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ABSTRACT

This study is done in three parts. In the first part, a brief study of the geology of
the area is being made, especially that of laterites and lateritic soils. The study area is
coastal Karnataka in India.-This coastal area receives copious amount of rainfall and a
lot of developmental activities are taking place. The soil stratification in lateritic areas
consists of lithomargic clays, which are products of laterization, sandwiched between
the hard and porous weathered laterite crust at the top and the hard parent rock of
granite or granitic gneiss underneath. These lithomargic clays which are extensively
used in construction purposes behave as dispersive soils and are found to be highly

erosive.

In the second part of this research work, erosion characteristics of lithomargic
clays are being studied in detail since very few and detailed studies on erosion of
lithomargic clays are available in literature. A number of hole erosion tests are
conducted on controlled lithomargic clay samples with varying percentage of fines.
The influence of degree of compaction, moulding water content, head causing flow,
percentage silt content and plasticity index on the erosion rate index and critical shear
stress of controlled lithomargic clay samples are being studied. The results of this
study indicate that the critical shear stress for soils with higher silt fraction and fine
sand content varied from 45 to 125N/m? whereas for soils with higher clay fraction
and fine sand content the critical shear stress varied from 200 to 400N/m® The
erosion rate increased with a decrease in percentage compaction in all the samples and
critical shear stress is found to be highest at optimum moisture content conditions. It
is generally observed that soils with fines whose plasticity indices are high, are less
erodible compared to soils with fines whose plasticity indices are low.

Excavated slopes for railway and highway projects in such lateritic formations
are posing serious erosion and slope stability problems, especially, due to the presence
of these lithomargic clays and seepage pressures from stagnated water at top. In the
third part of this study, slope stability analyses of excavated slopes in lateritic
formations is being conducted using the software Plaxis 2D. Slope stability analyses

is actually a very complex problem which should take into consideration the



combined effect of geotechnical [berm position, height and slope of excavated slope,
soil properties etc.], hydrological [precipitation, ponding at top and seepage through
the slope etc.] and biological [vegetation (trees at various positions and turfing on
slope), wind action on trees etc.] factors in addition to erosion (both surface and
internal) problems. In this research work, the influences of these various factors on
slope stability are being studied separately. Some of these factors have a positive
influence by increasing the factor of safety of slopes, whilst others have a negative
influence. When trees are provided at the toe of the slope a percentage increase in
factor of safety up to 12% and 6% is observed for drained and undrained conditions
respectively. When turfing along with trees are considered, a percentage increase of
factor of safety up to 15% and 12% is observed for drained and undrained conditions
respectively.

Keywords: lithomargic clay, hole erosion test, erosion rate index, critical shear stress,

slope stability, vegetation, lateritic formations
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CHAPTER 1
INTRODUCTION
1.1 GENERAL

Slopes either occur naturally or are built by humans. These built slopes are not
engineered most of the time. They are built or cut with very high and steep slopes.
Slope stability problems have been faced throughout history when human being or
nature have disrupted the delicate balance of natural soil slopes and sometimes forces
of nature has also contributed it. Furthermore, the increasing demand for engineered
cut and fill slopes on construction projects has only increased the need to understand
all factors affecting its stability and various analytical methods, investigative tools,
and stabilization methods to solve slope stability problems. Instability of slopes is not
caused merely due to geotechnical reasons or deficiencies. Instability of slopes is also
caused due to erosion problems, both surface erosion and internal erosion. Internal
erosion is caused due to seeping water. Stability of slopes is also affected by presence
or absence of vegetation (turfing or trees) on slopes, hydrological factors like intensity
of rainfall, surface flow etc. Slope stabilization methods involve specialty

construction techniques that must be understood and modelled in realistic ways.

Lateritic formations pose a special type of slope stability problems, especially
in excavated slopes. Such formations are geologically unique, in that they have a hard
lateritic crust at top 1-3m thick underlain by soft, dispersive and highly erodible
lithomargic clays. Laterites although can be intact and quite strong, they are highly
porous and underlying lithomargic clays which are products of laterization are
dispersive and highly erodible unless confined. These lithomargic clays are typically
sandy silts to silty sands with very little or no clay content. Laterites occur in several
places all over the world — in African continent, Thailand, India, Australia, South East
Asia, South Africa, South American continents. Excavated slopes in lateritic
formations are highly susceptible to formation of gullies or caving — in during heavy
rainfall. Caving — in of the lithomargic layers in excavated slopes is a common sight



along NH 66 and along Konkan rail route, right from Trivandrum in south to Mumbai

in north.

In the present study, hole erosion tests have been conducted to study the influence of
various parameters; such as degree of compaction, moulding water content, head
causing flow, percentage silt content, plasticity index; on the internal erosion
characteristics of lithomargic clay. Slope stability analysis is conducted using the
software Plaxis 2D considering the effect of vegetation (trees and turfing) on and near
slope, precipitation, ponding at top and seepage through the excavated slope with

different heights and for varying cut slope angles.
1.2 SCOPE OF THE STUDY

The study area considered here is coastal Karnataka in India, where the soil is mainly
comprised of laterites and lateritic soils. The soil stratification in this area mainly
consists of lithomargic clay, which are products of laterization, sandwiched between
the hard and porous weathered laterite crust at the top and the hard granite or granitic
gneiss underneath. These lithomargic clays are locally called as ‘shedi soils’. It is
highly erosive and is dispersive in nature. Both the top laterites and the lateritic soils
(lithomargic laterites and lateritic lithomarges) are extensively used for construction
purposes. The hard laterite layer is removed as bricks for construction purpose, thus
exposing the underlying lithomargic clay. Lateritic soils are quite often also used for
the construction of (man-made) highway and railway embankments and slopes. There
are serious problems of erosion of shedi soils in slopes during heavy rainfall since the
shedi soils are highly erosive by nature. Excavated slopes for railway and highway
projects in such lateritic formations pose serious erosion and slope stability problems,
especially, due to the presence of these shedi soils and seepage pressures from

stagnated water at the top.

Lithomargic clays, predominantly comprising of fine sand and silt fraction, are a
problematic soil since they lose much of their strength when they come in contact
with water and behave similar to dispersive soils. Apart from the loss of strength of

lithomargic clays due to saturation, erosion (both internal erosion and external



erosion) has also contributed to the instability of slopes in the region. Slope and

embankment failures in lithomargic soils, especially during monsoon season have

caused enormous economic losses. Very few research studies have been reported on

the erosion characteristics of lithomargic clay and its impact on the stability of

excavated slopes in lateritic formations.

1.3 OBJECTIVES

The current study is aimed at:

1.

2.

To study the engineering geology of laterite in the Mangalore area.

To study the erosion characteristics of controlled lithomargic clay samples
with higher clay fraction with varying percentage of fines by conducting hole

erosion tests.

To study the erosion characteristics of controlled lithomargic clay samples
with higher silt fraction with varying percentage of fines by conducting hole

erosion tests.

To study the influence of the degree of compaction, moulding water content,
head causing flow, percentage silt content and plasticity index on the erosion
rate index and critical shear stress (erosion characteristics) of controlled

lithomargic clay samples.

To analyse the slope stability problem in Plaxis 2D considering the effect of
precipitation, ponding, vegetation and turfing on excavated slopes for varying
slope heights and slope angles.

To analyse the slope stability problem in Plaxis 2D considering the effect of
precipitation, ponding and piping on excavated slopes for varying slope
heights and slope angles.

1.4 ORGANISATION OF THE THESIS

The scopes, objectives, organisation of the presentation of the thesis and major

contributions from the research work have been discussed in Chapter 1.



In Chapter 2, a literature review regarding the geology of laterites and lateritic soils
in Dakshina Kannada has been discussed. Literature relevant to erosion, hole erosion
test and the various studies conducted using hole erosion test is also reviewed. Also,
the literature on stabilization techniques on soil using vegetation, i.e. both turfing and
trees are reviewed in this chapter. This chapter also reviews the various studies
conducted on slope stability analysis using PLAXIS software mainly focusing on the
effect of precipitation, seepage, vegetation and piping erosion on the stability of

slopes

Chapter 3 discusses the hole erosion studies conducted on lithomargic clays. The
geotechnical properties of controlled samples of lithomargic clay containing higher
clay content and higher silt content are studied discussed in this chapter. The hole
erosion tests were conducted on these soil samples, and the erosion characteristics of
these soil samples are studied. The details of the hole erosion test apparatus and the

test procedure conducted are discussed in this chapter.

Chapter 4 discusses the slope stability analysis studies done on excavated slopes with
lateritic formations. The method of slope stability analysis done in PLAXIS 2D
considering the effect of vegetation (trees and turfing) on and near slope,
precipitation, ponding at top and seepage through the excavated slope with different

heights and for varying cut slope angles are discussed in this chapter.

Chapter 5 deals with the detailed results obtained from both hole erosion tests and
slope stability analyses. The effect of moulding water content, degree of compaction,
hole diameter, head causing flow, percentage silt content, plasticity index; on the
internal erosion characteristics of lithomargic clay are discussed in this chapter. The
results from the slope stability analyses conducted in PLAXIS to study the effect of
vegetation, excavation, precipitation, seepage and berm position are discussed in this

chapter.

The major conclusions of the investigations are summarised in Chapter 6 of this

thesis.



1.5. MAJOR CONTRIBUTIONS OF THIS RESEARCH WORK

The major contributions of this research work are:

1.

Hole erosion tests are carried out at various heads on controlled lithomargic
clay samples (with higher and lower silt content) to study the erosion
characteristics of the soil.

The influence of various factors such as moulding water content, degree of
compaction, head causing flow on the erosion index and critical shear stress of
lithomargic clays have been studied.

The influence of the silt content on the erosion index was also studied in this
research work.

The influence of the plasticity index on the erosion index at critical head and
saturation conditions have also been studied. It has been confirmed from
experimental results that increase in plasticity index reduces the erosion
potential of the soil.

The effect of precipitation, excavation, wind action, ponding on lateritic
formations has been analyzed by varying the cut slope angles and slope
heights.

The effects of berm and vegetation, i.e. both trees and turfing have been
analyzed on excavated slopes in this study.

An attempt to study the effect of piping on the excavated slope has also been

carried out in this study.






CHAPTER 2
LITERATURE REVIEW
2.1. INTRODUCTION

Slope stability is one of the most unpredictable and complicated problems in geotechnical
engineering projects and the reason of this unpredictability can be returned to uncertainty
in several factors such as condition and location of failure, geotechnical properties of soil
and history of loading on the slope. This gets even more serious when the slope is on
residual soil like laterite, which means that unlike sedimentary soils, the soil strength

parameters cannot be obtained trustfully based on stress-strain relationships.

