before treatment with AAB, untreated jute fabric shows the presence of voids
interspersed between fibres. The presence of voids is confirmed by permeability test results
shown in Table 3.9. However, these voids are filled with AAB mix after treatment. The
observations indicate that the particles of AAB adhere to the jute fibrils and provide strength
by acting as an adhesive medium between different fibres (Figure 4.11 b). The change in the
surface texture of jute fabric is discernible as the visible spaces between the fibres disappear
after AAB treatment, although the permeability of soil reinforced with treated jute remains
roughly unaffected. A surface study of AAB-treated jute fibres shows the attachment of the
AAB layer to the fibres. There is a possibility of reducing the permeability of the soil if these
treated fibres are used as reinforcement. However, results have shown that this attachment

does not have a significant influence on the permeability of the soil.
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Figure 4.11. Stereomicroscopic images of (a) untreated jute, (b) 0.35 AAB jute, (c) 0.40
AAB jute, (d) 0.45 AAB jute at magnification 1.5 x

Figures 4.12(a-f) and 4.13 (a-f) display the stereomicroscopic images of untreated and
AAB-treated jute after 90 and 180 days of exposure to different durability tests. After 90
days, there is no difference in the surface texture or colour of treated or untreated fibres, as
shown in Figure 4.12(b-c). In Figure 4.13(b-c), untreated jute fibre changes colour and
surface texture after 180 days in the soil and compost burial. Still, AAB-coated fibre remains
unchanged due to AAB coating under the same conditions. The compost burial and soil burial
effects do not show a remarkable change in the surface texture of treated jute fibres even after
180 days. It is observed that the untreated jute fibre becomes brittle and easily disintegrates
into pieces after 180 days of soil and compost burial. The AAB treatment, hardens the jute
fibre and increases its resistance to exposure to various chemicals. It is observed from Figure
4.13c that due to the compost burial effect, a black-coloured fungus develops on the surface
of the jute, but it does not alter the internal structure of the jute. This is confirmed by FTIR,

XRD, and SEM images of compost burial jute at 180 days duration.

Figure 4.12d shows that the outer surface of the untreated jute becomes darker in
colour and exhibits signs of disintegration due to the acid effect. Similar observations are
reported by Ghosh et al., (2021). AAB-treated jute is more resistant to HCI than the untreated
jute, as the applied AAB paste protects the internal structure of jute fibres from acidic attack.

However, with an increase in exposure time, the AAB coating becomes thin and the volume
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of voids increases, leading to enhanced disintegration. In Figure 4.12d, it is observed that
0.40 AAB and 0.45 AAB jute sheets show the removal of some amount of AAB paste due to
the acidic effect, whereas, for 0.35 AAB jute, the removal of paste is not observed because of
more AAB paste at the time of sample preparation (Gupta et al., 2018). Because of the acidic
effect after 180 days, the untreated jute fibre completely loses its original texture and
becomes darker in colour. Whereas the AAB treatment protects the jute against the acidic
effect, due to the high concentration of acidic nature (i.e. pH=2), it loses its original surface
texture. Considering Figures 4.12e and 4.13e, the alkali treatment on jute fibre deposits white
colour patches on the surface of untreated and treated jute fibre which changes the outer
surface into a completely white patched nature, referred to as efflorescence. Efflorescence is
a layer of salts, often white, that has developed on a surface, as shown in Figure 4.13e.
Efflorescence is more likely to arise in AAB prepared with sodium-based activators.
Efflorescence is said to be worse in formulations where the Na2O is more in the solution
(Allahverdi et al., 2015). Due to the hydrolysis of water, except for untreated jute fibre, the
surface of treated fibres does not change, which is observed in Figures 4.12f and 4.13f. From
Figures 4.12 and 4.13, it is observed that AAB treatment on jute fibres protects them from the
degradation effect from soil burial, compost burial, and hydrolysis of water, acid, and alkali
effect. It is concluded from the stereomicroscopic images, that the 0.35 AAB jute is most

effective in protecting it from the bio-degradation process.
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(2) Untreated and Treated Jute before Durablllty Tests

(b) Soil Burial Test (90 days exposure)

(c) Compost Burial Test (90 days exposure)

(d) Acid Test (90 days exposure)

(e) Alkali Test (90 days exposure)

(f) Hydrolysis Test (90 days exposure)

Figure 4.12. Stereomicroscopic Images of Untreated and Treated Jute (a) before durability
tests and in (b) Soil Burial (c) Compost Burial (d) Acid (e) Alkali and (f) Hydrolysis Tests
after 90 days of exposure
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(b) Soil Burial Test (180 days exposubre)

(c) Compost Burial Test (180 days exposure)

(d) Acid Test (180 days exposure)

(f) Hydrolysis Test (180 days exposure)

Figure 4.13. Stereomicroscopic Images of Untreated and Treated Jute (a) before durability
tests; (b) Soil Burial (c) Compost Burial (d) Acid (e) Alkali and (f) Hydrolysis Tests after 180
days of exposure
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4.6.2 Crystallinity

If the peaks are sharp, the crystallinity was strong, and if they are flat or humped, it is poor.
The presence of pure portions suggests the existence of amorphous materials. Samples of
untreated and treated jute are shown in their XRD patterns, respectively, in Figure 4.14. Raw
jute shows XRD peaks at 15.9°, 21.3°, and 33.5°, all indicated by 'J' as reported by Wang et
al., (2009). Quartz (SiO2), analcime (NaAlSi2O¢.H20), mullite (AleSi2O13), and hydroxyl
sodalite (Nas(SisAleO24).8H20) are all identified as present in the XRD pattern of AAB
treated jute. These minerals are unique to the cured AAB paste, as studied by Kar (2013). In
addition, the diffractograms of all treated jute samples show the presence of the peaks typical
of jute, demonstrating that jute retains its individuality. Following treatment, a coating of
AAB paste is found to have solidified and developed over the jute fibres, which is observed
from these mineral findings. The findings of XRD are supported by the SEM analysis (Figure
4.16b). In addition, the proportion of amorphous material in the treatment solution is shown
to grow when the water-to-cement ratio is raised. This occurs because an increased quantity
of sodium aluminosilicate hydrate matrix is formed as a consequence of the higher water

content.

The XRD pattern is not changed for treated jute fibres when exposed to soil burial and
compost burial effects after 180 days, as shown in Figures 4.14 (b-c). Applying AAB
treatment to jute fibers effectively protected jute geotextiles against biodegradation induced
by microorganisms in soil burial and compost burial experiments. This might be a possible
reason for the absence of any alteration in the XRD pattern for both experiments. For the
untreated jute fibre, the peak pattern is slightly changed for the compost burial, alkaline
effect, and hydrolysis tests but does not alter the amorphous material (Figure 4.14 c). Under
the effect of acid, the XRD pattern is completely changed; whereas similarity in the XRD
pattern is observed for AAB-treated jute. AAB jute XRD pattern for the hydrolysis test is
matched with AAB jute before durability, which is a clear indication that the hydrolysis test
does not affect the AAB jute. From XRD analysis, it is observed that AAB treatment
protected them against changing XRD patterns.
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(f) Hydrolysis Test
Figure 4.14. XRD diffractogram images of Untreated and Treated Jute (a) before durability
tests and in (b) Soil Burial (¢) Compost Burial (d) Acid (e) Alkali and (f) Hydrolysis Tests
after 180 days of exposure (J=Jute, S= Hydroxy sodalite, M= Mullite, Q= Quartz, An=
Analcine)
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4.6.3 Molecular Bonds

The transmittance spectra of untreated and treated jute before and after 180 days of durability
tests are presented in Figures 4.15 (a-f). The transmittance peaks at 3427 cm™, 3476 cm™,
3465 cm?, and 3474 cm? presented in Figure 4.15(a) constitute the O-H stretching
absorption for untreated, 0.35 AAB, 0.40 AAB, and 0.45 AAB jute fibres respectively. In the
case of untreated jute, the peaks are shown at 2915 cm™ and 1639 cm™ indicating the C-H
absorption and C-C stretching, respectively. Absorption peaks at 1247 cm™ and 1053 cm™ are
attributed to C-O-C stretching and are consistent with the typical cellulose FTIR spectra
(Wang et al., 2009). The peaks at 1737 cm™ and 1442 cm™ are associated with C-O bending
and symmetric CH> bending vibration, respectively (Abderrahim et al., 2015). Hemicellulose
may be identified by its unique spectral peaks at 1700 cm™ and 1644 cm™, which represent
acetyl groups and C=0 bonds (Abdulkhani et al., 2013). As a result of C=C in-plane aromatic
vibrations, lignin exhibits a peak in the 1542 cm™ band (Neto et al., 2013). These
observations indicate the presence of lignin and hemicellulose. After being treated with AAB,
cellulose and hemicellulose are no longer present, therefore the peaks at 2820 cm™ to 1784
cm™ and 1490 cm™ to 1214 cm disappear. The siloxane unit (Si-O-Si) of the AAB system is
observed in 0.35 AAB, 0.45 AAB, and 0.45 AAB for corresponding peaks of 1063 cm™,
1074 cm™, and 1038.5 cm™ respectively. Al-OH stretching vibrations were identified in the
peaks at 786.8 cm™, 787 cm, and 777.7 cm™ in treated jute. The AAB treatment on jute
fibres does not alter the cellulose component present in them, as the same peaks are observed
in both untreated and treated jute fibres. Hemicellulose acetyl groups and C=0 bonds may be
seen as peaks at 1644 cm™ and 1649 cm™ in AAB-treated samples. This is a strong indication
of jute identity even after AAB treatment. In Figure 4.15d, due to the acidic effect, most of
the bonds present in it are nullified in untreated jute fibres, with the corresponding graph
showing amorphous peaks. The same phenomenon is observed in the case of treated jute
fibres with few bonds existing at around 787 cm™, indicating Al-OH stretching vibration. In
the case of alkali treatment, peaks observed at 1037.5 cm™ in 0.40 and 0.45 AAB jute fibre
indicate the siloxane unit (Si-O-Si) of the AAB system. Sharp peaks are observed in alkali
treatment, whereas in acidic attack, bonds are nullified at transmittance around 3400 cm™
which is an indication of O-H stretching absorption. From Figures 4.15 (b-c), it is observed
that the exposure of jute fibres for soil burial and compost burial conditions does not have a

significant effect on the molecular bonds. Transmittance peaks are identified at 3465 cm™
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indicating the O-H stretching bond, which is observed in untreated and 0.45 AAB-treated
JGTs.
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Figure 4.15. FTIR spectral image profile of Untreated and Treated Jute (a) before durability
tests (b) Soil Burial (c) Compost Burial (d) Acid (e) Alkali and (f) Hydrolysis Tests after 180

days of exposure
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4.6.4 Morphology

Figures 4.16(a—d) show the SEM images of untreated jute, 0.35 AAB, 0.40 AAB, and 0.45
AAB-treated jute. After 90 and 180 days of exposure to various durability tests, the SEM
micrographs of untreated and AAB-treated jute are shown in Figures 4.17(a-f) and 4.18(a-f),
respectively. SEM micrographs of longitudinal sections of untreated jute fibres (Figure
4.16(a) and 4.17(a-d)) reveal the presence of several grooves. Raw jute, as shown in a SEM
image, is contaminated with hemicellulose, lignin, and pectin (Wang et al., 2009). Uneven
voids may be seen throughout the 0.35 AAB-treated jute fibre. Therefore, it may be
concluded that a matrix of sodium aluminosilicate hydrate (N-A-S-H), characterised by
vitreous networks, becomes partly smeared over the fibre surface (Kar, 2013). AAB
treatment of jute fibres leads to the formation of smooth spherical shape morphology particles
varying from small to large size, which are unreacted fly ash particles as shown in Figures
4.16¢ and 4.17. According to Figures 4.16(c) and (d), more of the alkali-activating solution
reacts with the fly ash, resulting in a larger matrix of sodium aluminosilicate hydrate and
fewer unreacted fly ash particles formed as the w/s ratio rises. The figures reveal an increase
in the N-A-S-H matrix and a corresponding decrease in the unreacted fly ash residue.
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Figure 4.16. SEM images of a) untreated jute; b) 0.35 AAB Jute; ¢) 0.40 AAB Jute; d) 0.45
AAB jute

Several pores and grooves appear on the surface of both untreated and treated jute
after the soil burial, compost burial, and exposures to acidic and alkaline environments as
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well as hydrolysis for 90 and 180 days, as observed in Figures 4.17(a-d) and 4.18(b-c). This
is attributed to the erosion of the jute. It is observed that the degree of erosion of the untreated
jute is higher than that of the treated jute. Traces of fibre peeling off and breakage are
observed on the surface of jute fibre, along with the increased concentration of pores around
the fibres. This is ascribed to the adsorption of water by the hydrophilic groups of jute,
thereby aggravating the erosion effect. From Figures 4.17(c) and 4.18(c), the spherical shape
of fly ash particles is observed, which is a clear indication that soil burial and compost burial
effects do not alter the internal structure of AAB-treated jute at the end of 90 and 180 days. In
the hydrolysis test at 180 days also, fly ash particles are observed.