The unigue nature of varying strength of laterite and the presence of lithomargic clay
extending upto considerable depth, alternate and wetting and drying make the behaviour,
properties and analysis of laterite imperative (Daware and Hegde 2010). The heavy
rainfall in the recent past has given a wakeup call to all engineers to analyse and prevent

damages to cutting, slopes and foundations on lateritic soil.
2.2. LATERITE AND LATERITIC SOILS

The term "laterite” was coined by a Scottish scientist Dr Francis Buchanan in 1807 in
India, from a Latin word "later" meaning brick (Makasa,1998). Buchanan suggested the
name laterite to describe “ferruginous, vesicular, un-stratified, and porous soil with
yellow ochre’s due to high iron content, occurring in Malabar, India”. From a geological
point of view, laterite can also be defined as, “a kind of vesicular rock composed
essentially of a mixture of hydrated oxides of aluminum and iron with a small percentage
of other oxides such as manganese or Titanium” (Gidigasu 1976). It is defined as a soil
layer that is rich in iron oxide and derived from a wide variety of rocks that weather
under strongly oxidizing and leaching conditions. It forms in subtropical and tropical



regions that have a humid climate. Lateritic soils may contain clay minerals; but they

tend to be silica-poor, for silica is leached out by waters passing through the soil.

Typical laterite is claylike and porous. The term laterite is often substituted for ferricrete
but refers technically to a soil rich in iron oxides and aluminum. In areas where there is
extensive leaching, many plant nutrients are lost, leaving quartz and iron hydroxides,
aluminium, and manganese. This residue forms a distinctive soil type, called laterite or
latosol. Laterite deposits forms on the top mainly due to chemical weathering of rocks
laterisation with a high content of hydroxides of iron. After their formation laterites are
either denuded by erosion or covered below younger deposits. They may be covered with
a (heavy) forest, with the tree roots deeply penetrating into and through the laterite. Their
chemical and mineralogical compositions, and their fabric, are largely determined by
their parent rocks.

According to Aleva and Creutzberg (1994) laterite (or rather some varieties of it) is
formed by a process, by which certain rocks undergo superficial decomposition, with the
removal in solution of combined silica, lime, magnesia, soda, potash, and with the
residual accumulation, assisted, no doubt, by capillary action, metasomatic replacement,
and segregative changes of a hydrated mixture of oxides of iron, aluminium, and
titanium, with more rarely, manganese. These oxides and hydroxides of iron, aluminium,
titanium, and manganese are designated the lateritic constituents. This residual rock is
true laterite, and the presence of any considerable proportion (> 10 percent) of non-
lateritic constituents requires expression in the name, as it always indicates a want of
completion in the process of laterization. True laterite contains, then, 90 to 100 percent of
lateritic constituents. There is often a gradation in composition between true laterite as
defined above and lithomarge which is taken as the amorphous compound of composition
2H,0.Al,03.2Si0;,corresponding to the crystalline mineral kaolinite of the same
composition. For rocks intermediate between laterite and lithomarge the terms

‘lithomargic laterite’ and ‘lateritic lithomarge’ are available, The former being applied to



forms containing 50-90 percent of lateritic constituents, and the latter to forms containing

only 25 to 50 percent of lateritic constituents.

Laterite fabrics, as surficial products, laterites are liable to fall prey to erosion, the more
so where they occupy topographically high positions in the landscape. This is commonly
the case, and this elevated position promotes the necessary high rate of internal drainage.
Most present day laterites have survived erosional attacks as a result of their hard to very
hard capping with an iron-rich accumulation /one (cuirass), while a few deposits were
buried by younger sediments shortly after their formation, and were protected against

erosion and subsequent laterite weathering processes of later periods.

The lithomargic clay (shedi soil) which is whitish, pinkish or yellowish silty sand
constitutes an important group of residual soils existing under lateritic soils. The
composition of these soils is mainly hydrated alumina and kaolinite powder (Achari and
Shivashankar 2005). These dispersive soils are the product of tropical or subtropical
weathering and are highly susceptible to erosion (Ramesh and Nanda 2007). Engineers
have to be extremely careful in handling these types of soil. As long as this soil is dry and
confined, there is little or no problem, but on the exposure in cutting or excavated slopes,
when it comes into contact with water, it loses its strength drastically. Landslides, slope
failures etc., are quite common in this type of soil. Hence the construction works in this

type of soil is challenging.
2.2.1. Laterization

Laterization takes place in tropical climatic regions having dry and wet periods. Parent
rocks undergo upper facial decomposition, resulting in removal in solution of combined
silica, lime, magnesia, potash and with residual accumulation assisted by capillary
changes of hydrated mixture of oxides of iron, alumina and manganese (Daware and

Hegde 2010). Three stages are required for the completion of laterization.



(@) The first stage (decomposition) includes physico-chemical break down of primary
minerals and the release of constituent elements (SiO,, Al,Os, Fe,0O3, CaO, MgO, K0,
Na,O etc.)

(b) The second stage (laterization) involves the breaching under appropriate of combined
silica and bases and the relative accumulation or enrichment from outside sources of

oxides and hydroxides of sesquioxides (mainly Al,O3, Fe,03 and TiO,)

(c) The third state (dehydration O, desiccation) involves partial or complete dehydration
(sometimes involving hardening) of the sesquioxide rich materials and secondary

minerals.
2.2.2. Types of Laterite

According to the stratigraphy of the area & the composition of the parent rock, the
laterites are mainly categorized in the following three types:

(a) Type I
This occurs extensively over the Deccan trap. Lava flows & shows evidence of in situ
development. The typical profile of the laterite developed over Deccan traps shows —

(i) Coarse saprolite horizon

(i) Lithomarge horizon.

(iii) Duricrust
Coarse saprolite is coarse to medium grained with a spheroidal shell of light pink colour.
The course saprolite horizon, which is a transition zone is about 10 cm to 1.5 m thick.
Coarse saprolite has regular & sharp texture. Lithomarge is fine saprolite occurring as
unconsolidated slightly ferruginous formation constituting of kaolinite, sometimes with
quartz & accessory goethite & hematite. The lithomarge thickness varies between 10 cm
to 30 cm & this horizon is developed & preserved at or below the level of the ground
water table. On top of the lithomarge layer, relatively thick reddish brown to the black
red indurate horizon that is known as ferruginous cuirrase or the duricrust is present,

duricrust composed of considerably accumulation of iron as Fe,Os;. The thickness
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deposits range from 0.2cm to 1.5m. Depending on the presence of solid parts of voids, it

can be of solid, nodular or pisolite in texture.

(b) Type - 11

This laterite has formed in situ over the Miocene sediments. Such laterites are younger to
Miocene & may be lower Pliocene. There shows the typical components laterite profile,

including the formation of occasional bauxite. On careful examination, topmost duricrust

of these laterites shows well rounded laterite & quartzite pebbles within a lateritic matrix.

(c) Type-I111

This laterite shows the same profile as of Type I laterite in the sense that these are also
developed over the Deccan traps. However, within the upper nearly 1 m of the profile
they also show the presence of laterite pebbles. This type of laterite is only observed in
the coastal regions.

2.3. EXCAVATED SLOPES IN LATERITIC FORMATIONS

Laterite formations are widely distributed throughout the world, but especially in the
inter-tropical regions of South Africa, Australia, India, South East Asia and South
America. Laterites have been long known in India, where they occupy large areas of
Deccan Peninsula. High level laterites cap the summit of hills and plateau on the
highlands of central and Western India. Low level laterite is found in long bands along
both coasts of Deccan Peninsula. The laterites in this region are essentially the vesicular
soils which are the products of tropical or sub-tropical weathering, rich in secondary

oxides of iron, aluminium or both, and also a large amount of quartz and kaolinite.

Lateritic soils are abundantly available in the Konkan belt in the western coast of
peninsular India, in the four southern states namely - Kerala, Karnataka, Goa and
Maharashtra. Along with heavy rainfall (annual rainfall of 2000mm - 4000mm), the
region is characterised by high humidity and little variation in temperatures. The typical
stratification in lateritic areas consists of soft to the hard lateritic crust at the top — about

3m thick, underlain by a layer of lithomargic clay (8 to 10m thick) underlain by parent
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rock, which is granitic gneiss. In the districts of Dakshina Kannada, and Udupi, laterite

soil can be found to occur above underlying lithomargic clay (or fine silty soil).

A large number of cuttings in laterite soils are encountered while during the
implementation of large projects like Konkan Railway Project, Varahi canal Project,
Highway projects etc. The depth of the cuttings varied from 1 to 20 m and various
geotechnical methods have been adopted to stabilize the excavated slopes. Laterite
formations in this area consist of a top hardened vesicular layer that is highly porous,
followed by lithomargic clay layer over the weathered residual soil and parent rock.
Various techniques of stabilization were used on the exposed surface of lithomargic clay
in these areas. Below the top hard laterite, the existed soft clay called ‘Lithomargic clay’
which is formed due to the leaching of soils. These layers vary in the thickness from a
few centimetres to several meters, followed by hard rock.

During the execution of the Konkan railway project that connects two major cities,
Mangalore and Bombay, a large number of cuttings are encountered. Of the 482 cuttings,
about 70% of the slopes have failed. Two of these major failure of excavated slopes have
been studied by Sabhahit and Rao (2004) namely Kulai and Chelar sites and it was found
out that improper stabilization techniques led to the erosion of lithomargic clay thus
leading to slope failure during the rainy season. The Konkan belt falls on the windward
side of the southwest monsoon and, thus, witnesses’ heavy rainfall, which often leads to
boulder falls and soil slips in the region. Due to the porous nature of laterites present,
water seeps into the underlying clay soil. This increases the density of the rocks and
decreases their hold in the soil base, which becomes soft due to water absorption,
resulting in boulder falling and soil slippage from slopes, cuttings, and tunnels. Various
stabilization measures like rock bolting, micro-piling, vetiver plantation, flattening of

slopes etc. have been now adopted to decrease the landslide occurrences in these areas.

Lithomargic clays, predominantly comprising of fine sand and silt fraction, are a
problematic soil since they lose much of their strength when they come in contact with
water and behave similar to dispersive soils. Apart from the loss of strength of
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lithomargic clays due to saturation, erosion (both internal erosion and external erosion)
has also contributed to the instability of slopes in the region. Slope and embankment
failures in lithomargic soils, especially during monsoon season have caused enormous
economic losses. Various stabilization techniques using cement, quarry dust, GBFS, lime,
sand and coir (Nayak and Sarvade 2012; Sekhar et al. 2017; Ravi Shankar et al. .2012;
Shivashankar et al. 2015) have been adopted with lithomargic clays to enhance their
strength behaviour. SEM and XRD studies (Darshan and Sitaram 2017), electrical
resistivity studies (Nimi et al. 2017) have also been conducted on stabilized lithomargic
clays. Very few research studies have been reported on the erosion characteristics of

lithomargic clay and its impact on the stability of excavated slopes in lateritic formations.
2.4. EROSION IN EXCAVATED SLOPES

Surface and internal erosion, including piping, are the two major problems faced by
engineers around the world. If the slopes of dams, channels, highway embankments and
cut slopes contain highly erodible soils, then severe surface erosion is inevitable. Around
0.5% (1 in 200) failures of embankment dams and 1.5% (1 in 60) of piping incidents
were caused by internal erosion and piping in the past years. Of these failures and
accidents, about half are in the embankment, 40% in the foundations, and 10% from the
embankment to foundation (Fell et al. 2003).

2.4.1. Factors Affecting Erodibility

The erodibility of a soil can be quantified in terms of the rate of erosion when a given
hydraulic shear stress is applied to the soil and the ease of initiating erosion in the soil.

This can be expressed in Equation 2.1.

& = Ce(Ty — T¢) (2.1)
where &, is the rate of erosion per unit surface area of the slot/hole at time t [kg/s/m*]; Ce
is a constant known as the Coefficient of Soil Erosion [s/m]; t; is the hydraulic shear

stress along the slot/hole at time t [N/m?]; 1. is the minimum hydraulic shear stress for

initiation of erosion, also referred to as the Critical Shear Stress [N/m?].

13



Depending on its type, several factors influence the erodibility of soils. In order to define
them, it is necessary to know the erosion parameters, hydraulic shear stress, critical shear

stress, and erosion rate.
a) Erosion rate

Many previous researchers have explained the term erosion rate as the amount of soil
which eroded during a unit time over unit surface area. Erosion rate indicates how fast a

soil erodes under certain hydraulic shear stress.
b) Hydraulic shear stress and critical shear stress

The hydraulic shear stress is the stress applied on the soil surface by flowing water.
Critical shear stress is the minimum hydraulic shear stress necessary to initiate erosion,
and it depends on factors such as the type of eroding fluid, soil type, degree of
compaction, and water content. Most previous researchers defined the critical shear stress
as the threshold hydraulic shear stress below which no erosion was observed, as shown in
Fig.2.1.(Wan and Fell 2004)

-

Frosion Rate (kg/m™sec)

Critical shear stress

-
2

Applied Hydraulic Stress (Pa)

Figure 2.1. Variation of erosion rate with hydraulic shear stress

The erodibility of cohesive soils mainly depends on factors such as hydraulic shear stress,
eroding fluid and pore fluid properties, dry density, moisture content, and common soil

properties such as the plasticity index and shear strength.
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a) Hydraulic shear stress

As shown in Fig.2.1, the erosion rate is direcly proportional to the hydraulic shear stress.
It demonstrates that the hydraulic shear stress directly influences the soil's erodibility.
The velocity of the flow, friction factor and density of the eroding fluid affect the

magnitude of the hydraulic shear stress.

b) Characteristics of eroding and pore fluid

The percentage of salt and sodium concentration of the pore fluid, and the concentration
of salt in eroding fluid are the main factors controlling the erosion characteristics of
cohesive soils. Many previous studies were carried out to investigate how these
parameters affected the critical shear stress (Sargunan 1977; Shaikh et al. 1988). An
increase in the Sodium Absorption Ratio at a certain salt concentration in the pore fluid
led to a decrease in the critical shear stress when the saturated soil was eroded with
distilled water. Further, the critical shear stress increased with an increase in the
concentration of salt in the pore fluid for a given sodium absorption ratio. Higher the
concentration of salt in an eroding fluid, the lower the erosion rate, but the higher the

critical shear stress for a given pore fluid properties.

c) Dry Density and Moisture Content
Water content plays a crucial role on the erodibility of compacted unsaturated soils. An
increase in the critical shear stress of a soil compacted at a certain dry density was

observed with an increase in water content.

Wan and Fell (2004) analysed and plotted the combined effects of compacted density and
water content on the erosion characteristics of soil and is shown in Fig 2.2. Contours
were drawn to represent the erosion rate index. According to their classification, the
higher the erosion rate index the less the erodibility. They summarised that compacting a
soil at high dry density (97% of the maximum dry density) and at the optimum or wet of
optimum would significantly reduce erodibility.
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Figure 2.2.Variation of the erosion rate index with the compacted density and the
moisture content (Wan and Fell 2004)

2.4.2. Measurement of Erodibility of Soils

Erosion, over a period of time, leads to geometric changes of the slope with subsequent
major distress finally causing failure. Erosion can be categorized into surface erosion
caused by running water on slope surface and internal erosion occurring within the
structure. Internal erosion is the result of a coupled process of surface erosion from the
interior of the soils and the subsequent fate of eroded particles in the pores (Reddi et al.
2000). Various qualitative and quantitative studies have been conducted to measure the
erosion characteristics of soils. Sherard et al. (1976) developed the pinhole test to directly
measure the dispersibility of compacted fine grained soils in which water is allowed to
flow through a small hole of 1mm diameter in a soil specimen to stimulate water flow
through a crack or other concentrated leakage path in the impervious core of a dam or
other structure. Lewis and Schmidt (1977) conducted an investigation to determine the
influence of dry density and initial water on the erosion of compacted dispersive clay
using the pinhole test. Wan and Fell (2000) extended pin hole test (ASTM
D4647/D4647M-13 2013) into a quantitative method for measuring internal erosion,
called the hole erosion test (HET), by measuring changes in flow rate with time to back-

calculate changes in the pipe diameter and thus the internal erosion (Wilson et al. 2013).
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2.4.2.1. Hole Erosion Test (HET)

The hole erosion test (HET) developed by Wan and Fell (2002, 2004a, b) is one of
several available methods for quantifying the erosion characteristics of soils. The eroding
fluid is passed through a hole of 6mm diameter predrilled along the longitudinal axis of
the soil sample, simulating the piping erosion occurring in embankment dams. Wan and
Fell (2004a,b) conducted hole erosion test to study the internal erosion and piping of of
both cohesive to non-cohesive soils at an unsaturated state. A hydraulic gradient was
applied across a 6mm diameter hole in the soil, and then the flow rate through it was
measured at regular time intervals. The hydraulic gradient was calculated using pressure
heads measured using standpipes located at the inlet and outlet of the hole. Schematic

diagram of hole erosion test assembly by Wan and Fell (2002) is shown in Fig 2.3.
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Figure 2.3. Schematic diagram of hole erosion test assembly (Wan and Fell,
2002)
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2.4.2.2. Studies Performed Using Hole Erosion Test

Hole erosion test is one of the convenient and efficient erosion tests which are normally
carried out to study the piping erosion in soils with fines. The erosion characteristics are
defined by the erosion rate index, which measures the critical shear stress and erosion
rate. Critical shear stress represents the minimum shear stress required to start
progressive erosion. According to Wan and Fell (2004a), the rate of erosion is dependent
on the content of soil fines and clay size, plasticity, and dispersivity; compaction, water
content, density and degree of saturation; and clay mineralogy, and also the presence of
cementing materials such as iron oxides. Lim (2006) conducted hole erosion tests to
study the erosion behaviour of clay soils. Dispersive erosion which is indicated by murky
or cloudy outflow is characterized by instantaneous erosion and quick enlargement of the
hole, inferring substantial erosion at small shear stress. The erosion is mainly induced by
the dispersive nature or by slaking in unsaturated cohesive soils. Slaking is mainly due to
excess air pressure in the capillaries because of the surface tension in partially saturated
soil. The air entrapped in the pores exerts pressure and breaks loose small bits of soil on
the surface (Umesh et al. (2011)). Coarse-grained, non-cohesive soils, in general, erode
more rapidly and have lower critical shear stresses than fine-grained soils. Koohpeyma et
al. (2013) conducted erosion tests on lignosulfonate stabilised clayey sand, and a drastic

reduction in the coefficient of soil erosion was noticed.

Xiao et al. (2006) conducted an experimental study by on compost soil as rainfall erosion
control material on roadside embankments. A rainfall simulator and soil box were used in
the experiments and results showed that soil loss was within tolerable limits. The rainfall
erosion tests showed that the compost could be used on roadside embankments to protect
base soil and reduce soil erosion under heavy rainfalls. Rainfall erosion tests were
conducted on three types of compost, i.e. green compost, manure compost, and co-
compost made of bio solid and green compost and it were found that both manure
compost and co-compost retained slope stability and reduced soil erosion (Xiao et al.
2008, Xiao and Gomez 2009). Adams and Xiao (2011, 2013) performed hole-erosion tests
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to quantify the erosion of silty sand, the co-compost, and various ratios of sand-co-
compost mixtures. The addition of non-erodible peat to highly erodible mineral soil

resulted in a drastic reduction in piping erosion.

Taking HET as the reference test a new apparatus named as Process Simulation
Apparatus for Internal Crack Erosion (PSAICE) was designed (Fig. 2.4) and built at
University of Wollongong, Australia by Indraratna et al. (2008) for predicting the erosion
characteristics of the soil. The effluent turbidity is also measured at a different time
interval, and it was incorporated in calculating the erosion rate. The studies conducted
using PSAICE is mentioned in Table 2.1.
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Figure 2.4. Schematic diagram of PSAICE
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Table 2.1 Studies conducted using PSAICE

Researchers Work Done

Muttuvel(2008) Worked on erosion rate of chemically stabilised soils
including tensile stress deformation characteristics of
the soil

Indraratna et al.(2013) A theoretical model to study the rate of erosion of
silty sand based on the principle of conservation of
energy is explained and is validated with a series of

laboratory erosion tests using the PSAICE

Indraratna et al. (2008) Two chemical stabilisers, lignosulfonate and Portland
cement were tested on silty sand, and dispersive clay
and effectiveness of stabilisation on increasing
erosion resistance was studied using PSAICE

Vinod et al. (2010) Internal erosional behaviour of lignosulfonate treated

dispersive clay has been studied using PSAICE

An improvement of the classical HET by adding a turbidimeter and the interpretation
method by analyzing the turbidity signal was presented by Haghighi et al. (2013). Several
remoulded kaolinite-sand mixtures were tested as reference soil textures, and the results
were analyzed with the proposed and existing interpretation methods. The use of the
turbidity signal helped significantly in improving the real-time estimation of

instantaneous dimensions of the hole and the eroded mass of soil.

A modified test, termed the HET-P, was carried out (Luthi 2011; Luthi et al. 2012) with
6mm,12mm,and 24mm diameter hole in which a pitot-static tube was incorporated to
measure the total energy head and the velocity head of the jet as it emerges from the axial
hole in the test specimen, thus providing a direct measurement of the total energy head

loss across the specimen.
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Benahmed and Bonelli (2012a, b) developed a new experimental device to carry out hole
erosion tests in the laboratory under constant flow rate in order to quantify the critical
shear stress (t¢) and the coefficient of piping erosion (C¢) of soils. The main parameters
considered in this study were the effects of moisture content, compaction energy and
percentage of fines. The experimental results showed that these parameters play a key
role in the erosion characteristics (tc and C¢). Al-Samarrai (2014) studied the internal
erosion behaviour of sand and clay (stabilized by adding cement and fiber-cement
mixture) using HET. Mehenni et al. (2016) conducted hole erosion tests on compacted
silt treated using clay, lime and cement. The results indicated a reduction in the
coefficient of soil erosion when treated with clay. An increase in critical shear stress was
observed in cases where the silt was treated with lime and cement. The impact of the
curing time on the erosion characteristics was not relevant for the lime-treated silt,
whereas, in the case of cement-treated silt, it depended on the amount of cement added to

the soil.