In Figures 4.17(d) and 4.18(d), a large crack is observed in jute fibre due to the acidic
effect. It is observed when hydrochloric acid comes into contact with the cellulosic fibre of
jute, it increases the number of pores on the surface and makes the fibre very rough, and
formation of large cracks, which damages the surface as shown in Figures 4.17(d) (Vijay et
al., 2021). In Figure 4.17e, some white spots are observed due to efflorescence (Allahverdi et
al., 2015). It is concluded from SEM images that AAB treatment protects the jute fibres from
various biodegradation effects and chemical attacks. Among all the AAB jute fibres, 0.35
AAB is observed to be most effective in protecting the internal morphology of jute by its

thick paste application on the surface of the jute.
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Figure 4.17. SEM Images of Untreated and Treated Jute (a) before durability tests (b) Soil
Burial (c) Compost Burial (d) Acid; (e) Alkali (f) Hydrolysis Tests after 90 days of exposure
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Figure 4.18. SEM Images of Untreated and Treated Jute (a) before durability tests (b) Soil

Burial (c) Compost Burial (d) Acid (e) Alkali (f) Hydrolysis Tests after 180 days of exposure
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4.6.5 Thermogravimetric Analysis

The thermal stability of both the untreated and treated jute is shown on the thermogravimetric
curve (Figure 4.19). At 950 °C, different parts of the sample begin to break down, resulting in
a shift in weight of the sample and, ultimately, its composition. The initial weight loss at
100°C owing to evaporation of the water is shown by the TGA curve of the untreated jute
sample. Lignin decomposition, hemicellulose decomposition, and cellulose decomposition
are the three stages of thermal degradation of untreated jute. At temperatures between 270°C
and 310°C, the hemicellulose in untreated jute is decomposed, causing the material to lose
mass. After the hemicellulose is broken down, the cellulose breakdown causes a significant
loss of mass between 321°C and 390 °C, and the process is carried on up to 525°C. Though
lignin degradation begins between 155 and 169 °C, composition of lignin at different
aromatic branches gives it more heat stability than cellulose and hemicellulose. Lignin is
broken down at temperatures ranging from around 150 °C to about 550 °C. Similarly, Yang
et al., (2007) noted that the degradation of cellulose, hemicellulose, and lignin occurred
between 315 °C and 400 °C, 220 °C and 315 °C, and 100 °C and 900 °C, respectively. Nunn
et al., (1985) conducted an alternate investigation and found that cellulose breakdown might
occur between 200 °C and 400 °C, whereas lignin decomposition could occur between 150°C
and 750°C.

Figure 4.19 shows in the case of AAB jute, there is a rapid weight loss of up to 250
°C in the TGA curves of treated samples, attributable to the evaporation of water. As
temperatures rises up to 700 °C, the lignin, hemicellulose, and cellulose in the jute continue
to decompose, causing the jute to lose weight steadily. In addition, after 700 °C, there is
almost no noticeable shift in weight. These observations are similar to the work done by Al
Bakri et al., (2012). It is observed from the finding that jute fibre loses its weight after 700 °C
and but AAB paste does not decompose fully. Each treated jute sample hardly changes in
weight after being heated to temperatures above 700 °C. From these findings, it can be
concluded that AAB paste is effective against thermal heating.
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Figure 4.19: TGA images of a) Untreated (b) 0.35 AAB Treated Jute (c) 0.40 AAB Treated
Jute (d) 0.45 AAB Treated Jute

4.7 Summary

The present chapter describes a method for treating natural JGTs with an alkaline binder to
improve their durability and strength for ground improvement that is both sustainable and
environmentally benign. The durability of natural geotextiles is primarily assessed by
conducting experiments that examine the resistance of fibres to various factors such as soil
burial, weathering, weight loss, exposure to acid and alkali, and microbial attack. These
experiments primarily focus on observing changes in fibre tensile strength. Determination of
weight loss and elongation at break is also carried out to estimate the extent of durability
under different exposure conditions. Characterizations of surface texture, crystallinity,
molecular bond, morphology, and thermogravimetry are conducted to demonstrate the effect
of different exposure conditions on JGTs. The results reflect that the treatment of raw jute

with AAB helps to improve its durability to a considerable extent.
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CHAPTER 5

Experimental Assessment of Erosion Control of Treated Soil
Slopes

5.1 General

The use of soil bioengineering techniques to reduce soil erosion and stabilise the soil is
discussed in this chapter. Soil bioengineering is a method that combines living plant
materials with inert materials to address soil erosion and slope stability issues. This approach
is gaining popularity as a sustainable and cost-effective alternative to conventional
engineering methods. One of the primary advantages of soil bioengineering is that it employs
the natural resilience of plants to reinforce soil structures and reduce erosion. Plant roots can
bond soil particles together, thereby decreasing the likelihood of wind and rainfall erosion.
Additionally, plant growth can enhance soil structure, making it more resistant to erosion.
According to the research on soil erosion, only a few studies in this sector are discussed, and
there is a need for further in-depth research. The MUSLE (Modified Universal Soil Loss
Equation) was used to calculate soil erosion in a laboratory environment for this
investigation. The applied erosion control measurements using AAB-treated JGTs and
Bermuda grass plants are discussed thoroughly. The applied reinforcement provides
immediate protection against soil erosion, while Bermuda grass gradually starts to impart
strength to the slope. The effect of variation in rainfall intensities on soil erosion is also
discussed.

5.2 Laboratory Scale Soil Erosion Model setup

5.2.1 Laboratory Scale Slope Model

A laboratory-scale slope model is constructed in a transparent glass box to visually observe
the eroding process of various slope angles. The tests are conducted ina 1.8 m (L) x 1.0 m
(B) x 0.3 m (H) acrylic glass box (refer to Figure. 5.1). A 0.15 x 0.15 m? aperture is
fabricated on the front side of the test setup to collect eroded soil and runoff water. The
erosion slope model is designed using the scale factor 1:10 to replicate the real embankment.
This model is based on past research that was carried out by Kumar and Roy, (2023) on
laboratory-scale erosion models. It is ensured that no water leakage occurs through the sides

during rainfall on the soil slope, by applying waterproof adhesive gel on all sides of the glass

115



box. The soil slope, measuring 0.3 metres in height, is constructed by compacting soil into six
layers using a Proctor hammer. The amount of soil compacted in each layer is predetermined
to achieve a relative density of 70, thereby simulating medium-dense conditions. A total of
six containers are employed to mix water with soil to produce a uniform and well-balanced
soil mixture and then to store the soil mixture. The containers are then used sequentially to

prevent moisture loss.
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Figure. 5.1. (a) Bare soil slope; (b) Unreinforced Slope exposed to rainfall; (c) Slope
reinforced with jute; d) Slope reinforced with 0.35 AAB jute reinforcement; e) Slope
reinforced with untreated jute after one month of rainfall exposure; f) Slope reinforced with

0.35 AAB jute after one month of rainfall exposure
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The soil slope model is constructed in a right-angle trapezoidal shape having a long
base of 0.90 m and a short base of 0.45 m, with a 45° angle between the long base and the
slope side. Supporting wooden plates are used to prepare the slope at the desired inclination
and angle in 6 layers. The soil surface is smoothened with a wooden trowel after compaction,
which helped to reduce the number of voids or fractured lines in the soil. Grease is spread
evenly on the interior walls of the box to reduce friction between the walls of the test
chamber and the soil model within the box. Five experiments are conducted on the slopes
with varying angles of 30° 45° and 60° with no reinforcement and a slope reinforced with
untreated, 0.35, 0.40, and 0.45 AAB JGTs. JGTs are pinned to the slope at different points to
avoid slippage from the surface. Figures 5.1 (a-f) depict bare soil slopes and slopes covered

with untreated jute.

5.2.2 Sediment Yield Calculation from Experimental Investigation

When a raindrop hits the soil surface from a given height, it detaches the soil particles,
causing displacement of the soil particles and runoff water as shown in Figure 2.3. In the
present study, after applying the desired rainfall intensities of 10.2 mm/hr and 23.4 mm/hr on
the slope for 5 minutes, the corresponding runoff water is collected in a container, and the
runoff volume is measured. Then the collected runoff is stored along with sediment in a
container to settle sediment particles. Using the tap arrangement, clean water is expelled from
the storage container. Finally, the remaining sediment and water content are kept in an oven
for 48 hours at 105 °C. After the sample becomes dry, the weight of the sediment is
calculated using a weighing balance. A similar procedure is followed for all other types of
slopes and reinforcements. The sediment yield values from the experimental investigation are
shown in Table 5.1.

Table 5.1 shows that the intensity of rainfall directly affects soil erosion. This is
because the amount of rain that falls per unit of time and area increases with the intensity of
rainfall, so the time it takes for the soil to become saturated decreases, which results in more
rainwater being converted into a runoff. A large quantity of fine sand, clay, and silt is quickly
washed away by the runoff water (Mohamadi et al., 2015; Wu et al., 2018). From the
perspective of slope steepness, it is obvious that the quantity of sediment yield increases
along with the increase in slope steepness. There will be increased erosion due to more soil
particles being washed away when runoff velocity increases as slope steepness increases
(Siswanto et al., 2019). As a cover for slopes, jute can be applied to reduce the impact of

raindrops and the detachment of soil particles. Jute reinforcement slows runoff that might
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pass through and acts as a partial receptor for soil particles that have been separated (Sanyal,

2017). Although alkali-activated binder jute sheets are an effective alternative to conventional

jute sheets, they reduce soil erosion even more. Due to the AAB coating, the rough and thick

outer surface of AAB jute significantly decreases raindrop impact and runoff velocity.

Table 5.1. Soil Yield Values Obtained from Laboratory Slope Model Set-up

Slope Sediment Yield (Kg) Sediment Yield (Kg) Type of
Inclination  for 10.2 mm/hour for 23.4 mm/hour Reinforcement
Rainfall Rainfall
2.08 3.93 No reinforcement
0.645 1.45 Untreated Jute
30° 0.397 0.66 0.35AAB Jute
0.471 0.74 0.40 AAB Jute
0.509 0.83 0.45 AAB Jute
3.2 5.32 No reinforcement
1.01 1.344 Untreated Jute
45° 0.67 1.10 0.35AAB Jute
0.73 1.32 0.40 AAB Jute
0.795 1.428 0.45 AAB Jute
5.48 7.64 No reinforcement
1.854 2.404 Untreated Jute
60° 0.936 1.436 0.35AAB Jute
1.01 1.59 0.40 AAB Jute
1.3 1.75 0.45 AAB Jute
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5.3 Soil Loss Prediction Models

Soil erosion may be modelled in various ways, depending on the underlying causes. Since the
1930s, researchers have been attempting to forecast and detect soil erosion accurately. This
has resulted in the development of several models (Lal, 2001). Empirical, semi-empirical, and
physical process-based models are the three main types. Field research is costly, time-
consuming, and must be conducted over several years to predict and assess soil erosion.
Despite the valuable insights that field studies offer in understanding erosion processes, their
efficacy is constrained by the intricate interactions involved and the challenges associated
with developing the findings. Models of soil erosion may replicate how erosion typically
occurs in a drainage basin and can account for a number of the complex interconnections that

influence erosion rates. Figure 5.2 shows the different types of soil erosion models.

Soil Erosion Prediction Models
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Figure. 5.2 Flow chart showing different types of soil erosion models

5.3.1 Empirical Models
5.3.1.1 The Universal Soil Loss Equation (USLE) Model

Estimating the rate of soil loss over several area scales using the empirical formula
Wischmeier and Smith (1978) developed is one option being considered. Quantifying soil
losses is a common method, often used with GIS approaches. This model is built in a way
that takes into account the patterns of rainfall, land use, topography, soil erodibility, and anti-

erosion techniques as follows.

A=RXKXLSXCXP (5.1)
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Where, A is the calculated average soil loss (t/ha/year), R (MJ-mm ha® h'ty1) is the rainfall-
runoff erosivity factor, calculated based on average rainfall over a lengthy period. The
credibility factor of the soil is calculated based on soil properties such as texture, organic
matter, permeability, and other unique characteristics, and it is denoted by the letter K (t ha h
hal MJ"t mm™); LS is topographic where the slope length (L) and slope gradient (S) factor are
calculated based on length of the slope and gradient irrespective of land usage, and both of
these factors are dimensionless. C is the cropping management component. It is calculated
based on six crop stages, cropping sequence, surface residue cover, surface roughness, and
canopy cover, weighted by the proportion of erosive precipitation. P is the supporting
conservation practice element, calculated based on installing techniques that decrease soil
movement by slowing runoff. P factors vary based on slope ranges, with a difference made
for ridge heights. These factors are dimensionless and range from 0 to 1 (Sandeep et al.,
2021).