The erosion rate index obtained from HET was used to evaluate the effects of fluid
properties such as viscosity, pH and ionic strength on the piping of sandy soil (Y. Ma et
al. 2020). It was observed that a higher pH caused higher erosive capacity, whereas

higher ionic strength caused lower erosive capacity of the fluid.
2.4.2.3 Models for Piping Erosion Applicable to HET

Bonelli et al. (2006a, b) proposed a simplified one-dimensional model for the piping
erosion, applicable to the HET test. According to the model, the change in the hole radius
is an exponential function of the time of internal erosion process and the initial and
critical shear stress. It was established that the product of the coefficient of erosion and
the flow velocity is a significant dimensionless number and when this number is small,
the kinetics of erosion is low, and the particle concentration does not have any effect on
the flow. Theoretical and experimental evidence presented showed that the evolution of
the pipe radius during erosion with a constant pressure drop obeyed a scaling exponential
law.(Bonelli and Brivois 2008)
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Wahl et al. (2009) noticed two significant advantages that the model offers, one is
concerned with the diameter, and the other is the minimization of the impact of short-

term anomalies in erosion behaviour during a test using the curve-fitting procedure.

Bezzazi et al. (2010) have derived simplified analytical modelling of the Hole Erosion
Test by assuming formal analogy between the erosive shear stress and the friction shear
that develops at a cylindrical piping wall under an axial viscous flow. A uniform flow
was assumed along the tube. Comparisons of the theoretical predictions were with
experimental results were analysed and the simplified model was found to predict
accurately the increase of flow rate that results from piping erosion. Benaissa et al. (2012)
analysed the effects on the wall shear stress resulting from varying water clay content and
applied hydraulic gradient. This two-dimensional modelling allowed in understanding the
irregular eroded hole wall shape as observed experimentally after performing the

standard hole erosion test.

Boukhemacha et al. (2013) used the procedure by Wan and Fell (2004) to estimate
critical shear stress and coefficient of soil erosion and two new procedures were also
proposed. It is found that the erodibility properties depend on the hydraulic charge and
that for one soil sample, it is possible to find more than one pair of solutions (critical
shear stress, coefficient of soil erosion) which explains the non-observation of the

significant relationship between these two properties and other soil properties.

The Hole Erosion Test which is suitable for soils containing plastic and non-plastic fines
(clayey and silty soils) which will sustain an opening when wetted during the test is thus
a good ‘model” for most circumstances in which concentrated leaks may occur. The Hole
Erosion Test simulates the erosion phenomenon in defects such as cracks and micro-
fissures induced by settlement or hydraulic fracture, open contact between two different
types of soil, roots and burrows, etc. It helps in the determination of the critical shear
stress beyond which the erosion is initiated and the erosion coefficient, which represents
the kinetics of the erosion (ICOLD 2016). The results of Hole Erosion Tests were used to

estimate the rate at which the fractures through the plugs would enlarge and release water
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through the burrow causing erosion of the walls and eventual breach of the levee (ICOLD

2016).

Savage et al. (2019) conducted hole erosion tests and swell tests on five soils used in the core

of embankment dams to study the concentrated leak erosion in transverse cracks in dams.

This data was used for modelling the rate of erosion and variation of crack width with time.

Various studies done with Hole erosion test when compared with other erosion tests are

shown in Table 2.2.

Table 2.2. Studies done Using HET

Researchers Work Done
Wahl(2010) HET and Jet erosion tests are compared,
and it was found that HET is desirable for
application specifically to piping erosion
situations
Lim(2006) HET and rotating cylinder test was

conducted on variably saturated clay soil

Wahl et al.(2009)

Two methods of soil erodibility testing, the
hole erosion test (HET) and submerged jet
erosion test (JET), were evaluated for
potential application to the modeling of
embankment dam erosion and breach

processes

Chevalier et al. (2010)

Comparative tests with Hole Erosion Test
and Mobile Jets Erosion Test apparatus

were conducted
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2.5. SOIL STABILISATION TECHNIQUES
2.5.1. Vegetation

One of the most cost effective erosion control and slope protection methods is to consider
the soil-bioengineering or ecological slope engineering (Gray and Sotir 1996).The
relative effectiveness of vegetation in any specific locale mainly depends on the quality

of vegetation, topography, slope, hydrology, geology, and soils.

Vegetation affects both surficial and mass stability of slopes in significant and important
ways. The stabilizing and protective benefits of vegetation depend both on the vegetation
type and type of process of slope degradation. In the case of mass stability, the protective
benefits of woody vegetation range from mechanical reinforcement and restraint by the
roots and stems to modification of slope hydrology as a result of soil moisture extraction
via evapo-transpiration. (Gray and Sotir 1996). The loss or removal of vegetation on

slopes can result in either increased rates of erosion or higher frequencies of slope failure.

Vegetation is used for stabilizing cut slopes in soil, soil embankments, soil heaps and
terraced slopes. It is less likely to be of value in dams where engineering stability is
critical, and vegetation could also affect the permeability of soil. Ground bioengineering
methods are commonly used on artificial and terraced slopes, as this fast and effective
solution can be considered during slope construction and remediation (Norris 2008). The
key effects of herbaceous, and to a lesser extent, woody vegetation in minimizing surface

erosion of soils includes:

a) Interception- foliage and plant residues absorb rainfall energy and prevent soil
compaction.

b) Restraint - root systems physically restrains the soil particles while above-ground
residues filter sediment out of the run-off.

c) Retardation - above-ground residues increases surface roughness and slows the
velocity of run-off.

d) Infiltration - roots and plant residues help in maintaining the soil porosity and

permeability.
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e) Transpiration - reduction of soil moisture by plants delays the onset of saturation and

run-off.

According to Greenway (1987), roots reinforce the soil and increase the shear strength of
soil, roots bind soil particles at the ground surface, minimizing their erosion
susceptibility, and roots extract moisture from the soil leading to lower pore-water

pressures.

Vegetation can affect the stability of a slope mainly by the increase in soil shear strength
due to root reinforcement, although other effects such as surcharge of trees: wind loading
on large trees: soil buttressing and arching effects caused by large tree roots: and
modification of soil moisture content through the processes of rainfall interception and
evapo-transpiration may also provide minor effects on slope stability (Gray and Leiser
1982; Coppin et al. 2007).

Process Type Effect on stability
1. Foots increase permeability, increase infiltration, and thereby increase pore Hydrologic Negative
pressure
2. Wegetation increases interception and evapotranspiration, and thereby reduces  Hydrologic  Positive
pore pressure
3. Vegetation increases weight or surcharge and thereby increases load on slope Mechamcal Negative
4 Vegetation increases wind resistance, and thereby increases load on slope Mechamcal Negative
5. Roots reinforce soil and thereby increase strength Mechanical Positive

Figure 2.5. Effects of vegetation on slope stability (Morgan 1995)

Much research has been conducted, in the past 30 years or so to quantify the effects of
root reinforcement on slope stability. The majority of is research has focused on field or
laboratory studies of root-filled soils and modification of limit equilibrium and finite
element methods to incorporate the effect of root reinforcement. Quinton et al. (1997)
conducted a series of rainfall simulation experiments on small plots to study the impact of
different vegetation species and plant properties on the surface runoff and soil erosion.
Six vegetation types were studied, at different stages of maturity, giving a total of nine
vegetation treatments and two bare soil treatments and concluded that future efforts
should be directed at developing ecological successions and re-vegetation methods which

promote a substantial and sustainable canopy cover. Dupuy et al. (2005) investigated the
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influence of root morphology and soil type on the mechanical behaviour of tree
anchorage through numerical modelling. The overturning resistance of the four schematic
root patterns was determined in four different idealistic soil types which were based on
Mohr—Coulomb plasticity models. Chok (2008) used FEM method for modeling the
effect of soil variability and the effect of vegetation on natural slopes. Osman et al.
(2011) conducted a field shear box test on three plant species assessed in term of their
soil-root shear strength properties. Mu’azu et al. (2012) combined the mechanical and
hydrological effects of vegetation with slope stability by exploring and incorporating the
matric suction generated by tree root water-uptake driven by transpiration. Three
positions of the tree on a slope have been analyzed for the factor of safety and concluded
that the tree contributes stability to sloping ground both hydrologically and mechanically
and best would probably be achieved only when the tree is located at the toe of the slope.
Cazzuffi et al. (2014) conducted several tensile strength tests on roots and direct shear
tests and pull out tests on root soil system. He also developed a theoretical model to
determine the increase in shear strength of the soil, due to the presence of roots, as an

increase in soil cohesion.
2.5.1.1. Vetiver Grass

The utilization of vetiver grass (Truong (1990), Dalton et al. (1995)) in bio-engineering
for protection of slopes and control of soil erosion was accepted widely from 1990’s
following the promotion of the Vetiver System by the World Bank (Hengchaovanich
(2003), D’Souza et al. (2019)). Nilaweera and Hengchaovanich (1996) conducted tensile
strength tests on vetiver grassroots to study its effect on slope stabilization and erosion.
The results indicated that when compared to hardwood, the smaller average root diameter
of vetiver shows very high mean tensile strength (75 MPa), inferring that vetiver grass is
more effective in root reinforcement in soil slopes. Due to its long (2-3.5 m) and massive
root networks which are also very fast-growing (within 4-6 months), it is better than
many types of trees, and also due to its deep thick root system which spreads vertically

rather than horizontally, vetiver grass can endure harsh climatic conditions.
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(Hengchaovanich, 2003). Mickovski and van Beek (2009) investigated root system
morphology of vetiver (Vetiveria zizanioides) in a small plantation growing on
abandoned marl terraces in southern Spain. In situ shear test on blocks of soil permeated
with vetiver roots were also carried out and showed a greater shear strength resistance
than the samples of non-vegetated soil. From the root reinforcement model analysed it
was also concluded that the stability of a modelled terraced slope planted with vetiver
was marginally greater than the one of a non-vegetated slope. Maneecharoen et al. (2013)
conducted model tests using water hyacinth limited life geotextiles (LLGs) as well as
using Vetiver and Ruzi grasses for erosion control. Lateritic soil and sandy soil were
investigated separately with LLGs and vegetation covers. Jotisankasa et al. (2014)
conducted numerical modelling on slopes to study the influence of vetiver grass
(Chrysopogon zizanioides) on infiltration behaviour and slope stability. It was found that
for natural soil slope with gradient of 26 degree, vetiver grass roots (2m deep) appeared
to enhance the stability of the soil by reinforcement of the roots. In the coastal areas of
Karnataka and Kerala in peninsular India, vetiver grass (Vetiveria zizanioides) is used
very effectively for erosion control (Anaswara and Shivashankar, 2015).

2.5.1.2 Neem Tree

Neem (Azadirachta indica) commonly called ‘Indian Lilac’ or ‘Margosa’, belongs to the
family Meliaceae, subfamily Meloideae and tribe Melieae. Neem is the most versatile,
multifarious trees of tropics, with immense potential. The Neem tree is duly valued
worldwide for its hardiness, medicinal properties, and nutritional value. It is native to
Southeast Asian countries but grows well in a variety of tropical environment. Neem is
fast-growing trees that can reach a height of 15-20m, rarely to 35-40m.The branches are
widespread and fairly dense crown is roundish or oval and may reach the diameter of 4.5
-6 m in old, free-standing specimens. The trunk is relatively short, straight. The root

system consists of strong taproot and well-developed lateral roots.

The means of trees standing erect against wind loads and gravity loads involve a complex

set of soil structural interactions. Successful tree anchorage depends upon both the size of
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wind and gravity loads placed on a tree and the tree / site structural resistance to these
loads. Resistance to wind and gravity loading is distributed throughout a tree and
associated soil. There are a few large diameter roots and a host of small roots, all
positioned close to the soil surface. The shape, size, length, taper, and depth of tree roots
are optimized to provide both anchorage and soil resource gathering and control
(Kalliokoski et al. 2008). The presence of roots highly influences the stability of slopes.
The strength properties of the roots and the vastness of the root network gives an
understanding of the degree of mechanical stabilization. Research has expanded
significantly regarding this topic in the last thirty years due to the attention gathered from
deforestation in mountainous areas leading to landslides and slope failures (Nilaweera &
Nutalaya, 1999). Mechanical stabilization of slopes by roots is mainly provided through
its tensile strength, frictional properties and bending stiffness. Both fine and coarse roots
are preferred for an ideal slope, as both offer different advantages. Fine roots are effective
at stabilizing the upper soil layers and have higher tensile strengths, while coarse roots
extend into greater depths of the soil and help in anchoring large volumes of soil. The
growth of roots, among other factors, can create continuous macropores known as soil
pipes. Soil pipes improve drainage, which helps to dissipate pore water pressure and is
especially important in slopes experiencing large volumes of rainfall. However, when soil
pipes become eroded, and the cavities become blocked, water can build up and cause

slope failure.

Vegetation thus improves the slope stability both in terms of its mechanical and
hydrological processes. Due to the mechanical reinforcement from the root system of
trees, vegetation influences the balance of stresses in a slope. It also impacts the slope
stability by altering the hydrologic regime of the soil. Since plants and grass absorb
different amounts of water depending on the type of soil in which they grow, there are
several criteria for selecting the most suitable species. A general rule is to use local plants

and grass, which can be adapted to the local climate (Coder Kim 2010).
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Much of coastal Karnataka and Kerala areas have sloping terrains, and the soils
(lithomargic clay/lateritic lithomarges) that are abundantly available here are of a
dispersive and highly erosive nature. A lot of developmental activities are taking place in
this coastal area. So many embankment slopes, as well as slopes in excavation, are
created, whose stability is a concern to the engineers. As a general rule, a single species
of vegetation should not be planted in isolation. On typical slopes, vegetation cover
should not consist only of grass but should include trees and shrubs. Consideration should
also be given to appropriate vegetation management techniques to assist the natural
succession process. In this study, vetiver grass and Neem tree are considered for

numerical analyses.
2.6. SLOPE STABILITY ANALYSIS

Finite element method being a very powerful computational tool in engineering gains its
power from the ability to simulate physical behaviours using computational tools without
the need to simplify the problem. Therefore, complex engineering problems need finite

element methods to obtain more reliable and accurate results.

The finite element method is used to study the slope stability using a failure definition
similar to that in the limit equilibrium method. Limit equilibrium methods first define a
proposed slip surface then the slip surface is examined to obtain the factor of safety,
which is defined as the ratio between the available and the mobilized shear strength along
the surface. Numerous methods for the analysis of slope stability using finite elements
have been proposed during the last two decades. Among those methods, the most widely
used methods are the gravity increase method and strength reduction method. Gravity
forces are gradually increased in the gravity increase method until the slope fails. The
factor of safety is then defined as the ratio between gravitational acceleration at failure
(of) and actual gravitational acceleration (g). In the strength reduction method,
parameters of the soil strength are decreased until the slope becomes unstable. The factor
of safety is then defined as the ratio between the initial strength parameter and critical
strength parameter. Therefore, the strength reduction method has exactly the same
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definition as the limit equilibrium methods. The gravity increase method is used to study
the stability of embankments during construction as it gives more accurate results while
the strength reduction method is used to study the stability of existing slopes (Matthews
et al. (2014)).

Slope stability analysis is done in PLAXIS 2D using finite element method. To analyse
slopes, the strength reduction method is applied. This method is based on the reduction of
the cohesion (¢) and the tangent of the friction angle (tan) of the soil. The parameters
are reduced in steps until the soil mass fails. The total multiplier XMsf is defined as the
ratio of the strength parameters entered as input values over the reduced ones. XMsf is set
to 1 at the start of a calculation to set all material strengths to their unreduced values. The
strength parameters of soil are thereby reduced automatically step by step with an

increment equal to 0.1 until failure.

Factors of safety obtained from stability analysis methods that satisfy all limit
equilibrium conditions are within 6% of each other (Duncan 1996). A comparative study
of the finite element method and limit equilibrium method in slope stability analysis was
done by Alkasawneh et al. (2008). Berilgen (2007) used the FEM method in studying the
stability of slopes under drawdown conditions. Finite element analysis was used by
Gasmo et al. (2000) to find out the infiltration effects on slope stability of residual soil
slope. Hamdhan and Schweiger (2011) evaluated the effects of hydraulic characteristics
of soils(hydraulic conductivity and initial degree of saturation) and rainfall in slope
stability calculations performed with the finite element method, simultaneously
computing deformation and groundwater flow with time-dependent boundary conditions
(fully coupled flow-deformation analysis).The factor of safety was calculated by means
of the shear strength reduction technique. In the study conducted by Chanmee et al.
(2016), the factor of safety of erosion protection on slopes was simulated by PLAXIS
FEM 2D and Limit Equilibrium Slide Software. It could be observed that the result from
PLAXIS FEM 2D had higher accuracy when compared to the result from Slide Limit
Equilibrium Software. Taccari and van der Meij (2016) conducted a case study on the
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influence of animal burrowing on the failure of the levee of San Matteo along the Secchia
River. Plaxis 2D was used in this study for assessing the influence of animal burrowing.
Saliba et al. (2019) used Plaxis 2D to model one of the case study of sustained earth dams
in Laglouq area in Lebanon to show the piping evolution using an iterative approach
within the body of the structure. Merat et al.(2019) conducted slope stability analysis in
PLAXIS 2D to study the effect of rainfall on slope stability and concluded that slope with
highest cohesion and angle of internal friction showed the highest stability whereas slope

with combination of factors such as high slope angle and slope height failed easily.

With the evolution of computers and their application, more advanced ways should be
considered for analysing slope stability in the geotechnical analysis. There are significant
opportunities in using the more comprehensive finite element analysis. The criteria for
the selection of method by the user should be the complexity of the problem, which is to
be modelled. For example problems with complex geometries or that require analysis of
seepage, consolidation and other coupled hydrological and mechanical behaviour (pore
water pressure induced shrink-swell cycles for example) along with those problems with
more complex mechanical soil responses may be better tackled using FE analysis.
Conversely, simpler problem geometries or where complex material responses are not
expected, or those problems where data is limited, or it is necessary to make an initial
stability estimate before undertaking more complex analysis may better be undertaken in

limiting equilibrium software.

In the current study, slope stability analysis is done in PLAXIS 2D using finite element
method. To analyse slopes, the strength reduction method is applied. This method is
based on the reduction of the cohesion (c) and the tangent of the friction angle (tang) of
the soil. The parameters are reduced in steps until the soil mass fails. The total multiplier
XMsf is defined as the ratio of the strength parameters entered as input values over the
reduced ones. XMsf is set to 1 at the start of a calculation to set all material strengths to
their unreduced values. The strength parameters of soil are thereby reduced automatically
step by step with an increment equal to 0.1 until failure. The most important feature of

31



the current version of PLAXIS 2D is its ability to take into account various boundary
conditions for flow such as seepage, head, prescribed boundary flux and
infiltration/precipitation. In the current analysis, some of these features have been
exploited to arrive at better stimulations associated with flow that could affect the

stability of excavated lateritic slopes.
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CHAPTER 3

EROSION STUDIES ON LITHOMARGIC CLAYS

3.1. GENERAL

The resistance of cohesive soils to internal erosion can be quantified by conducting Hole
Erosion Test (HET), the one developed by Wan and Fell (2004 a, b). Hole erosion tests
have been conducted to study the erosion characteristics of the controlled samples of
lithomargic clay and its erosion potential. This chapter discusses the influence of
moulding water content, degree of compaction, head causing flow, percentage silt content
and plasticity index on the erosion rate index and critical shear stress of controlled

lithomargic clay samples.

3.2. MATERIALS USED
3.2.1. Lithomargic Clay (Shedi soil)

In the present study, the soil samples were collected from a site near Padapanambur,
Dakshina Kannada District of Karnataka state (Fig.3.1a). The soil profile from
Panjimooger site is shown in Fig. 3.1 (b). Two lithomargic clay samples were procured
from two nearby sites from depths of 2-3m below ground level, below the laterite layers.
These lithomargic clay samples had particle sizes finer than 150 sieve size. The first
procured sample (designated as CO sample) had higher percentage of clay fraction
(smaller than 2 size) {55.3%} and second procured sample (designated as MO sample)
had higher percentage of silt fraction (2u to 75 size) {79.9%}. The soil was kept for air
drying for 24 hrs. After air drying, samples were kept in oven for 24 hrs. This oven dried

soil was used for various tests.
3.2.2. River sand

For all the tests, the soil was mixed with river sand to vary gradation of the soil. River

sand was collected from Kulur river site.
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3.3. LABORATORY TESTS
3.3.1. Samples Tested

Both CO and MO samples were blended in the laboratory with different percentages (10%,
20%, 30% and 40%) of river sand (passing 1.18mm sieve) to prepare controlled samples.
These samples are designated as C10, C20, C30, C40 (for CO blended samples) and as
M10, M20, M30, M40 (for MO blended samples) respectively. C samples are soils with
higher percentage of clay fraction (or high compressibility soils with liquid limit in
excess of 50%) and M samples are soils with higher percentage of silt fraction (or liquid
limit less than 50%). Controlled soil samples thus prepared were then studied for both
geotechnical and erosion properties. A series of hole erosion tests are carried out on all
the ten samples at various water contents (namely at 50% of OMC, at OMC and at full
saturation), hole diameters (6mm and 8mm) and compaction (100%, 90% and 80%) with
the suitable range of head (within the laboratory constraints). The basic geotechnical
properties of all the C and M soil samples are listed in Table 3.1 and Table 3.2

respectively.