5.3.1.2 The Revised Universal Soil Loss Equation (RUSLE) Model

The RUSLE model estimates the typical soil loss that occurs each year. This is an updated
universal soil loss equation model, sometimes known as the USLE (Wischmeier & Smith,
1978). According to Roose and Noni (2004), erosion occurs as a result of the multiplication
of rainfall-runoff erosivity (R) and environmental resistance, which can be described as a
multiplicative function. The environmental resistance includes the soil erodibility factor (K),
the topographical component (LS), the anti-erosion practises (P), and the plant cover factor
(C). This model is written in a manner that is comparable to the USLE in equation number
5.1.

ARUSLEzRXKXLSXCXP (52)

The involved parameters and their units are the same as in the USLE model. Still, the method
of finding the respective parameters' values differs from the conventional USLE model. R is
calculated based on the same criteria as the USLE but with minor adjustments using some
additional data and weather stations. The erodibility factor (K) of soil is calculated similarly
to USLE but with some adjustments made to allow for seasonal shifts such as freezing and
thawing and soil consolidation. LS is calculated by redefining the LS value of USLE model

by considering the type of land used. The calculation of the C factor involves the
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consideration of several distinct subfactors that are independent of each other. These
subfactors include past land use, canopy cover, surface cover, surface roughness, and soil
moisture. The USLE is modified by partitioning each calendar year into discrete intervals of
15 days, followed by the calculation of a soil loss ratio for each respective time period. It
calculates a new soil loss ratio every time one of the subfactors is altered due to a tillage
operation. The calculation of the P factor values involves the utilisation of various factors,
including the soil hydrologic groups, slope, row grade ridge height, cover-management
condition, and the 10-year single storm index (Roose & Noni, 2004).

5.3.1.3 The Modified Universal Soil Loss Equation (MUSLE) Model

It is necessary to accurately anticipate the sediment production from watersheds to support
sustainable land management practices and environmental protection. According to Williams
(1975), the USLE was modified to create the Modified Universal Soil Loss Equation
(MUSLE) by replacing the rainfall erosivity component with a runoff energy factor
(Wischmeier et al., 1960). This was done to calculate the amount of soil lost due to runoff.
The total runoff volume and peak flow rate during a specific storm determine the energy
component of MUSLE. Williams (1982) points out that MUSLE has various advantages over
USLE when modelling sediment production from a watershed. The advantages are as

follows:

e Applicability of individual storm.

e Because the runoff component captures the energy needed in sediment transport and
detachment, sediment delivery ratios are no longer required.

e Higher accuracy because runoff accounts for a larger fraction of the variation in

sediment output than rainfall.

In the development of MUSLE, the runoff energy component was originally computed from
reported runoff rates and volumes (Williams, 1975). Smith et al., (1984) obtained the
prediction equation by substituting this runoff energy component for the rainfall energy
element in the USLE using an optimisation method (DeCoursey and Synder, 1969). The

MUSLE equation is written as follows.

Y =11.8% (Q X qp)*56 X K X LS X C X P (5.3)

where,
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Y =sediment yield in metric tons,

Q = runoff volume in m?,

Op = peak runoff rate in m*/ sec,

K = soil erodibility factor,

C = crop management factor,

P = erosion control-practice factor, and

LS = Topographic factor

All the factors in the above equation are the same as in the USLE model except runoff
volume and peak flow rate. By figuring out how much runoff volume was collected for each
type of rainfall intensity, it is possible to get the value for Q (Arekhi et al., 2012; Pandey et
al., 2009). The flow rate (gp) of a rotameter can be used to figure out the peak flow rate.
Since the experiment is carried out in a lab, the rain rate is kept constant for both types of rain

throughout the process.

Calculation of soil erodibility factor (K):

The soil erodibility factor (K) corresponds to the erosion rate of various soils. When the
slope, rainfall, vegetation cover, and soil management techniques are the same, some soils
may erode more readily than others because of their intrinsic soil properties. The
measurement of K on unit runoff plots directly captures the collective impact of all factors
that substantially affect soil erosion susceptibility. The soil qualities that significantly
impact soil loss include soil permeability, infiltration rate, soil texture, size and stability of
soil structure, organic content, soil depth, precipitation, runoff, seepage, and the properties of
soil (Kanito et al., 2021). Typically, they are calculated by specialized experimental runoff
plots or by employing empirical erodibility equations that establish a relationship between

various soil parameters and the factor K. The formula calculating soil erodibility is given as

__ 4o
~ Sx(ZEI)

(5.4)

Where Ao= observed soil loss, S= Slope Factor, Y. ET = Total rainfall erosivity index. Table
5.2 shows K values for many Indian sites. The soil erodibility factor (K) quantitatively
measures the intrinsic erodibility of a certain soil. Greater values of K indicate more
vulnerability to erosion, while smaller values indicate less vulnerability. The factor considers
soil characteristics such as texture, structure, organic matter content, and permeability, all of

which affect the soil's capacity to resist erosion.
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Table 5.2. Soil Erodibility factor values (Subramanya, 2008)

Station Soil Value of K
Agra Loamy sand, alluvial 0.07
Dehradun Dhulkot silt, Loam 0.15
Hyderabad Red chalk sandy loam 0.08
Kharagpur Soils from lateritic rock 0.04
Kota Kota clay loam 0.11
Ootakamund Laterite 0.04
Rehmankhera Loam,alluvial 0.17

Calculation of Topographic Factor (LS):

The geography of a region is one of the most significant factors contributing to water erosion.
The inclination of the soil slope plays an important role in soil particles detaching, migrating,
and settling on new sites. The topographic factor is determined by equation (5.4).

m

A
LS = (m) [65.41 X sin?(0) + 4.58 X sin(0) + 0.65] (5.4)

Substituting the slope length and 0 values corresponding to each slope gives the topographic
values (Kanito et al., 2021).

Table 5.3. Topographic Factor Values

Angle 30° 45° 60°
Slope Length (m) A=0.545 2=0.3676 2=0.3052
LS (m) 3.02 4.7 6.3

Values of Cropping Management Factor

The values of the cropping management factor (C) for different soil conditions, like bare soil
slopes, reinforced soil slopes, and plantation, were adopted from the study of Jena et al.,
(2018).
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Table 5.4. Cover Management factors for different conditions

S. No. Type of Cover Management C -Factor
1 Agriculture, Crop Land 0.5

2 Current shifting cultivation 0.8

3 Terrace cultivation 0.5

4 Plantations 0.02
5 Scrub level 0.6

6 Land with open scrub 0.7

7 Wasteland 1.0

8 Built up 1.0

9 Evergreen forest 0.004
11 Deciduous forest 0.008
12 Scrub forest 0.05
13 Dense scrub forest 0.08
14 Water bodies 0

The values for the C factor for other types obtained from the source are listed in Table 5.5
(Ganasri and Ramesh, 2016).

Table.5.5 Cover Management Factors for reinforcement

Type of Cover Management C -Factor
Jute 0.3
Straw Mulch (Assumed for AAB) 0.2

Values of Support Practice Factor

The support practice factor (P) values for different types of soil conditions and slope
conditions, like bare soil slopes, reinforced soil slopes, and plantation, are adopted from the
study of Jena et al., (2018).
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Table 5.6. Support Practice Factor (P) Values

S. No. Type of Cover Management P-Factor
1 Agriculture, Crop Land 0.5
2 Current shifting cultivation 1.0
3 Terrace cultivation 0.5
4 Plantations 0.8
5 Scrub level 1.0
6 Land with open scrub 1.0
7 Wasteland 1.0
8 Built up 1.0
9 Evergreen forest 1.0
11 Deciduous forest 1.0
12 scrub forest 1.0
13 Dense scrub forest 1.0
14 Water bodies 1.0

Empirical models are simpler and easy to apply, with fewer input data requirements and less
computational demand. They may be more appropriate in situations where quick assessment
of erosion risk is needed. Process-based models estimate the soil erosion by explicitly
considering the underlying physical and biological processes that drive erosion. MUSLE is an
empirical model that uses simplified parameterization to estimate soil erosion. MUSLE is a
scalable model that can be applied at different scales. Soil loss due to water erosion may be
estimated based on data like erodibility, slope length, and slope steepness. At the plot level,
MUSLE can be used to assess the erosion potential of individual locations or other small
areas. It allows for consistent assessment of erosion risk across different scales, using a
common set of input parameters and assumptions. This can be useful for comparing erosion
risk across different regions or tracking changes in erosion risk over time. In addition,
MUSLE has an advantage over USLE/RUSLE because it can predict sediment yield from a
single storm (Ketema and Dwarakish, 2021). Many past research works indicate the
application MUSLE model resulted appropriate estimation of sediment vyield. The
effectiveness of MUSLE in forecasting the sediment yield from storm events in the
Khanmirza watershed in Iran was assessed by Sadeghi and Mizuyama (2007). The results
from MUSLE are compared to those from sediment analysis. The results showed that the
MUSLE is able to accurately estimate the sediment yield from storm events in the study
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region (R? = 0.99). This study uses the MUSLE model to assess sediment yield due to the
simple parameterization compared to process-based models and its applicability from plot to

catchment scale.

5.3.2 Sediment Yield Calculation Using MUSLE Model

The following calculation is carried out using equation (5.3):

The parameter values C =1 and P = 1 are used in the equation for unreinforced slopes of 45°
inclinations under low rainfall conditions, and other parameter values are taken from Tables 2
to 6. The same calculation process is completed for other reinforced slopes, but values of
C=0.30 are used for jute reinforcement, and C=0.20 are used for AAB-treated jute
reinforcement, as AAB is considered as type of straw mulching cover as shown in Table 5.5.
The P value is taken as 1 for all reinforcements. All other parameters required for reinforced
slope calculations are taken from Tables 2 to 6. For each experiment, the peak flow rate and
runoff volume are measured manually. Similar substitutions are made for the values of all
other conditions in the MUSLE model, and the resulting sediment yield estimates are shown
in Table 5.7.

Y =11.8X (Q X qp)* > X K X LS X C X P

For 45°slope with no reinforcement and low rainfall condition

K=0.08 for the current research region (Hyderabad)

LS=4.7,C=1P=1
Y = 11.8 X (0.04914 X 0.000176)%°¢ x 0.08 x 4.7 X 1 X 1
Y=3.86 K¢

Table. 5.7 Sediment Yield VValues Calculated from the MUSLE Model

Slope Sediment Yield (Kg) Sediment Yield (Kg) Type of

Inclination for 10.2 mm/hour for 23.4 mm/hour Reinforcement
Rainfall Rainfall
2.48 4.16 No reinforcement
0.745 1.24 Untreated Jute

30° 0.497 0.83 0.35AAB Jute
0.512 0.89 0.40 AAB Jute
0.539 0.95 0.45 AAB Jute
3.86 6.48 No reinforcement
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1.158 1.944 Untreated Jute

45° 0.772 1.296 0.35AAB Jute
0.785 1.40 0.40 AAB Jute
0.83 1.47 0.45 AAB Jute
5.18 8.68 No reinforcement
1.554 2.604 Untreated Jute

60° 1.036 1.736 0.35AAB Jute
1.12 1.89 0.40 AAB Jute
1.2 1.98 0.45AB Jute

5.4 Effect of Vegetation on Slope Stability

Erosion is the movement and depositing of soil and rock particles in new areas after being
removed from the surface of earth as a result of wind and water flow. Conventional methods
of protecting soil from erosion involve using costly and, in some circumstances, ineffective
measures such as dumping cement concrete blocks and stones, providing wood revetments,
and using geotextile, etc. The use of vegetation to protect the soil from erosion is, on the
other hand, economical, eco-friendly, and effective in the long run. It prevents soil erosion
and helps recharge groundwater, also. Grasses, shrubs, and trees are used as vegetation types
for slope stability. These may be planted either from seed or from live plants. Special
approaches called soil biotechnology, or bioengineering systems have been developed for
growing plants on slopes (Islam, 2013). According to the definition provided by Morgan and
Rickson (1995), bioengineering encompasses the utilisation of vegetation in various forms,
including individual plants or groups of plants, as a material for engineering purposes. In
general, plant roots can be divided into two groups. Generally thin and thick roots differ in

their structure, function, and location.

e Thin, hairy roots increase the apparent cohesion of soil by binding soil particles, thus
improving the shear strength of the composite. Soil particles, bonded with hairy roots,

form a natural protective layer that protects the ground surface from erosion.
e Thick, woody plant roots act like soil nails across the failure zones.
The primary difference between thin and thick roots is their size, structure, function, and

location in the plant. Thin roots are smaller, less complex, and typically associated with
taproot systems, whereas thick roots are larger, more complicated, and may have additional
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functions and locations within the plant. The diameter of thin and thick roots can vary widely

based on the species and developmental stage of the plant.