Figure 3.1. a) Padupanambur site from where the shedi soil was brought for

investigation b) Panjimooger site with soil profile
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Table 3.1.

Geotechnical properties of C samples

Parameter CO C10 C20 C30 C40

Specific gravity (G) 2.56 2.57 2.61 2.63 2.65

Maximum Dry Density
2 14.22 14.32 14.81 15.70 15.99
(Yamax) (KN/m”)
Optimum Moisture
27.0 26.4 24.3 23.0 19.6

Content (OMC) (%)

Void ratio(at Ygmax) 0.77 0.76 0.73 0.64 0.63
Plastic Limit (%) 30.0 29.0 26.0 25.0 24.0
Liquid Limit (%) 53.0 50.0 45.0 41.0 39.0

Plasticity Index (PI) 23.0 21.0 19.0 16.0 15.0

Clay
Fine fraction(%) 55.3 49.8 44.2 38.7 33.2
fraction (<2p)
(Dusty Silt fraction
fraction) (%) 42.7 38.4 34.2 30.7 26.3
(2 to 751)
Sand fraction
(%)
2.0 11.8 21.6 30.6 40.5
(75 to
Coarse
_ 4.75mm)
fraction i
Gravel fraction
(%) (> 0.0 0.0 0.0 0.0 0.0
4.75mm)
MI-MH
Unified Soll (Boundary
o MH T Cl Cl Cl
Classification Classificati
on)
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Table 3.2. Geotechnical properties of M samples

Parameter MO M10 M20 M30 M40

Specific gravity (G) 2.49 2.50 2.52 2.54 2.58

Maximum Dry Density
2 13.24 14.03 15.21 15.40 16.58
(Yamax) (KN/m”)
Optimum Moisture
27.2 24.6 20.2 18.8 16.4

Content (OMC) (%)

Void ratio(at Ygmax) 0.81 0.76 0.63 0.61 0.53
Plastic Limit (%) 36.0 31.0 25.0 23.0 22.0
Liquid Limit (%) 48.0 46.0 41.0 36.0 31.0

Plasticity Index (PI) 12.0 15.0 16.0 13.0 9.0

Clay fraction
_ _ (%) 16.6 13.3 13.2 12.3 7.4
Fine fraction (< 20)
<l
(Dusty T
) Silt fraction
fraction)
(%) 79.9 74.5 64.1 55.1 51.0
(2 to 751)
Sand fraction
(%)
3.5 12.2 22.7 32.6 41.6
(75u
Coarse
) to4.75mm)
fraction
Gravel
fraction (%) 0.0 0.0 0.0 0.0 0.0
(> 4.75mm)
Unified Soil Classification MI MI Cl Cl CL
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3.4. HOLE EROSION TEST
3.4.1. Experimental Setup

The schematic diagram of the experimental setup used for the hole erosion tests is shown
in Fig.3.2. It consists of a constant head tank, an inlet chamber, mould along with the
specimen, an overflow container, a collecting tank and a weighing balance. The constant
head upstream tank is provided with a continuous water supply. The inlet chamber is
connected to the constant head tank. It is filled with 20mm coarse aggregates to reduce
the impact of water on the soil specimen. An air valve is provided in the inlet chamber to
remove air bubbles (if any) during the experiment. The plate in between the inlet
chamber and the specimen is provided with a hole of diameter 5cm to ensure
uninterrupted flow of water through the specimen. A wire mesh is fixed on the plate to
avoid the coarse aggregates from disturbing the specimen. The hole erosion test apparatus
is shown in Fig.3.3. The weight of the overflowing water is continuously measured. The
discharge at various time intervals was calculated from the weight and the head was
obtained by measuring the vertical distance between the water level in the overhead tank
and the free water surface at the downstream end. The test is terminated (by closing the
downstream valve) upon observing one of the following conditions i) several minutes of
accelerating flow, no significant erosion in one hour at maximum test head, ii) extreme

erosion with hole enlargement, reaching the walls of the mould (Luthi 2011).

@ Constant head tank
(head can be adjusted)

(2) inlet chamber
(Scm ht & Scm dia)

@ air valve

20mm size gravel
@ g

@ mould (10.5 cm length &
8.3cm dia) with soil
specimen (with 6mm hole
drilled at centre)

@ overflowing container
Figure 3.2. Schematic diagram of the hole erosion test setup
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Mould with specimen

p Collection tank Overflowing
container
o

Figure 3.3. Hole Erosion Test apparatus (without constant head tank) a) Front view
b) Top view
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3.4.2 Specimen preparation

The test specimens were prepared at the required dry density and water content. The soils
were compacted to a thickness of 205mm in a mould of 83mm diameter corresponding to
the desired dry density. The samples were then kept in a desiccator for 1 day. This was to
attain uniform moisture content throughout the sample. The preparation of sample is

shown in Fig.3.4.

Figure 3.4. Preparation of sample using a hydraulic extruder

3.4.3 Test procedure

A hole of 6mm diameter was drilled along the central longitudinal axis of the specimen.
The two circular surfaces of the specimen were coated with paraffin excluding an inner
circular area of 3cm around the hole. This is done to avoid the dispersion of the soil
surface. The inlet chamber is filled with 20mm gravels in order to regulate the flow of
water on the upstream side of the sample and also to reduce the impact of water on the
specimen surface. The soil sample is placed between the inlet chamber and overflow
container. It is ensured that a constant head is maintained throughout the test. When the
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inlet valves are opened, the air bubbles are eliminated by opening the air valve provided
at the inlet chamber. The flow rate at the downstream side of the apparatus was measured
at different time intervals during the test. The specimen of eroded soil was then retrieved
out of the device and melted paraffin is poured into the eroded hole. After the paraffin
solidifies, the specimen is cut out and the wax is prudently extracted. This represents the

shape of the final eroded hole. The final average hole diameter is noted after the test.
3.4.4. Equations Governing Hole Erosion Test

Wan and Fell (2002, 2004 a,b) developed the hole erosion test to measure the erosion
properties of soils. The rate of erosion per unit surface area of the hole is expressed in

Equation 3.1.
& = Ce(te —T¢) (3.1)

where ¢ is the rate of erosion per unit surface area of the hole at time t [kg/s/m?]; Ceis a
constant known as the Coefficient of Soil Erosion [s/m]; t; is the hydraulic shear stress
along the hole at time t [N/m?]; 1. is the critical shear stress i.e. the minimum shear stress
required to initiate progressive erosion [N/m?].

The hole diameter at any time during erosion is calculated by Equations 3.2 and 3.3 for

laminar and turbulent flow respectively.

1

@, = (ﬂ)5 , for laminar flow conditions 3.2)
TPw8S
1
_ (16Q%fr\5 e
@, = (nzpwgs) , for turbulent flow conditions (3.3)

where, ¢ (m) is the hole diameter at time t; Q (m*/s) is the flow rate through the hole at
time t; f_ and fy are the friction factors for laminar and turbulent flow conditions; g (m/s?)
is the acceleration due to gravity; s is the hydraulic gradient across the hole at time t; and
Pw (kg/m°) is the density of the eroding fluid. The erosion rate and hydraulic shear stress

were then calculated using the Equations 3.4 and 3.5, respectively.
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4

(3.4)

(3.5)

where, g(kg/s/m?) is the erosion rate; pg (kg/m?) is the dry density of the soil. According

to Wan and Fell (2002, 2004 a,b), the erosion rate changed linearly with the hydraulic

shear stress. The coefficient of soil erosion C is the slope of the straight line obtained

from plotting e against 1. The critical shear stress, t. can be obtained graphically by

extrapolating the plot of & versus t;to zero.

The rate of erosion of a soil can be represented by an ‘erosion rate index’ “I” which can

be derived from the results of the hole erosion test from Equation 3.6.

Ih = —log(Ce)

(3.6)

The rate of progression of erosion is classified as per Table 3.3. Soils that erode rapidly

have lower I, values than soils that erode slowly.

Table 3.3 Qualitative relation of representative erosion rate index and progression

of internal erosion as recommended by Wan and Fell (2002, 2004 a,b)

Erosion Rate Index

Progression of internal

Group number (Ih =-log(Cy)) erosion

1 Less than 2 Extremely rapid
2 2-3 Very rapid

3 3-4 Moderately rapid
4 4-5 Moderately slow
5 5-6 Very slow

6

Greater than 6

Extremely slow
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CHAPTER 4

SLOPE STABILITY ANALYSES ON EXCAVATED SLOPES WITH LATERITIC
FORMATIONS

4.1. INTRODUCTION

Slope stability analysis is a complex problem. It does not involve just geotechnical
factors, but also very much influenced by hydrological factors (precipitation, ponding,
seepage), biological factors (vegetation and turfing) and erosion (surface and internal
erosion). However, it is difficult (in present status) to study the influence of all the factors

together. An attempt is made to study the influence of these various factors separately.

Experimental analysis was conducted on shedi soil to find the undrained and drained
shear strength parameter by using large scale triaxial test. Shedi soil was taken from the
site, Padupanambur in Dakshina Kannada district from depths below 3m from the ground
level below the laterite layer to measure the in-situ dry density and water content.
Numerical analysis was then done in the FEM software, Plaxis 2D targeted at solving the
slope stability problem where vegetation and various boundary conditions for flow due to

the effect of precipitation, ponding and seepage were considered.
4.2. BASIC GEOTECHNICAL PROPERTIES OF THE SOIL SAMPLE
The basic geotechnical properties of the soil sample are shown in Table 4.1.

Table 4.1. Basic Geotechnical properties of the soil sample

Parameter Value
Unit weight (kN/m°) 18
Water content (%) 28.67

Dry unit weight of in situ 14
soil (kN/m?)
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4.2.1. Large scale Triaxial test

The large scale triaxial test (samples tested were large size of diameter 10cm and height
20cm) was conducted to calculate the shear strength parameters of shedi soil in both
drained and undrained conditions at field density using standard equipment and standard
procedure mentioned in the IS code (I1S:2720-11). Shear strength of shedi soil at different
depths are shown in Table 4.2.

Table 4.2 Shear strength properties of shedi soil

Drained Undrained
C at 3.5 m depth 20 35
C at 3.5 m depth 23 0
¢ at 3.5 m depth - 50
C at 6.5 m depth - 0
¢ at 6.5 m depth - 57
Cat 7 mdepth - 0
¢ at 7 m depth

4.3. SLOPE STABILITY ANALYSIS USING PLAXIS 2D

Slope stability analysis is conducted considering the effect of wind action on trees,
turfing on excavated slopes, precipitation, ponding at top and seepage through the

excavated slope by varying the slope heights and slope angles.