5.4.1 Laboratory Scale Vegetated Slope Model

- ‘\'I g

Figure 5.3. Soil erosion test for Vegetated Slope with Jute reinforcement (Left) and 0.35
AAB treated Jute Reinforcement (Right)

The laboratory scale vegetated slope model is constructed following the mechanism
described in section 5.6.2. The vegetation is transplanted into the bare soil with an optimal
spacing of 150 mm centre-to-centre to accommodate more plants in a given space and to
facilitate the growth of plants without disrupting neighbouring plants, resulting in a higher
plant density. First, several 0.05- to 0.1-meter-deep holes with 0.15 meter-apart spacing are
dug to renew plant regrowth from the stolon of the mother plant. For reinforced slopes with
needled holes, reinforcing material is cut without damaging adjacent jute threads for
transplanting. Figure 5.3 shows the vegetation on the reinforced slope.
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5.4.2 Sediment Yield Calculation for Vegetation Applied Slope

Table 5.8. Experimental Values of Soil Yield

Slope Sediment Yield Sediment Yield Type of
Inclination (Kg) for 10.2 (Kg) for 23.4 Reinforcement
mm/hour Rainfall mm/hour Rainfall
1.68 2.87 No reinforcement
0.525 1.15 Untreated Jute
30° 0.267 0.46 0.35AAB Jute
0.291 0.54 0.40 AAB Jute
0.36 0.63 0.45 AAB Jute
2.42 4.13 No reinforcement
0.92 1.31 Untreated Jute
45° 0.47 0.78 0.35AAB Jute
0.51 0.82 0.40 AAB Jute
0.59 0.861 0.45 AAB Jute
3.48 5.64 No reinforcement
1.454 1.804 Untreated Jute
60° 0.73 0.936 0.35AAB Jute
0.786 0.94 0.40 AAB Jute
0.81 0.98 0.45AB Jute

The sediment yield estimation was calculated in section 5.7 without any vegetation. This
section calculated sediment yield for different angles slopes applied with vegetation and
AAB-treated jute reinforcement. A similar procedure in section 5.7 was also followed for all
other types of vegetated slopes. The sediment yield values from the experimental
investigation are shown in Table 5.8.

5.4.3 Sediment Yield Calculation for Vegetated Slope Using MUSLE Model

Table 5.9 shows the sediment yield values calculated from MUSLE model for different

inclinations of slope and different rainfall conditions.
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Table. 5.9. Sediment Yield Values calculated from MUSLE model

Slope Sediment Yield (Kg) Sediment Yield (Kg) Type of
Inclination for 10.2 mm/hour for 23.4 mm/hour Reinforcement
Rainfall Rainfall
1.38 2.32 No reinforcement
0.41 0.69 Untreated Jute
30° 0.278 0.46 0.35AAB Jute
0.29 0.49 0.40 AAB Jute
0.30 0.532 0.45 AAB Jute
2.16 3.62 No reinforcement
0.64 1.088 Untreated Jute
45° 0.43 0.726 0.35AAB Jute
0.44 0.78 0.40 AAB Jute
0.46 0.82 0.45 AAB Jute
2.9 4.86 No reinforcement
0.87 1.45 Untreated Jute
60° 0.58 0.97 0.35AAB Jute
0.62 1.05 0.40 AAB Jute
0.67 1.10 0.46AB Jute

The following calculation was carried out using equation (5.3):

The parameter values C =0.7 and P = 0.8 were used in the equation or calculation of sediment
yield for plantation criteria.

Y =11.8X (Q X qp)* > X K X LS X C X P

For 45°slope with no reinforcement and low rainfall condition

K=0.08 for the current research region (Hyderabad)

LS=4.7, C=0.02 P=0.8

Y = 11.8 X (0.04914 X 0.000176)%°¢ x 0.08 x 4.7 X 0.02 X 0.8

Y=2.16 Kg
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5.5 Results and Validation of Models with Experimental Data

From the sediment yield values obtained from the experimental procedure, as shown in
Tables 5.1 and 5.8, it is observed that the surface erosion is greater on bare slopes without
any reinforcement and vegetation in both low and high rainfall conditions. These values are
used as a reference for comparing the results of various types of reinforcements and
vegetation. Untreated jute-reinforced slopes experience more soil erosion during rainfall than
treated jute-reinforced and vegetated slopes. When the jute sheet is treated with AAB
treatment, the performance varies considerably from 0.35 AAB to 0.45 AAB. Figures 5.1(c-
d) and 5.3 demonstrate that the 0.35 AAB is more capable of reducing surface displacements
than any other form of reinforcement. It is more effective when combined with applied
vegetation than standalone reinforcement. While 0.40 and 0.45 AAB treatments on jute also
provide good displacement control, they do so to a lesser extent than 0.35. It is observed from
the mix design of AAB that the quantity of AAB solution to treat the jute sheet is more for
0.35 w/s when compared to w/s of 0.40 and 0.45 (Chakravarthy et al., 2021). Since there is
enough AAB solution to treat and effectively cover the full jute sheet, the 0.35 AAB treated
jute can control erosion more effectively than other reinforcements. It is observed from the
experimental work that after one month of exposure to rainfall, the untreated jute
reinforcement started to change its colour along with the initiation of the decay process, as
shown in Figure 5.1e. However, even after one month of rainfall exposures, AAB-treated jute
remains the same as the initial condition, as shown in Figure. 5.1f, which confirms that AAB

treatment is more reliable in improving durability.

According to the results from laboratory-scaled model experiments (Figure. 5.1a), soil
erosion is directly proportional to the model slope angle. It essentially means that slope
steepness significantly impacts soil erosion (Ganasri et al., 2016). Without reinforcement, the
sediment yield on a 30° slope is calculated to be lower than on 45° and 60° slopes. Jute
reinforcement on soil slopes reduces erosion by 69%, 68.4%, and 66.16% for 30°, 45°, and
60°, respectively, under low rainfall conditions. The highest erosion reduction is 84.10%,
80.5%, and 79% for 30°, 45°, and 60° slopes, respectively, when the slope surface is
reinforced with 0.35 AAB jute and vegetation under low rainfall conditions. The second
highest erosion reduction is obtained at 80.98%, 79%, and 82% for 30°, 45°, and 60° slopes,
respectively, when the slope surface was reinforced with 0.35 AAB jute under low rainfall
conditions. Under high rainfall conditions for 30°, 45°, and 60° slopes, applying jute
reinforcement reduces erosion by 63%, 74%, and 76%, respectively. For 30°, 45°, and 60°
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slopes, the largest reduction in erosion was 84%, 81%, and 83%, respectively, when the slope
surface is reinforced with 0.35 AAB treated jute under high rainfall conditions. For 30°, 45°,
and 60° slopes, the second largest reduction in erosion is 83.2%, 79%, and 83%, respectively,
when the slope surface is reinforced with 0.35 AAB-treated jute under high rainfall
conditions. In each case, the reduction percentages are calculated by comparing the bare

slope erosion value to the corresponding reinforced angled slope erosion value.

The MUSLE model results are used to validate the findings of the experiments.

Figure. 5.4(a-f) illustrates the results of the validation.
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Figure. 5.4. Sediment yield data of (a) 30° slope - low rainfall condition (b) 30 ° slope - High
rainfall condition (c) 45 ° slope - Low rainfall condition (d) 45 ° slope - High rainfall

condition (e) 60 ° slope - Low rainfall condition (f) 60 ° slope - High rainfall condition

The results of a 45° slope with high rainfall conditions are shown in Figure. 5.4(d).
For the bare slope values, 0.35AAB treated the MUSLE model overestimates jute reinforced
slope values against experimental values by 21.8% and 17.81%. For 0.45 AAB, treated jute-
reinforced slope values are underestimated by the MUSLE model against experimental values
by 12.5%. For both 45° normal and vegetated slopes with high rainfall conditions, the linear

regression R? values for experimental and MUSLE are observed to be 0.98 and 0.99.

The results of the 60° slope with low rainfall conditions are shown in Figure. 5.4(e),
The 0.40 AAB and 0.35AAB treated jute reinforced slope values are overestimated by the
MUSLE model against experimental values by 10.8% and 10.6%. For the jute, reinforced
slope values ae underestimated by the MUSLE model against experimental values by
16.18%. Results for untreated jute reinforcement are understated by 17% by MULE
calculation. For both 60° normal and vegetated slopes with low rainfall conditions, the linear
regression R? values for experimental and MUSLE are observed to be 0.99 and 0.97. The
results of the 60° slope with high rainfall conditions are shown in Figure. 5.4(f). For the bare
slope, 0.45 AAB, 0.40 AAB, and 0.35AAB treated jute reinforced slope values are
overestimated by the MUSLE model against experimental values by 13.6%, 13.14%, 18.36%,
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and 20.89%. For both 60° normal and vegetated slopes with high rainfall conditions, the

linear regression R? values for experimental and MUSLE are observed to be 0.99 and 0.99.

The findings indicate that a significant number of results were both underestimated
and overestimated. This can be attributed to site-specific factors, such as precipitation
parameters, watershed size, land use, and the accuracy of observed sediment data (Kandrika
& Venkataratnam, 2005; Sadeghi et al., 2007; Pongsai et al., 2010). The under-prediction and
over-prediction limits of the MUSLE model simulation, according to Bingner et al., (1989),
are within 20% of the actual values for all analysed storms. These limits are assumed to be
good enough for the accuracy of the simulations. In other words, the modelling processes
used for natural events can handle an average estimation error of 16.34% for the rainfall
events examined (Das, 2000). The major variation in the hydrological response of the soil
slope during the rainfall event in terms of the volume of sediment generated is mostly due to
geographic and temporal variations in rainfall distribution (Arekhi et al., 2012). The MUSLE
model does not consider the change in previous hydrological conditions or the availability of
eroded material throughout the watershed in its calculations. Many other related models
support this (Arekhi et al., 2012). The sediment yield of this region can still be estimated
using the MUSLE model, even if the differences between predicted and actual sediment
yields include some errors. Both Walling and Webb (1982) report similar results. Soil erosion
prediction may be confidently based on the results of the MUSLE performance evaluation,
which concluded that the MUSLE does not need any modifications. It was previously said
that the MUSLE calibration was necessary for this conclusion. However, this is directly
contradicted by its implementation in locations other than where it was initially established
(Nicks et al., 1994; Kinnell & Risse 1998; Khajehee et al., 2001; Rezaeifard et al., 2001;
Sadeghi et al., 2007). Other researchers have shown that runoff is a stronger predictor of silt
than rainfall (ASCE, 1970; Williams, 1975a, 1975b; Foster et al., 1977; Beasley et al., 1980;
Hrissanthous 2005; Sadeghi et al., 2004). It is suggested that using the MUSLE model to
predict the sediment yield is acceptable till an estimation error of a maximum of 20%, based
on this and past research. It is the best method to implement when compared to USLE and
RUSLE models.

134



5.6 Summary

This chapter discusses the impact of varying rainfall intensities on a laboratory-scale slope
model. The slope is reinforced with untreated and treated JGTs of 0.35 AAB, 0.40 AAB, and
0.45 AAB, with and without vegetation. For each case, the soil erosion values are calculated
experimentally. The soil erosion values for each case are calculated using the MUSLE model
and compared with experimental values. When reinforced with treated JGTs, the
experimental soil erosion values decrease more than those of untreated JGTs. The MUSLE
model underestimates, for instance, a 60° slope with 0.40 AAB-treated jute by 10.8% and
overestimates for 60° slope with jute reinforcement by 17%. Observations indicate that the
estimation lies between 0 to 20% for both under and over estimation. The study observed that
MUSLE model can help in assessing the soil erosion on slopes, which could assist in

implementing preventative measures such slope reinforcement.
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CHAPTER 6

Numerical Modelling of Slope Using Finite Element Method

6.1 General

Parametric laboratory investigations can be challenging due to the need for skilled human
resources. Numerical models are low-cost methods for understanding experimental data and
effectively analysing boundary conditions. Numerical models are utilised to identify slope
failure mechanisms through various perspectives, including soil properties, slope geometry,
and loading conditions. Numerical models can predict potential failure modes, such as
rotational slides, and facilitate efforts towards stabilisation and mitigation strategies. They
predict slope stability under different rainfall intensities by determining failure time and
critical rainfall intensity and helping to choose the most cost-effective slope stabilisation
methods. This study aims to assess the failure behaviour of a reinforced soil slope under
different rainfall conditions by employing the commercially available finite element
software PLAXIS 2D (V2021).