4.3.1. Undrained Case
4.3.1.1. Defining the Problem

The analysis is carried out to simulate a situation that occurs during the months of heavy
rainfall in which the ground water table rises to ground level in a vegetated and excavated

slope. The slope considered consists of laterite for the top 3m underlain by lithomargic
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clay and hard rock (granitic gneiss) below it. Water gets accumulated on the top hard
laterite near to the crest (ponding) for a considerable width and for varying depths (i.e.
1m, 2m and 3m respectively in different cases) for a period of 3 days was considered.
Tree is provided at the toe, mid and crest (top) position of the slope. A berm of 3m width
was provided at 4m and 5.5m height of the slope. Keeping the geotechnical properties
constant, the cut slope angles for the excavated slope were varied as 30, 40, 45 and 60
degrees with the ponding situation is separately analysed for slopes of height 11m and
8m. A berm of 3m width was provided at 4m and 5.5m height for 8m high slope and at
5.5m height in the case of 11m height slopes. Effect of turf vegetation is also included as
a layer of soil of 3m thickness, with 30% increased cohesion than the original soil layer
(Shivashankar et al. 2014).

4.3.1.2. Undrained (B)

For undrained soil layers with a known undrained shear strength profile, PLAXIS offers
the possibility of undrained effective stress analysis. In this, the input parameter is
directly given, i.e. setting the friction angle to zero and cohesion equal to undrained shear
strength. Also, in this case, a distinction made between the pore pressure and effective
stress path may not be fully correct, the resulting the undrained shear strength is not
affected, since it is directly specified as an input parameter. Most of the soil shows
increasing shear strength with depth, and it is possible to specify increase per unit depth
in PLAXIS in the advance subtree in the parameter tab sheet of the soil window.

4.3.1.3. Effectiveness of Plaxis 2D in solving the problems associated with flow

The current Plaxis version has been successful in simulating various boundary conditions
associated with flow. As the physical process is time-dependent, it leads to mixed
equations of displacements and pore pressure, called coupled hydro-mechanical approach
in which these equations are solved simultaneously. This kind of calculation is termed as

fully coupled flow-deformation analysis. When conducting this type of calculation, the
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full interaction between deformations, consolidation and groundwater flow
simultaneously in the same phase is solved. In this calculation, it uses combined staged

construction and transient groundwater flow.
4.3.1.4. Simulating Precipitation in Plaxis 2D

The precipitation option can be used to specify a general vertical recharge or infiltration
(g) due to weather conditions. This condition is applied at all boundaries that represent
the ground surface. This option can be selected in the model conditions subtree in the

model explorer (Fig.4.1).

Model explorer {(Phase_L)
- Attrbutes lbrary
3. @) [E] Geometry
- @ V] solk
3 @ [¥] Line dsplacem=nts
3 @[] Greundnater fow ECs
= () (W] Model conditions
+ @ [¥] Deformations
& @ [4] Dyramics
b (@) [¢] Groundwarer=on
= @[] Precpitation
< 0.000m > Mday
Wt -1.000m
Y. 0.1000m
Time dependency: Corstant
- @) [ PezudoStatiz
- @ [v] water

Figure 4.1. The expanded precipitation subtree in the model explorer
4.3.2. Drained Case
4.3.2.1. Defining the Problem

The analysis is conducted to simulate a situation that occurs during the months other than
heavy rainfall in which the ground water table is below the lithomargic clay layer. The

slope consists of laterite for the top 3m, thereafter shedi soil and hard rock (probably
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gneiss) below it. The top soil (i.e. laterite) is excavated (i.e. 1m, 2m and 3m respectively
in different cases) over a period. Keeping the geotechnical properties constant, the cut
slope angles for the excavated slope were varied as 30, 40, 45 and 60 degrees with the
removal of top lateritic soil and with trees at different position over the slope was
separately analysed for slopes of height 5m, 8m and 11m. The effect of turfing is also

analysed.

In the case of 5m slope, only lithomargic clay layer of 5m height is considered and the
excavation, ponding effect is not considered. The 11m slope has berm at 5.5m, and for
8m slope, a berm of 3m width is provided at 4m and 5.5m for 30, 40, 45 and 60 degree

slopes.
4.3.2.2. Effectiveness of Plaxis 2D in solving the problem

The current Plaxis version has been successful in simulating plastic condition. A plastic
calculation is used to carry out an elastic-plastic deformation analysis in which it is not

necessary to take the change of pore pressure with time into account.
4.3.2.3. Safety analysis in Plaxis 2D

A safety analysis in Plaxis can be executed by reducing the strength parameters of the
soil. This process is called phi-c reduction. In this approach, the strength parameters tan ¢
and c of the soil are successively reduced until the collapse of the slope occurs. The total
multiplier XMsf is defined as the ratio of the strength parameters entered as input values
over the reduced ones. XMsf is set to 1 at the start of a calculation to set all material
strengths to their unreduced values. The strength parameters of soil are thereby reduced
automatically step by step with an increment equal to 0.1 until the maximum number of

steps (default value is 100 but can be increased up to 1000) already set is reached.
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4.3.3. Detailed Procedure Adopted in Plaxis 2D
4.3.3.1. Creating model geometry, assigning soil properties and meshing

Plane strain model is used as the finite element model. The slope is analyzed as a plane
strain model. Displacements and strains in the z-direction are assumed to be zero.
However, normal stresses in the z-direction are fully taken into account.15-node
triangular elements are selected for modelling soil layers and volume clusters. The 15-
node triangle is very accurate and can produce high-quality stress results for difficult
problems. The units for length, force and time used are m, kN and day respectively. The
first step in every analysis is to set the basic parameters of the finite element model.
These settings include the description of the problem, the type of analysis, the basic type
of elements, the basic units and the size of the drawing area. The standard fixities are
used to define the boundary conditions, or this is considered as the default boundary
condition in new PLAXIS version.

In PLAXIS, soil properties are stored in the material data set. Mohr-Columb model was
selected as the material model and the properties assigned for laterite and shedi soil is

given in Table 4.3.

The excavated slope geometry was created in the structures mode using soil polygon tool
as it was relatively easy to create geometric entities using this tool. The tree is simulated
by plate element and roots by embedded beam row element. Hence soil properties, tree
and root properties were assigned to the respective soil clusters, plate and roots using the
material data set in which the properties were already stored. Fine meshes were generated
in the mesh mode prior to the staged construction phase. Here in this model, the water

level was fixed at the top of the slope.
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Table 4.3. Input properties of the Laterite and shedi soil for both drained and

undrained case

. . . Laterite Shedi Shedi

Properties Laterite | Shedi Shedi New* New* New*
Undrained . . Undrained .
Material type Drained | (B) Drained Drained (B) Drained
Young’s
Modulus (E) 4000 2000 2000 4000 2000 2000
kN/m?
. 35at3m 45 at 3m

Cohesion (c 20 45 26
Angle of internal 30 0 23 30 0 23
friction(¢)
Hydraulic
Conductivity () | 0.1 0.035 0.035 0.1 0.035 0.035
m/day
Incremental shear 0 5kN/m 0 0 5kN/m 0
strength depth depth

*Shedi new, Laterite new- Properties of soil in which effect of turfing (30% increased

cohesion) is considered.

The properties of plate element (tree) and embedded beam row element (roots) are shown

in Table.4.4 and 4.5, respectively.
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Table 4.4. Properties of tree (Plate Element)

Properties Tree
Material type Elastic
EA( KN/m) 491000

Flexural rigidity,El (kNm%m) | 2766

Poisson’s ratio 0.35

Table 4.5. Properties of roots (Embedded Beam Row Element)

Properties Tap Roots Branch Roots
E (kN/m?) 6957000 6957000
Self-Weight (kN/m®) 10 10

Diameter (m) 0.3 0.2

4.3.3.2. Calculation of Wind Load

Spacing between each tree is considered to be 3m and height of the tree is taken as 10m.
Height of crown is 5m, wind velocity is around 15 kmph, and the drag coefficient is 0.2
to 0.5 for moderate wind. The wind force can be calculated (Coder Kim 2010) using
Equation 4.1. The wind force developed on the treetop (Coder Kim 2010) per metre

length was obtained as 7kN/m.

Wind force = 0.5%(wind velocity)®*(air density)*[(Drag coefficient*Crown
length*height)/2*(Height to crown base)*(Crown length/3)] (4.2)

4.3.3.3. Defining the Calculation phases for undrained and drained cases

The calculation phase/staged construction phase has been divided into 4 phases to

simulate the situation for a particular geometry with a fixed slope angle and height. Trees
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at different position over the slope and effect of turfing along with wind load and

precipitation are studied.

(a) Initial phase - The initial phase is defined with the excavated slope geometry and
water table at ground level assuming the slopes are almost fully saturated during the
months of June and July in the study area. Initial stresses are generated in this phase
using the gravity loading type of calculation that is recommended where there is a non-
horizontal surface (sloping part) as the Ko procedure does not ensure the full equilibrium
of the stress field. Poisson’s ratio of 0.3 was considered that resulted in the value of K to
be 0.5 (assuming one-dimensional elastic compression). The trees and turfing were

introduced in this phase.

(b) First phase (precipitation phase) - In this phase, precipitation is brought into picture
on a fully saturated slope. To simulate this, infiltration rate was applied at each of the
surface boundaries. It is known that in case of saturated soils, the infiltration rate almost
reaches the saturated hydraulic conductivity instantaneously and becomes nearly
constant. This point is used but has to be understood that an ideal case of assumption is
considered here is the rainfall rate not greater than the potential infiltration rate (Ks) or no
surface ponding occurs to arrive at the condition that all rainfall will infiltrate into the soil
without runoff and thus the actual infiltration rate is rainfall rate (independent of time).
Hence even though the infiltration rate could be slightly less or equal to the saturated
hydraulic conductivity, worse case of infiltration rate equal to saturated hydraulic
conductivity is adopted which means the results which imply safety can be relied upon
but the vice versa is not true always. The effect of rainfall for a period of 3 days was
given with calculation type as fully coupled flow deformation analysis. On the sloping
surface, precipitation is modeled perpendicular to the surface and a value qcosf is applied
where 0 is the angle of slope and q the infiltration rate on a horizontal surface (i.e 6=0)
for the same soil. However, internal deep ponding is a major problem in such slopes that

will be applied in the next phase. Ponding effects are assumed unrealistic to occur on the
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sloping surface and hence the values of Omin and 6max are respectively specified as -
0.001m and 0.001m which means water can only flow on the surface with a maximum
height of 1mm. Safety analysis was also conducted after this to determine the safety
factor (short term safety) that indicated the extent of instability caused to the slope under
continuous rainfall that lasts for days. The boundary condition here is not time-dependent
or is made constant i.e. discharge or head variations with time is not accounted in the
absence of suitable and sufficient data. Wind load on trees are activated from this phase.
The geometric profile of the slope for phase 1 for slopes with and without turfing is

shown in Fig.4.2.
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Figure 4.2. Geometric profile of the slope for first phase in undrained condition (a)

without turfing (b) with turfing

(c) Second phase - In the second phase, the effect of ponding is also introduced along
with the precipitation and wind load. Ponding was provided for a depth of 1m at a
distance of 4m from the crest for a period of 3 days. Such a soil cluster was already made
in the geometry and now it is only required to deactivate the cluster i.e. removing the soil
properties but keeping the water conditions as it is which means the hydrostatic pressure
prevails. The additional feature of seepage behavior has to be mentioned to relevant
boundaries in the ground water flow boundary conditions under the model explorer
menu. Hence the additional change in the boundary conditions is done and is allowed to
start from the first phase to carry forward the stresses from this phase. The calculation is
still fully coupled flow deformation analysis that cares for the simultaneous development
of pore pressures and displacements with time-dependent changes in the boundary
condition. Here the calculations end after a period of 3 days as mentioned in the time
period for the analysis between which the active pore pressures are changing

continuously over time. The effect of ponding on the stability of the slope was
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investigated by running a safety analysis after this phase. The geometric profile of the

slope for phase 2 for slopes with and without turfing is shown in Fig.4.3.
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Figure 4.3. Geometric profile of the slope for second phase in undrained condition