Due to the complexity of the detachment, movement, and deposition of soil particles,
Plaxis 2D has limitations in simulate slope erosion. The Plaxis 2D software lacks erosion
models to accurately simulate erosion's effects on slope stability and cannot predict soil
erosion based on sediment yield (Tjie, 2014). Hence, to simulate slope failure behaviour due
to erosion, it is necessary to consider slope failure time, as discussed in the following
sections. Due to the complex interactions between roots, soil, and water, simulating the
behaviour of roots in PLAXIS 2D is difficult. It requires discrete elements with orientation,
age, and plant health, which is unavailable in Plaxis 2D. To model root behaviour, apparent
soil cohesion due to roots can be considered, but this method is inadequate for accurately

simulating root structure, orientation, length, and health conditions (Elahi, 2019).

6.2 Formulation of PLAXIS 2D model

Utilizing Plaxis 2D and the plane strain model, a soil slope with similar geometry to the
experimental one is simulated. A soil slope, having similar geometry as the experimental one,
is modelled using Plaxis 2D, by selecting a model of plane strain. The strength of the slope,
having three different slope angles and different reinforcements, is analysed when subjected
to two different rainfall conditions.
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6.2.1 Geometric Configuration of Model

Various angled soil slopes, such as 30°, 45°, and 60°, are used in the simulation. These slopes
are reinforced with untreated jute, 0.35, 0.40, and 0.45 AAB treated jute, and they are
exposed to rainfall infiltrations of 10.2 mm/hr and 23.4 mm/hr. The basic laboratory soil
slope with 0.9mx0.9m x0.3m (L x W x H) is constructed, as shown in Figure 5.1. Plaxis 2D
model simulates the failure behaviour of slopes of the laboratory scale model in terms of

failure time. A scale factor is considered approximately 1:1 in this study.

Plaxis 2D uses plane-strain or axisymmetric 2D finite element models to simulate real-
world problems (Figure 6.1). The plane strain model may be effectively used with a uniform
cross-section, uniform loading, and a large extent in the z-direction. The normal stresses are
evaluated in the Z-direction, whereas displacements and strains are neglected or assumed to
be zero. Axisymmetric modelling performs effectively with systems loaded uniformly along a
central axis with a constant radial cross-section. The stresses and deformations are assumed
to be equal in all directions (Plaxis 2D, 2021).

Figure 6.1 Images of (a) plane strain (b) axisymmetric models (PLAXIS 2D, 2021)

To evaluate element deformations, PLAXIS 2D uses triangular elements with 6 or 15
nodes (Figure 6.2). The calculation uses 12 Gauss points for the triangle element with 15
nodes for fourth-order displacements and 3 Gauss points for the triangular element with six
nodes for second-order displacements. When a load is applied, the resulting triangular finite
element deformations and stresses are aggregated to reflect the overall response of the
structure (Brinkgreve et al., 2016). In this investigation, the triangular element with 15 nodes

and 12 Gaussian integration points is chosen because of the improved precision in results.
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Figure 6.2 Images of (a) 15- Node (b) 6-Node triangular elements (PLAXIS 2D, 2021)

6.2.2 Geogrid Element

Geogrids are characterised by their slender configuration, possessing axial stiffness, whereas
they do not have bending stiffness. Geogrids are not capable of withstanding compression
and can only endure tension. In most cases, these things represent various types of soil
reinforcements. To simulate the JGT in Plaxis 2D, a geogrid element is applied.
Reinforcement is laid on the slope's surface to find its ability to protect the slope against
rainfall. The jute reinforcements used in this simulation are untreated jute, 0.35, 0.40 and 0.45
AAB treated jute. Axial Stiffness (EA) is the input parameter for the geogrid element. These
axial stiffness values are obtained by performing the tensile strength test for geotextiles using

Zwick/Roell Z100 testing machine. The properties of geogrid elements are listed in Table 6.1.

Table 6.1. Axial stiffness of untreated and AAB treated jute used in PLAXIS 2D

Parameter Value (KN/m)
Untreated Jute 17
0.35 AAB Jute 60.2
0.40 AAB Jute 59.21
0.45 AAB Jute 57.4

6.2.3 Soil Properties and Constitutive Model

When stressed or strained, soils exhibit non-linear behaviour. In actuality, soil stiffness is
determined by stress, stress path, and strain. These features are part of PLAXIS 2D soil

models. One such model is the Mohr-Coulomb material model, used as the constitutive
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model in this work. The initial evaluation of soil behaviour is conducted using the well-
established Mohr-Coulomb model, which is based on linear elasticity and perfect plasticity.
The linear elastic portion of the Mohr-Coulomb model depends upon Hooke's law of
isotropic elasticity. The Mohr-Coulomb failure criterion is employed to analyse the fully
plastic component within a plasticity framework (Plaxis 2D, 2021). Young's modulus (E),
cohesion (c), friction angle (p), unsaturated (yunsat) and saturated unit weights (ysat) are input
parameters required for this model. To more accurately represent the complex nature of soil
behaviour in Plaxis 2D, the Mohr coulomb material model implemented the non-associated
plasticity flow rule to ensure a constant dilatancy angle during the simulation procedure. In
the case of modelling soil strength as undrained shear strength, the dilatancy angle is set up to
zero (Brinkgreve et al., 2016; Tschuchnigg et al., 2016). These parameters are obtained from
basic soil tests, as presented in Chapter 3. An undrained condition is considered for the
analysis. In an undrained analysis, it is assumed that the rate at which the load is applied is
faster than the rate at which excess pore water pressures can dissipate. Hence, the behaviour
of undrained conditions is significantly impacted by the characteristics of the soils and the
prevailing drainage system (Brinkgreve et al., 2016). Table 6.2 shows the general and

mechanical characteristics of the soil.
6.2.4 Ground Water Parameters

To understand the slope failure mechanism caused by rainfall infiltration, mechanical
modelling and flow simulation are essential, especially when the groundwater flows in
unsaturated soil. Various factors, such as the hydraulic properties of the soil, the initial
volumetric moisture content, the intensity of rainfall, and the duration of rainfall, influence
the water pressure exerted on slopes (Cai and Ugai, 2004). To assess the hydraulic
characteristics of groundwater flow in unsaturated soil zones, a Soil Water Characteristic
Curve (SWCQC) is defined. The SWCC measures the ability of the soil to retain water under
various stress conditions. Various models can be employed to illustrate the hydraulic
characteristics of unsaturated soils. In PLAXIS 2D, fully coupled flow-deformation analysis
is conducted using Van Genuchten's (1980) model, as described in Chapter 2. The Van
Genuchten model is a widely used empirical model for estimating the hydraulic properties of
unsaturated soils. The Van Genuchten model is essential for Plaxis 2D because it enables
accurate simulation of unsaturated soils, facilitates simulation of different types of soil,
accurately simulates the behaviour of unsaturated soil in complex geotechnical scenarios and

enhances the accuracy of simulation results. The required input parameters for this model are
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the rate of water extraction (gn), air entry value (ga), saturated permeability (ksat), residual
volumetric water content (Sres), and saturated volumetric water content (Ssat). The hydraulic

properties of soil are listed in Table 6.2.

Table 6.2. Soil and Ground Water Parameters used in Plaxis 2D

Material property Parameter Symbol Value Unit
Mechanical Model Mohr-Coulomb -
Material Type Undrained A -
Mechanical Cohesion C 9.5 kPa
Friction Angle 7, 36° -
Modulus of Elasticity E 25000 kPa
Poisson's ratio v 0.3 -
Hydraulic Model - -
Hydraulic Saturated Permeability  Ksat 1.13x10°2 mm/s
rate of water extraction gn 2.16 -
air entry value Ja 0.91 kPal
General Dry unit weight yd 17 kKN/m?®
Total unit weight Vsat 18 KN/m?

6.2.5 Interface Elements

Interface elements must be created for the reinforcing material to interact fully with the soil.
Interface elements model the friction between the geotextile and soil. The modelling of
interaction roughness involves the modification of the strength reduction factor (Rinter) at the
interface. If the soil and geotextile are not sliding relative to one another, Rinter = 1. When the
reinforcement material experiences greater deformation or sliding compared to the soil body,
the value of the Rinter is less than one. The present soil and geotextile interaction experiment
considered Rinter 0.9 for untreated jute-soil interaction and 0.8 for AAB-treated jute-soil
interaction (Beju and Mandal, 2017). The Rinter values for different interfaces are adopted
from past research works conducted by Waterman (2006) and Beju and Mandal., (2017).

Table 6.3 provides Rinter values for different combinations.
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Table 6.3. Rinter values for different interfaces (Beju and Mandal, 2017)

Interface Rinter
Sand — steel 0.6-0.7
Clay - steel 0.5

Sand - Concrete 0.8

Clay - Concrete 0.7
Soil - geogrid 1.0

Soil - geotextile 09-05

6.2.6 Boundary Conditions and Mesh Convergence Study

Approximate results are obtained, and simulation process errors are reduced by applying
boundary constraints to the model. The boundary conditions used in the numerical modelling
include full fixity at the soil's base and horizontal fixity on all other sides. The problem
domain is segmented into finite elements during the mesh generation process. These
components are connected at particular points called nodes. The creation of each node
contributes a new degree of freedom (DOF) to the structure. Mesh convergence study
examines how many elements must be included in the model to minimise the influence of
mesh size on the final result. This study uses mesh convergence to identify ideal mesh size
for the simulation. Five primary meshing strategies are available in Plaxis 2D: ' very coarse’,
‘coarse’, 'medium’, ‘fine', and 'very fine', each governed by a 'mesh coarseness factor'. To get
accurate numerical results, it is essential to ensure that the mesh is suitably fine. When the
very coarse mesh is used, the unique properties of the model are lost. Using a very fine mesh
is not a good idea because it will take longer to calculate.

Convergence studies involve varying the number of mesh components to assess the
influence of such variations on the obtained outcomes (Fig 6.3) for the 30° unreinforced soil
slope model exposed to low rainfall conditions. From Fig. 6.3, it is observed that the results
for fine and very fine meshing vary by less than 5%. Hence, in the present study, fine
meshing is adopted. The number of elements and nodes generated with variation of mesh
coarseness for different inclinations of the slope is provided in Table 6.4. The typical

boundary conditions and generated mesh for soil slope are shown in Figure 6.4.
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Figure 6.3 Mesh convergence study of 30° unreinforced soil slope

Table 6.4 Number of elements and nodes generated with the variation of mesh fineness

Mesh Elements generated for slope angles | Nodes generated for slope angles
Fineness 30° 45° 60° 30° 45° 60°
Very Coarse 68 74 80 597 649 693
Coarse 155 155 164 1315 1319 1393
Medium 242 249 279 2037 2095 2335
Fine 541 591 661 4479 4887 5443
Very Fine 1042 1089 1115 8541 8919 9127
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Figure 6.4 Meshing and boundary condition of 30° soil slope reinforced with jute
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6.2.7 Ground Water Flow Boundary Condition

Applying groundwater flow boundary conditions to the model enables the simulation of the
effects of rainfall in real-world scenarios. Similarly, conducting the same simulation on a 30°
slope produces the outcomes depicted in Figure 6.5. The steady-state flow is computed before
the appropriate rainfall intensity is applied. Soil ground is supposed to be indicated by a shift
in pore water pressure from -100 kPa at top of the slope to 0 kPa at the bottom before the
application of precipitation. Precisely the right amount of rainfall intensity is used as a
boundary flux along the sides of FE, DC, and ED inclines to replicate the laboratory scale
slope model. The boundaries between AB are fixed in all directions, whereas BC and FA are

vertically fixed, as shown in Figure 6.5.
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Figure 6.5 Groundwater flow boundary condition applied for 30° slope
6.2.8 Staged Construction

>Mstage I Plaxis 2D is a load intensity indicator that begins at 0 and is supposed to reach one
after calculation. This number has to be established concerning the difficulty of the problem.
If XMstage IS 1, then the load is being applied normally. In the initial phase, stresses are
calculated using the gravity loading type calculation and the construction is carried out in two

phases:

Phase-1: Generation of initial stresses (Gravity loading)

Phase-2: Application of rainfall infiltration (Fully coupled flow-deformation)
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6.2.9 Factor of Safety Analysis

When performing the design of a slope, it is of greatest significance to take into account the
stability considerations of the slope, specifically the factor of safety (FOS). Using
reduced parameters, Plaxis 2D determines FOS. A multiplier called XMsf is used and
gradually raised to reduce the strength parameters until failure occurs. If the value of Mss at
failure is reasonably consistent over a series of load steps with continuous deformations, it is

called the safety factor (Brinkgreve et al., 2016).

6.3 Validation of Plaxis 2D Results with Past Research Work

The model validation is carried out by validating the deformation values of slopes subjected
to low rainfall intensity under unreinforced conditions. A literature study by Ali et al. (2019)
has been utilised to validate the methods for assessing unreinforced slopes under low rainfall
intensity using a 60° unreinforced slope. The boundary conditions were kept constant, as
mentioned in the literature. This study's slope was analysed using experimentally obtained
soil characteristics, whereas Ali et al. (2019) work soil properties were used as a reference.
The rainfall intensities of 13.75 and 10.2 mm/hr, as reported by Ali et al. (2019) and in the
present study, are employed. Maximum deformational values of the unreinforced slope were
compared with data obtained from the literature study after performing the numerical
simulation, as shown in Figure 6.6. The validation demonstrated high concordance with
previous research. The trend for the obtained results was the same for both literature and
present simulation works, i.e., the deformation values increased as the duration increased, as
observed from the literature. In the present study, various untreated and 0.35, 0.40 and 0.45
AAB-treated jute were considered as reinforcement, whereas soil nailing was taken as
reinforcement in the literature. However, in Figure 6.6, in both the reference and the present

study, unreinforced soil was considered.

Max Deformation (m)

Time (days)

Figure 6.6. Validation of Plaxis 2D Results
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6.4 Results and Discussions

Ten cases with different combinations of unreinforced and reinforced slope and rainfall
intensities were experimentally analysed in the laboratory-scale slope model. Figures 6.7 and
6.8 show the failure situations at the end of experiments. Following a one-hour exposure to
continuous rainfall, the 45° angled unreinforced slope shown in Figure 6.8(a) experiences the
formation of gullies, ultimately leading to slope failure after 1.5 hours. Conversely, the 45°
angled slope reinforced with jute shown in Figure 6.8(b) does not exhibit any gully
formation, but the slope failure occurred after 2.2 hours due to development of gullies. These
pictures were taken diagonally above the slopes. Initially, no run-off was observed in any of
the cases because of the infiltration of rainwater into the soil. After that, red soil mixed with
rainwater started flowing from the slopes and small holes started developing on the surface of
slopes, which eventually turned into gullies. The highest sediment yield values reported
during this failure process were 65, 72, and 85 kilogrammes for slopes of 30°, 45°, and 60°,
respectively. After reaching these maximum sediment yield values, slope collapse occurred.
These maximum sediment yield values were used as a reference to calculate failure times for
other reinforced slopes. For instance, a 30° angled slope resulted in sediment yield value of
65Kgs in 6.37 hours, which is considered as slope failure time. The sediment yield and failure
time values for slopes of 30°, 45°, and 60° are presented in Table 6.5(a). The data indicates
that a slope without reinforcement, with inclinations of 30°, 45°, and 60°, experienced failure
after 2.5, 1.5, and 1.17 hours, respectively, when exposed to uninterrupted low-intensity
rainfall. Similarly, the slope failed after 1.54, 1.3, and 1.06 hours, respectively, when

subjected to continuous high rainfall intensities under unreinforced conditions.
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Figure 6.7. Images of a) 45° slope before rainfall; b) 45° slope exposed to 23.4 mm/hr
rainfall; c) slope reinforced 0.35 AAB jute; d) slope reinforced with untreated jute

Figure 6.8. Images of a) 45° unreinforced slope; b) 45° jute reinforced slope after exposure

to high rainfall for a period of 1 hr
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Table 6.5(a) Sediment yield at the time of slope failure for reinforced slopes under rainfall

Low Rainfall (Hours) High Rainfall (Hours)
Condition Time Sediment Time Sediment
Yield (Kg) Yield (Kg)
30° - Unreinforced 2.5 65 1.54 65
30° - Jute 4.32 64 3 64
30° -0.35 AAB Jute 6.37 65 5.81 65
30° -0.40 AAB Jute 6.21 66 5.4 66
30° -0.45 AAB Jute 5.95 64 5.1 64
45° - Unreinforced 1.5 72 1.3 72
45° - Jute 2.2 72.5 2 72.5
45° -0.35 AAB Jute 2.87 71 2.3 71
45° -0.40 AAB Jute 2.65 72 2.1 72
45° -0.45 AAB Jute 2.46 71.9 2.05 71.9
60° - Unreinforced 1.17 85 1.06 85
60° - Jute 1.65 83 1.60 83
60° -0.35 AAB Jute 1.81 82 1.73 82
60° -0.40 AAB Jute 1.75 82.8 1.54 82.8
60° -0.45 AAB Jute 1.72 83.1 1.53 83.1

Failure behaviour of unreinforced and reinforced slopes was simulated when exposed to
rainfall by numerical modelling of various angled slopes using the Plaxis 2D software. The
simulation was carried out on 30°, 45°, and 60° slopes under unreinforced and reinforced
conditions when exposed to low and high rainfall conditions. In the simulation, the slopes
failed due to low and high rainfall intensities after a certain exposure period, as shown in
Table 6.5(b). These periods were considered as slope failure times for numerically modelled
slopes. The deformed shapes of the numerically modelled slope are shown in Figure 6.7.
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Table 6.5(b) Slope failure times for both experimental and numerical simulation

Low Rainfall (Hours)

High Rainfall (Hours)

Condition
Numerical Experimental | Numerical Experimental

30° - Unreinforced 241 2.5 1.60 1.54
30° - Jute 4.84 4.32 2.63 3

30°-0.35 AAB Jute 581 6.37 5.51 5.8
30° -0.40 AAB Jute 5.74 6.21 5.37 5.4
30° -0.45 AAB Jute 5.68 5.95 5.15 5.1
45° - Unreinforced 1.94 1.5 1.55 1.3
45° - Jute 2.13 2.2 2.08 2

45° -0.35 AAB Jute 2.39 2.87 2.18 2.3
45° -0.40 AAB Jute 2.32 2.65 2.14 2.1
45° -0.45 AAB Jute 231 2.46 2.13 2.05
60° - Unreinforced 1.17 1 1.06 0.9
60° - Jute 1.65 1.5 1.60 1.2
60° -0.35 AAB Jute 1.81 2.4 1.73 2

60° -0.40 AAB Jute 1.75 2.15 1.54 1.89
60° -0.45 AAB Jute 1.72 2.1 1.53 1.75
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The analysis of slope failure behaviours is described from various perspectives, such as slope
angle, rainfall intensity, and reinforcement criteria. Table 6.5(b) shows duration for slope
failure decreased with an increase in slope angle for both low and high rainfall events.
Factors contributing to this reduction include increased gravitational force, reduced shear
strength, and increased soil erosion. The gravitational force on a soil mass and slope
inclination angle are directly proportional. The increased gravitational force can cause higher
soil stresses, potentially leading to shear failure along weak planes. Increased pore water
pressure caused by rainwater penetration into a slope may decrease its effective stress and
shear strength. This reduction in slope stability makes it more vulnerable to failure. Runoff

erosion, positively correlated with slope angle, can displace soil sediment and expose



weakened layers, decreasing slope stability and potentially causing slope failure (Jing et al.,
2019).

In the design of slopes, considering rainfall intensity is a crucial factor. Using PLAXIS
2D for numerical simulation of slope failure behaviour under different rainfall intensities
allows engineers to model and assess slope stability effectively. The results of this study
indicate that an increase in rainfall intensity is associated with a decrease in the time it takes
for slopes of varying angles to experience failure. The change from low to high rainfall
intensity reduced the failure time of a 30° unreinforced slope from 2.5 to 1.54 hours. High
rainfall can increase the driving forces on a slope, making it more vulnerable to collapse.
Additionally, high-intensity rainfall can affect groundwater conditions, raising the
groundwater table and imposing additional pressure on the slope. Slope failure was caused by
increased infiltration, increased unsaturated zone moisture content, and decreased matric

suction. (Hossain et al., 2013).

The increase in slope failure time for various angled slopes can be attributed to factors
such as installing geotextiles on the soil's top surface. Geotextiles act as a barrier to dissipate
tensile stresses, reducing the likelihood of soil movement and slope failure. They also
enhance soil's cohesive properties and improve the internal resistance of soil particles against
shear deformation. Geotextile material reduces soil particle detachment and erosion during
rainfall events, ultimately prolonging the time for slope failure. The 30° slope with 0.35 AAB
jute reinforcement had maximum slope failure times of 6.37 hours and 5.81 hours, while the
60° slope with 0.35 AAB jute reinforcement had maximum failure times of 1.81 hours and
1.73 hours, in the numerical simulation and experimental works as shown in Table 6.5(b).
Unreinforced slopes with a 45° inclination experienced failure after 1.5 hours, while
reinforced slopes resisted failure by mitigating the failure zone in the numerical simulation,

as shown in Figure 6.7.
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Figure 6.9. Deformed images of a) 30° slo"pe without any reinforcement; b) 30° with jute
reinforcement; c) 45° slope without any reinforcement; d) 45° slope with jute reinforcement;
e) 60° slope without any reinforcement; f) 60° slope with jute reinforcement under low
rainfall condition

Geotextiles absorb rainwater, reducing its impact on soil surfaces and preventing erosion.
0.35 AAB-treated jute reinforcement significantly increases slope failure time when exposed

to rainfall, making it suitable for steeper slopes to mitigate the impact of slope angle and
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intensity on stability, because of its high tensile strength and physical properties like more
thickness than 0.40 and 0.45 AAB jute (Chakravarthy et al., 2021). According to Vibha et al.
(2021), adding reinforcements has mitigated the likelihood of failure by facilitating water
drainage from the pores during rainfall. As a conclusion from this study, it can be stated that
less angled slopes, such as 30° slopes, showed more slope failure time than 60° slopes.
However, 60° slopes exposed to low and high rainfall intensities significantly increase slope
failure time when reinforced with untreated and various w/s AAB-treated JGTs, primarily
with 0.35 AAB jute.

The face-type rotational slope failure is observed in simulation results, as shown in Figure
6.7 (a, ¢, and e), which is caused by several factors, such as soil saturation, increased pore
water pressure, and reduced soil cohesion. Rainfall intensity can cause soil to become
saturated, losing its shear strength. Increased rainfall duration and intensity can increase pore
water pressure, making the soil more susceptible to failure. Rainfall can cause soil particles to
disperse, reducing cohesiveness, and when water infiltrates, they detach and move apart,
reducing interlocking forces between particles and soil cohesion. Figure 6.7 (b, d, and f)
reveals that the applied reinforcement protected it from rotational failure due to the rain
effect. These reinforcements act as a barrier to the effect of rainfall on the slope's surface
towards saturation, pore water changes, and protection of soil cohesion by preventing soil

particle detachment caused by rainfall.

The slope failure durations for both numerical simulation and experimental procedures
are shown in Figure 6.10, which indicates a difference between the numerical simulation and
the experimental outcomes. The difference in the slope failure time can be attributed to basic

assumptions, material characteristics, boundary conditions, and modelling techniques.
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Figure 6.10. Slope failure time images of a) 30° unreinforced slope, b) 45° jute reinforced

slope, ¢) 60° jute reinforced slope

The above assumptions may not comprehensively account for complex characteristics and
variations of real-life situations. As a result, differences can develop between the numerically
simulated and experimentally observed behaviours, leading to fluctuations in the duration of
slope failure. The Plaxis 2D software relies upon many input parameters, including soil
strength, stiffness, and cohesion. Variability in the slope's material properties is possible
because of its heterogeneity and anisotropy, and these variations can potentially affect the

timing of slope failure. Establishing boundary conditions, including constraints and applied
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loads, for Plaxis 2D simulations may not precisely align with the real-world scenario, and

modifying boundary conditions can affect the slope response, influencing the failure time.

As shown in Table 6.6, the FOS value is important when analysing the stability of various
slopes. First, based on the low rainfall conditions, the maximum FOS value obtained for the
30° slope is 2.72, while the minimum FOS value obtained for the 60° slope is 1.476 without
any reinforcement. With 0.35 AAB treated jute reinforcement, the 30° slope was highly
stabilised with a higher FOS value of 3.88 under low rainfall conditions. It was observed
from the results that the angle, rainfall intensity, rainfall duration, and reinforcement had a
major impact on slope stability. Considering the slope angle criterion, 30° slopes are more
stable than 45° and 60° slopes. In consideration of reinforcement criteria, reinforced slopes
have a higher FOS value than unreinforced slopes. 0.35 AAB-treated jute reinforcement has
the greatest FOS value among all applied reinforcements for all slope angles. However, as the
duration of rainfall increases, reinforcement can stabilise the soil compared to its
unreinforced condition. 0.35 AAB-treated jute reinforcement has been observed to be more
stable than 0.40 and 0.45 AAB-treated jute reinforcements.

Table 6.6 Factor of Safety Values of Slopes

Type of Slope Type of reinforcement Low Rainfall High Rainfall

Unreinforced condition 2.72 2.29
Untreated jute 3.35 3.15
0.35 AAB treated jute 3.88 3.66

30° Slope
0.40 AAB treated jute 3.80 3.58
0.45 AAB treated jute 3.70 3.48
Unreinforced condition 1.89 1.79
Untreated jute 2.63 2.53

45° Slope 0.35 AAB treated jute 3.19 3.02
0.40 AAB treated jute 3.07 2.95
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0.45 AAB treated jute 2.98 2.86

Unreinforced condition 1.476 1.45

Untreated jute 1.98 1.927

0.35 AAB treated jute 2.474 2.36
60° Slope

0.40 AAB treated jute 2.38 2.28

0.45 AAB treated jute 2.33 2.23

6.5 Parametric Analysis

Parametric analysis using Plaxis 2D provides numerous benefits, such as sensitivity analysis,
design optimisation, risk assessment, informed decision-making, and robustness analysis.
Design optimisation focuses on economically efficient designs, mitigating construction risks,
and enhancing overall performance, whereas sensitivity analysis examines the effect of input
parameters on slope structures. Risk assessment helps identify critical parameters that
contribute to unfavourable outcomes, allowing for informed decisions regarding risk
mitigation and the maintenance of stability and safety. Analysis of robustness evaluates the
stability and robustness of slope systems, identifying potential failure mechanisms and
vulnerabilities. In this study, parametric analysis is carried out from different perspectives,
such as the effect of variation in rainfall intensities and the effect of variation in slope

geometry.
6.5.1 Effect of Variation of Rainfall Intensities

This parametric analysis considers a slope of 8 meters, taking reference from the Udaipur
railway embankment, constructed in 2016 (IRICE, 2023). The findings of the Plaxis 2D
simulation indicated that the slope, which had undergone reinforcement using 0.35 AAB
treated jute, exhibited the highest level of stability among the simulated slopes when
subjected to rainfall. According to the data, the optimal slope angle for maximum safety is
30°. Therefore, in this parametric study, the slope angle of 30°, along with the 0.35 AAB
treated jute reinforcement, is considered. The slope is exposed to various rainfall intensities
ranging from 10mm/hr to 100mm/hr. These rainfall ranges are obtained from Zope et al.

(2016) study, which reflects rainfall occurrences in the Colaba area, Mumbai, Maharashtra,
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India. The Plaxis 2D simulation is conducted on a slope with the above-mentioned rainfall
intensities, and the FOS values of the slope are shown in Figure 6.11. The figure
demonstrates a correlation between rainfall intensity and the FOS values. Specifically, when
there is an increase in rainfall, the FOS values consistently decrease. However, it is important
to note that the application of 0.35 AAB-treated jute reinforcement has a notable effect on the
FOS values. Results from this study suggest that the utilisation of 0.35 AAB reinforcement is
considered safe, even when employed on slopes exposed to rainfall of up to 100 mm/hr.
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Figure 6.11. Factor of safety values of 8m height 30° slope reinforced with 0.35AAB jute
6.5.2 Effect of Variation of Geometry of Slope

This study examines the effect of slope angle variation on slope stability by constructing
eight meters height slope at varying angles (30°, 45°, 55°, 60° and 70°). The slope is
reinforced with a jute reinforcement of 0.35 AAB. The maximum safety factor obtained with
10mm/hr rainfall intensity in the Plaxis 2D simulation, this rainfall is applied in this analysis
on different angled slopes. The FOS values after performing the Plaxis 2D simulation is
shown in Figure 6.12. The results show that a decrease in the FOS value can be observed as
the slope angle increases. Among all different angled slopes, the 30° slope angle is observed
to be more stable, with the highest FOS value of 2.9. Using 0.35 AAB-treated jute

reinforcement has also resulted in a FOS value greater than 1, even for a 70° slope. Results
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from this study suggest that the utilisation of 0.35 AAB reinforcement is considered safe,

even when employed on slopes with steep angles of up to 70°.
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Figure 6.12. Factor of safety values of 8m high slopes with varying slope angles

6.6 Summary

The slope angle and rainfall intensity are critical parameters in designing slopes, as it affects
slope stability, shear strength analysis, deformation behaviour, design optimization, a
saturation of slope material, seepage behaviour, time-dependent behaviour, construction
phasing, all of which can impact the stability and performance of the slope. This chapter
discusses the simulation of slope stability under rainfall effects using a finite element method
software called Plaxis 2D. The stability behaviour of the slope with the various untreated and
treated reinforcements exposed to rainfall is discussed in detail in this chapter. In this
simulation process, the slope is reinforced with untreated and 0.35 AAB, 0.40 AAB, and 0.45
AAB treated JGTs. The slopes with varying angles of 30°, 45° and 60° are used for
simulation. The slope stability is discussed regarding slope failure time with respect to
variations in slope angle, rainfall intensity and reinforcement criteria. Analyses of slope
stability can be utilized to make informed decisions regarding the design of slopes and
mitigation of risks. This analysis is useful to design safe and cost-effective slopes and
embankments which are exposed to rainfall, as well as to identify vulnerable sections of the
slope. The results demonstrated that including 0.35 AAB reinforcement could help improve

the stability slope by increasing the failure time due to the rainfall effect.
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CHAPTER 7

Conclusions

7.1 General

The use of natural materials for slope stabilisation is justified by the need to utilise
environmentally acceptable materials in the construction sector to prevent environmental
contamination. Natural geotextiles face biodegradability problems, which limit their use in
geotechnical structures including retaining walls, slopes, and river bank protection.
Controlling the potentially harmful impacts of geosynthetic materials on the environment,
while also utilising construction industry wastes like fly ash is of utmost importance in

modern times, especially in developing nations.

The goal of the current study is to create a technique for the environmentally
responsible and sustainable use of natural materials in slope stabilisation. This dissertation
comprehensively explores the study of the durability of JGTs and the applicability of treated
JGTs for reducing soil erosion and improving the strength of soil slopes. The research

findings are explained in the subsequent sections, providing specific conclusions.
7.2 Summary and Conclusions

Using plant roots and natural fibres to stabilise slopes and reducing surface erosion has
recently gained popularity. Natural geotextiles such as coir, jute, and sisal provide immediate
protection when installed in the ground. There are no negative environmental impacts
associated with their use and their slow biodegradation contributes essential nutrients to the
soil. As the vegetation grows, it helps to anchor the soil and prevent erosion. Plant roots,
particularly those of certain grasses and shrubs, can stabilize slopes effectively and reduce

erosion.

However, natural fibres have a relatively limited lifespan. Therefore, it is essential to
take the appropriate measures to extend the service life of these fibres. It is necessary to
develop a new environmentally and economically friendly treatment methodology for
improving the durability of JGTs. The present study proposes to utilize the alkali activate
binder (AAB) treatment to improve the durability and shelf life of natural geotextiles. This

AARB treatment uses fly ash as the main ingredient.
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In the beginning, a critical review of different treatment methods available for natural
geotextile along with their durability studies and application of the same to reduce surface
erosion and improve the strength of soil slopes has been carried out and presented in Chapter
2. This review has given a broad insight into the existing knowledge and limitations of
different studies related to erosion and strength of soil slopes, which brought out the scope of
the present study. The effect of AAB treatment on the mechanical and microstructural
properties of jute, when subjected to different durability tests, is studied in detail. The effect
of untreated and treated JGTs on the erosion of soil slopes due to rainfall is studied
extensively by constructing a laboratory-scale artificial rainfall set-up. Furthermore, detailed
numerical analysis using Plaxis 2D, a commercially available finite element software, is
conducted to study the improvement in the strength of soil slopes using untreated and treated
JGTs under different rainfall conditions. The specific conclusions of the research work are

presented chronologically in the following sections.

7.2.1 Microstructural Characterization of Untreated and Treated Jute

Natural geotextiles are preferable to synthetic geotextiles since they have less environmental
impact and are less expensive. Additionally, using fly ash as a treatment element helps the
environment by reducing the disposal of fly ash and the accompanying costs. Treating jute to
increase strength, durability, and performance requires laborious processes and expensive
chemicals. Therefore, the current research develops a novel method for treating JGT with an
AAB solution of varying wi/s ratios (0.35-0.45) to enhance the soil strength. A series of
microstructural tests using a stereomicroscope, FTIR, SEM, XRD, and TGA are carried out
on untreated, and AAB-treated soil JGTs. The important findings may be highlighted as

follows:

e According to the stereomicroscopic tests, the colour of untreated JGTs darkened after
exposure to an acidic test. In contrast, AAB-treated jute was able to withstand this change.
Due to the efflorescence effect of the alkaline test, both untreated and AAB-treated JGTs
exhibit white patches on their surfaces. As a result of the AAB coating, the roughness of
the jute fabric surface is reduced. As the w/s ratio rises, the AAB coating layer becomes

soft, limiting JGTs flexibility.

e According to the SEM/EDS analysis, more N-A-S-H is generated at higher wi/s ratios.
These aluminosilicates have more pores than others, which increased their permeability.

However, at lower wi/s ratios, this aluminosilicate occurs in much smaller quantities. As a
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result, the porosity is reduced, leading to increased load bearing capacity and decreased
permeability. The results of the permeability and tensile strength tests confirm these

observations.

FTIR and TGA analysis indicate that after AAB coating, the characteristics of untreated
jute are maintained to a large extent. According to XRD findings, the amorphous quality
of sodium aluminate silicate hydrate from alkali-activated fly ash becomes more

prominent with increasing w/s ratio.

Compared to untreated jute, AAB-treated jute forms a new crystalline phase (Quartz,
Mullite, Hydroxy sodalite and Analcine) due to the predominant behaviour of alkali-

activated fly ash observed from XRD analysis.

7.2.2 Durability Studies of Untreated and Treated Jute

Different durability tests, including soil burial, compost burial, acid and alkali exposure, and

water hydrolysis, are conducted on untreated and treated natural geotextiles for 30, 60, 90 and

180 days. Surface texture, morphology, chemical bond changes, weight loss, tensile strength,

and elongation at failure (fibre breaking) are examined to evaluate durability performance.

The important findings are summarised as follows:

It has been shown that untreated jute degrades at a faster rate than treated jute. It has been
noticed that untreated jute threads become brittle and readily dissolved into fragments
after being buried in soil and compost for 180 days. However, after undergoing AAB

treatment, the jute fabric becomes rigid and chemically resistant.

After being exposed to acid for 180 days, the weight loss is around 91.38% for the
untreated samples, while the same is reduced to 42.67% for 0.35 AAB jute samples. It is
observed that 0.35 AAB jute textile exhibits the minimum weight loss after 180 days
when exposed to acid and soil burial tests. After 180 days, the same treatment shows

minimum weight loss for soil burial, compost burial, and acid and alkali exposure.

The reduction in elongation at break for untreated jute is more when compared to other
treated JGTs. Among all the treated samples, reduction in elongation at breakage is
observed to be lowest for 0.35 AAB. The highest reduction of 92.9% in elongation is
observed for untreated jute when exposed to an acidic attack. It is also observed that

elongation at breakage decreases with increased w/s ratio and exposure time.
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When all of the findings are considered, it can be stated that jute treated with AAB
containing 0.35 w/s outperforms the other treatment ratios. However, compared to other

wi/s values, the workability this ratio is lower and tends to harden quickly.

7.2.3 Experimental Assessment of Erosion Control of Treated Soil Slopes

An artificial rainfall setup has been built to evaluate the stability of a laboratory scale model

when reinforced with natural geotextiles. To verify the experimental findings, MUSLE

numerical modelling is used. The following conclusions were drawn from the artificial

rainfall in the investigation.

Soil slopes without any reinforcement are at high risk of severe soil erosion because of
the direct effect of rainfall on bare soil, which causes soil particles to separate and

subsequently create gullies.

Soil erosion is more likely to occur when there is more rain and it lasts longer. High-
intensity rainfall ona 30° bare slope causes 47% more soil erosion. Rain causes soil
erosion due to increased runoff, flow velocity, and soil structure deterioration. Runoff
carries soil particles when it rains heavily because soil cannot absorb the excess water.
Water velocity increases as more water flows over the soil surface, causing erosion.
Heavy rains can dislodge soil particles from their original position and cause them to lose
their structure, making them more prone to erosion. When the slope angle increases from
30° to 60°, additional erosion occurred at 62.2% in low and 48.2% in high rainfall
conditions. This excess increase in soil erosion results from increased discharge and flow
velocity as water flows with increased gravitational force from the top to the bottom of a
slope. On steeper slopes, raindrops travel longer distances and obtain more momentum in

contact with the soil surface.

When jute reinforce is placed on soil slopes, it works as a mesh-like structure that retains
soil particles and prevents erosion. Additionally, jute fibres can absorb water and swell,
forming a barrier that slows water passage down the slope. This reduces the danger of
erosion by slowing down the movement of water and soil particles. Untreated jute
reinforcement on soil slopes reduces erosion by 68.6%, 68%, and 66 % on slopes of 30°,
45°, and 60° under conditions of low precipitation respectively, but it was also prone to a
biodegradability risk. Before using JGTs to reinforce soil on slopes, it is best to treat the

geotextiles appropriately to improve their durability.
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Treated JGTs can help reduce soil erosion more effectively than untreated JGTs when
exposed to rainfall. They have an AAB coating that repels water, reducing the amount of
water absorbed by the material. Additionally, they have improved tensile strength,
allowing them to better resist the forces of water flow and prevent soil erosion. They can
also be made to have a higher density, which improves their ability to filter sediment and
prevent soil particles from being carried away by water flow. 0.35 AAB jute
reinforcement effectively minimised erosion compared to 0.40 and 0.45 AAB JGTs. 0.35
AAB jute treatment reduced 81% of erosion for a 60° slope under high rainfall

conditions.

Bermuda grass can be used in conjunction with geotextiles to reduce soil erosion on
slopes exposed to rainfall. The combination of Bermuda grass and geotextiles can provide
a synergistic effect, providing both immediate and long-term protection against soil
erosion. Bermuda grass is a drought-resistant grass species that can grow well on slopes
and provide effective soil cover to prevent erosion. Its root system can bind soil particles
together and create a stable soil structure, making it a good complement to geotextiles.
Bermuda grass vegetation with 0.35 to 0.45 AAB JGTs substantially reduced erosion.
0.35 AAB jute treatment along with Bermuda grass was the most efficient reinforcement,
reducing erosion by 84% and 83.4% for 30° and 60° slopes, respectively, under high

rainfall conditions.

The MUSLE (Modified Universal Soil Loss Equation) model is useful for estimating soil
erosion under variable rainfall intensities. Observations based on the MUSLE model
showed that the MUSLE-calculated sediment yield values are comparable to those from
experiments. 79.9% to 95.8% of MUSLE results and experimental data are matching
each other. Based on the results, the MUSLE model can design soil slopes to estimate soil

erosion under various rain intensities.

7.2.4 Numerical Modelling of Strength of Treated Soil Slopes

Plaxis 2D, a finite element program, is used to execute the numerical simulation and

determine the stability of a slope. This numerical modelling is performed on a slope subjected

to varying rainfall intensities and reinforced with untreated and AAB-treated JGTs. The
subsequent findings are derived from the Plaxis 2D simulation employing a fully coupled

flow deformation analysis.
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The analysis demonstrates a significant correlation between the intensity of rainfall and
the duration of slope failure. Slope instability is caused by rainwater infiltration, which
increases pore water pressure and reduces effective stress in the soil. As the intensity of
rainfall increased from 10.2 mm/hr to 23.4 mm/hr, the duration of slope failure decreased.
For a 30° unreinforced slope, the time interval for slope failure decreased from 2.5 hours
to 1.54 hours.

Slope failure time is prolonged by reinforcing the slope to counteract the effects of
rainfall. The reinforcement can enhance the shear strength of the soil and add tensile
strength to resist failure time. When rainfall occurs, the reinforcement can distribute
external loads more uniformly across the slope, decreasing the likelihood of localised
failure and increasing the slope failure time. With 0.35 AAB-treated jute reinforcement,
failure time under low rainfall intensity increased from 2.5 to 6.37 hours for a 30° slope,
and 1.54 to 5.8 hours for high rainfall intensity. The 0.35 AAB jute reinforcement was the
most effective in enhancing the lifespan of slopes under varying rainfall conditions, by
increasing the slope failure time.

The degree of steepness of the slope is an important factor in the aspect of slope failure
time, as observed in numerical simulations. As the slope's angle increases, the slope
failure initiation occurs within a shorter duration. The gravitational force exerted on a soil
mass is directly proportional to the angle of inclination of the slope. The increased
gravitational force can induce increased stresses within the soil, potentially leading to
slope failure. The time required for slope failure decreased from 2.41 to 1.17 hours as the
slope angle increased from 30° to 60°. However, the implementation of 0.35 AAB treated
jute reinforcement measures reduced the impact of steepness on the occurrence of slope
failure, by increasing the slope failure time up to 5.81 to 1.81 hours 30° to 60° angled

slopes.

The 0.35 AAB treated jute reinforcement application improved the slope's stability by
increasing the soil's shear strength and providing additional tensile strength to increase
the slope failure time. Under lower rainfall conditions, a 30° slope with a reinforcement

resulted in a maximum slope failure time of 6.37 hours.

A parametric study evaluated the effectiveness of 0.35 AAB-treated jute reinforcement in
stabilising a large slope with a height of 8 metres. The study involved varying the slope

angle from 30° to 70° and changing the rainfall intensity from 10 mm/hr to 100 mm/hr.
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The objective was to assess the suitability of the 0.35 AAB treated jute reinforcement in
enhancing the stability of the slope. The results indicate that increased rainfall intensity
and slope angle decreases the safety factor. Still, the slope remains stable with a safety
factor greater than one even when exposed to 100 mm/hr rainfall and a slope inclined at
70°.

7.3 Contributions made by the scholar

The proposed treatment method for treating natural geotextiles employs fly ash as a binder.
India produces approximately 106.37 to 133.9 million tonnes of extremely fine fly ash
annually (CEA 2022), according to (IRC SP:20-2002). In developing nations such as India,
the dispersal of industrial waste byproducts (such as fly ash) is a significant issue. Using this
waste material AAB treatment enhances the durability properties of natural geotextiles by
eliminating the need for disposal. These techniques eliminate the need for traditional
treatment methods and reduce the costs associated with landfill disposal. As the majority of
thermal plants donate fly ash, the price of producing AAB is also lesser. India is one of the
greatest producers of natural fibre in the world. Many slope stabilisation and embankment
works are reinforced with natural JGTs, but this material and other geotextile such as coir,
sisal, and hemp are naturally biodegradable. AAB improves the strength
and durability properties of jute. This technique will provide a sustainable and cost-effective
method for enhancing the durability of natural geotextiles through the use of fly ash as the

primary component.

The present study concentrates on increasing the service life of natural geotextiles
through the use of environment-friendly and cost-effective applications. Durability
experiments are conducted to determine the effect of AAB treatment on JGTs. In addition, a
comprehensive microstructure analysis is performed to understand the chemical reaction
between jute and AAB. Using various untreated and treated JGTs, an attempt is made to
reduce soil erosion and stabilizing the variously angled soil slopes that are exposed to
rainfall. To reduce soil erosion and stabilize the slope in the long term, the slope is bio
engineering with Bermuda grass in conjunction with this AAB-treated JGT. To understand
the reinforcement effect on the stability behaviour of the slope, numerical modelling is
conducted using the finite element software Plaxis 2D. Perhaps this will be a novel study in

which the durability and strength of natural geotextiles are enhanced. This treated natural
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material is the best alternative to synthetic geotextiles for enhancing slope stability and
reducing surface erosion. The proposed technique can be used by construction professionals
to increase the durability of natural geotextiles and improve the stability of slopes by
reducing surface erosion. It is hoped that the purpose of this thesis is to convince geotechnical
engineers and practitioners to adopt the usage of waste materials, enviro-safe AAB as an
ecologically preferable alternative to the conventional binder used in ground improvement

methodologies.
7.4 Recommendations for Future Research

This research focuses on using industrial by-products in construction technology and
highlights the microstructural, physical, and durability features of untreated and treated JGTs.
Carbon dioxide (COy), nitrous oxide (N20), and methane (CH4) are some of the greenhouse
gases that may be minimized by restricting the use of conventional binders to increase the
durability of natural geotextiles. The features will change, however, if the location and origin
of the samples are changed. There has to be more work done to support and improve the

results of the existing investigations. The suggestions for further study are as follows.

e Application of AAB treatment to other natural geotextiles (coir, hemp, sisal) to enhance
their durability before soil slope reinforcement.

e Numerical modelling of erosion and comparison with experimental results.

e The effectiveness of AAB-treated natural geotextiles in preventing soil erosion can be
evaluated using a field-based slope erosion model.

e Research on the influence of earthquakes or seismic forces on soil bioengineering.

e Dimensional study for untreated and treated jute

7.5 Design Procedure and Practical Application of Vegetation along with
AAB Treated Jute

The design procedure for the practical application of treated jute with vegetation is described
below. The first stage involves the preparation and cost of AAB jute. The mass ratio of
10.57:129.43:400 between sodium hydroxide, sodium silicate, and fly ash is considered in
this study (Gupta et al., 2018). The cost for a 1 square metre jute sheet is 35 Indian Rupees.
Fly ash, sodium silicate, and sodium hydroxide costs are 4.8/-, 81/- and 106.2/- Indian
Rupees per kg (Chottemada et al., 2023).
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Quantities of components required to cover 1 m? for addressing erosion = 1 m 2 jute + 2.18
kg of fly ash + 0.058 kg of NaOH + 0.706 kg of Naz SiOs +0.498 kg of H,O

Cost for treated jute to cover 1 m? area = 35 + 4.8*2.18+0.058*106.2+81*0.706= 108.8/-

The second stage involves the application of vegetation along with reinforcement. Once the
AAB-treated jute sheets have been acquired, they should be evenly laid down on a soil slope
and fixed properly using nails. For vegetative purposes, it is necessary to create holes with a
diameter of 0.05m and 0.05 to 0.1m deep holes on an AAB jute sheet. The fully-grown plants
are taken as a bunch and transplanted at a distance of 0.15m on the jute sheet. Water is

regularly sprayed over the plants until vigorous plant regrowth occurs.

Combining alkali-activated binder-treated jute with plant growth for soil slope stabilization
entails treating jute fibers with a specially produced alkali-activated binder to improve
strength and durability. This treated jute is then used to protect slopes from erosion. The
establishment of root networks on these stabilized slopes adds to long-term stability. Jute
treated with alkali-activated binder strengthens the soil and prevents erosion, while planted
plants provide ecological advantages. This ecologically friendly method offers instant
stabilization while also ensuring long-term slope stability. Regular monitoring and

maintenance are essential for this integrated solution's sustained efficacy.
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Prof. Anasua GuhaRay is presently an Associate Professor in Geotechnical Engineering
Division of Department of Civil Engineering, BITS-Pilani Hyderabad Campus and a Cross-
Appointed faculty of the Department of Civil and Environmental Engineering in Hiroshima
University, Japan. She is a university gold medalist in B.E. Civil Engineering from Jadavpur
University, Kolkata. She has completed her M.Tech. and Ph.D. in Geotechnical Engineering
from 1T Kharagpur. Her major research areas include reliability application in geotechnical
engineering, utilisation of waste materials for ground improvement and stabilisation of
expansive soil with activated binders. She has published a number of papers in peer reviewed
journals and conferences. 3 Ph.D. students have graduated under her supervision till date and
presently, she is the supervisor of 4 more Ph.D. students. She has received a number of
sponsored research grants including Early Career Research grant and SERB Power Grant
from DST, Indo-Austria and Indo-Japan bilateral project grant from DST, Asian Smart Cities
Research and Innovation Network. She is the recipient of “Outstanding Reviewer
Recognition” from International Journal of Geomechanics, ASCE in the year 2015, 2017 and
2018. She is a life member of Indian Geotechnical Society and an Associate Member of
American Society of Civil Engineers.
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Biography of Co-Supervisor

Prof. Arkamitra Kar is currently working an Associate Professor in the Department of
Civil Engineering, at BITS-Pilani, Hyderabad Campus, India since July 2015. His
research interests are the characterizations of alternative construction materials and
durability studies of concrete prepared with such materials. Prof. Kar is an alumnus of
West Virginia University (WVU), from where he obtained both his MS (2010) and
Ph.D. (2013) in Civil Engineering with a perfect GPA of 4.0. Prof. Kar also obtained
his license as an “Engineer-In-Training” from the West Virginia State Board of
Registration for Professional Engineers in 2010. Prof. Kar is a senior member of the
RILEM Technical Committee for “Mechanical Properties of Alkali-activated concrete”
[TC MPA]. He is the leader of the round robin tests on fiber-reinforced alkali-activated
concrete (AAC). For his work with AAC, Prof. Kar was awarded the 2012 ASCE
Freeman Fellowship, the 2013 WVU Dissertation Fellowship, and the 2015 BITS
Outstanding Potential for Excellence in Research and Academics (OPERA) grant. Prof.
Kar is presently the faculty-in-charge of the Concrete Technology Laboratory and the
Advanced Materials Characterization Laboratory at BITS-Pilani, Hyderabad,
graduating 2 doctoral scholars as supervisor, 1 doctoral scholar as co-supervisor, and 6
Master’s Degree Thesis students. His lab currently has 5 doctoral research scholars, 2
Master’s students working on several projects. Prof. Kar’s research has resulted in him
acquiring 1 government-sponsored and 1 industry-funded projects as the PI, and 2
other projects as the co-PI. His research publications have more than 500 citations on
Google Scholar with an h-index of 16 and i-1o index of 18. Prof. Kar has various
collaborations at international and national level with reputed institutions including
Curtin University, University of Pittsburgh, Portland State University, Politecnico di
Milano, University of Antwerp, Indian Institute of Technology Ropar, and National
Institute of Technology Meghalaya. Prof. Kar also has industrial collaborations with

Kingspan Ltd. in Ireland and M/s. Aliens Developers in India.
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