(a) without turfing (b) with turfing

(d) Third phase - This phase starts from the second phase. The procedure was almost
repeated with ponding depth increased to 2m and additional boundary condition of
seepage behavior been added in the groundwater flow boundary condition. Hence two

clusters are in deactivated state now and the analysis is carried out for 3 days itself as for
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a comparison. The geometric profile of the slope for phase 3 for slopes with and without

turfing is shown in Fig.4.4. Safety analysis is also carried out.
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Figure 4.4. Geometric profile of the slope for third phase in undrained condition (a)
without turfing (b) with turfing

(e) Fourth phase - This is the last and final phase in which the ponding depth almost
covers whole of the top lateritic layer i.e. 3m and the effect on the slope stability was
carried out as done in other phases after deactivating the last cluster and changing the

hydraulic boundary behaviour to seepage at the required boundaries. It is to be
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remembered that all these phases including this final phase has got the precipitation and
wind effect. The geometric profile of the slope for phase 4 for slopes with and without

turfing is shown in Fig.4.5.
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Figure 4.5. Geometric profile of the slope for fourth phase in undrained condition

(a) without turfing (b) with turfing

In drained case, same procedure is used but in the absence of ground water table and
precipitation (Fig.4.6). In the case of 5m slope only 2 phases are present. Initial phase

consists of slope with tree and in phase 1 wind load is activated.
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Figure 4.6. Geometric profile of the slope for first phase in drained condition (a)

without turfing (b) with turfing
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CHAPTER 5

RESULTS AND DISCUSSIONS
5.1. HOLE EROSION TEST RESULTS
5.1.1. Determination of critical head

Test results indicated slaking for C samples (clay fraction 33.2% to 55.3%, silt fraction
26.3% to 42.7%, Pl 15% to 23%) when tested at various heads ranging from 50cm to
100cm. Slaking by definition is the “disintegration of unconfined soil after exposure to
air and subsequent immersion in water; no external confining pressure is assumed to act
over the soil prior to immersion” (Moriwaki and Mitchell 1977). However, all the C
samples underwent progressive erosion from a head of 110cm. Tests were conducted on
C specimens at heads of 110cm, 125cm, 140cm and 155cm. In contrast, all the M
samples (clay fraction 7.4% to 16.6%, silt fraction 51.0% to 79.9%, Pl 9% to 16%)
underwent progressive erosion from a head of 30cm. Tests were conducted on M
specimens at heads of 30cm, 40cm, 60cm and 70cm. At higher heads the specimens were
washed off. The soil samples at different stages or conditions of HET are shown in
Figs.5.1 and 5.2.

B 2

Figure 5.1. (a) Sample before test with 6mm hole (b) Sample(C10) which showed

very less surface erosion after HET when coated with wax on its surface
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Figure 5.2. (a) Cross section of a sample after HET (b) Formation of second hole due

to slaking
5.1.2. Typical Results (Determination of Inand C,)

The discharge (Fig.5.3), hole diameter (Fig.5.4), hydraulic shear stress (Fig.5.5) and
erosion rate (Fig.5.6) were plotted with time. The erosion rate was plotted against
hydraulic shear stress (Fig.5.7) to know whether progressive erosion has occurred and
also to understand how critical the erosion is.

The typical results obtained for progressive erosion are shown in Fig. 5.3 to Fig. 5.7. The
variation of discharge with time showed that the discharge increased from 0.0001 to
0.00033m%s (Fig.5.3). The evolution of hole diameter over time indicates that hole
diameter increased from 6mm to 15mm in 24 minutes (Fig.5.4). It is important to note
that the hole diameters represented average diameters as they varied over the length. The
hole was enlarged at both ends. This is due to the spalling of soil caused by eddies
present in the inlet and outlet (Wahl et al. 2009). In some cases surface had been eroded

reducing the length of the eroded hole.

The hydraulic shear stress increased over time from 150Pa to 475Pa over a time of about
24 minutes (Fig.5.5). The rate of increase in hydraulic shear stress increased towards the
end of the test. The increase in rate of erosion represents the rate of increase in hole
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diameter over time. Figure 5.6 indicates that progressive erosion has occurred during the
test. A slightly decreasing trend observed initially represents the clean off phase, where
the loose soil particles around the hole are removed by water and is called as cleanout
erosion. These are formed due to the disturbances caused in the sample while the hole is
being drilled. The hole stabilizes itself during the cleanout erosion and when the critical

shear stress is attained progressive erosion is initiated.
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Figure 5.3. Variation of Discharge with time for C40 sample
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Figure 5.4. Evolution of hole diameter over time for C40 sample

Sample: C40
Head =140cm

500 -
450 -
400 -
350 -+
300 -+
250 -+
200 -+
150 -
100 -
50 -
0 T T T !
0 400 800 1200 1600

Hydraulic Shear Stress (T,) (N/m?)

Time (s)

Figure 5.5. Variation of hydraulic shear stress with time for C40 sample under a
head of 140cm
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Figure 5.6. Variation of erosion rate with time for C40 sample under a head of

140cm
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Figure 5.7. Plot of Erosion rate v/s Hydraulic Shear stress
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Figure 5.7 shows a plot of erosion rate [e; (kg/s/m?)] versus hydraulic shear stress [t
(N/m?)] for sample C40. Therein AB represents the best fit curve of the increasing
portion of erosion rate v/s shear stress relationship. Its slope gives the Coefficient of soil
erosion (C,) and the hole erosion index (ly,) is obtained as 4.52 for the sample C40 under
a head of 140cm. As per the soil classification by Wan and Fell [10-12] the erosion rate
of soil may be classified as moderately slow (Table 3.3). The intercept of the best fit line
with the x- axis gives the critical shear stress and is obtained as 270N/m? (Fig.5.7). This
value is less than the critical shear stress obtained for other samples containing lesser

sand fraction.
5.1.3. Influence of change in moulding water content

In excavated slopes, in lateritic formations, caving - in of lithomargic clay soil can be
observed after heavy rainfall. After a first few days of constant and low intensity rainfall,
the soil gets fully saturated causing erosion of lithomargic clay. After a heavy intensity
rainfall (higher heads due to stagnation) wash off might occur, resulting in caving in or
concavities. These conditions were simulated in the laboratory by varying the moulding
water content of the soil and by applying varying heads of water. Specimens were
prepared with the different fines and sand combinations at varying water contents. The

soils were compacted to their maximum dry densities.
5.1.3.1. C samples

Three water contents used were such as the optimum moisture content (OMC) of the
corresponding samples, 50% of optimum moisture content and the water content
corresponding to 100% saturation (i.e.110% of optimum moisture content). This is done
to study the influence of moulding water content on erosion index () of C samples. The
samples were tested at heads of 110cm, 125cm, 140cm and 155cm.
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i) Soil Samples (‘C’ Samples) Prepared at 50% OMC

Table 5.1 Erosion rate index of C Samples prepared at 50% of OMC

Erosion Rate Index (Iy)
HEAD(cm) | CO C10 C20 C30 C40
110 3.95 4.07 4.17 4.20 4.52
125 3.97 4.09 4.25 4.44 4.62
140 3.98 4.18 4.26 4.57 4.70
155 412 4.30 4.52 4.62 4.76

Table 5.2 Coefficient of soil erosion (C,) of C Samples prepared at 50% of OMC

Coefficient of soil erosion, Ce (s/m) x10™
HEAD(cm) | CO C10 C20 C30 C40
110 1.12 0.85 0.68 0.63 0.30
125 1.07 0.81 0.56 0.36 0.24
140 1.05 0.66 0.55 0.27 0.20
155 0.76 0.50 0.30 0.24 0.17

The soil samples were compacted to maximum dry density at a moisture content
corresponding to 50% of OMC. The observations for C samples are shown in Figs.5.8
and 5.9. Table 5.1 and 5.2 shows the erosion rate index and coefficient of soil erosion of
C samples compacted at 50% OMC. The erosion rate index of all the soil samples vary
from 3.95 to 4.76. Hence the rate of erosion may be classified as moderately slow
according to Wan and Fell [10-12] as shown in Table 3.3. An increase in erosion rate
index represents a decrease in the rate of erosion. From Fig.5.8, it can be observed that
the original lithomargic clay sample CO has the maximum rate of erosion and sample C40
(in which lithomargic soil CO was mixed with 40% river sand) is having least erosion rate
and therefore is more stable. When the sample is compacted at 50% OMC the eroding

water has to seep radially through the sample to wetten the soil and disperse it. Hence the
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soil containing the highest void ratio allows water to pass more easily through it. CO has

the highest void ratio and hence is the most erodible while C40 has the least void ratio. In

addition, the sand fraction in the C40 sample adds stability to the soil structure. The rate

of wetting is higher when the velocity of water is the least. Hence a higher rate of erosion

is observed at lower heads. To confirm the same, UCC samples were prepared and

immersed in water and the time taken by the soil samples to fully disperse were

determined. It was found that the CO sample dispersed more quickly than C40 sample.

Erosion Index (I,))

4.5

3.5

2.5

Water content; 50% of OMC

% ¥ *C0
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X & ! mC10

: L Y
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X C30
c40

100 110 120 130 140 150 160

Head causing flow (cm)

Figure 5.8.Variation of Erosion rate index of C samples compacted at 50% of OMC
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Figure 5.9. Variation of Coefficient of soil erosion, Ce, of C samples compacted at
50% of OMC

ii) Soil Samples (‘C’ Samples) Prepared at OMC

The soil samples were compacted to maximum dry density with a moisture content
corresponding to their OMC. The erosion rate index varied from 3.89 to 4.84 in case of
samples moulded at OMC (Fig.5.10). Table 5.3 and 5.4 shows the erosion rate index and
coefficient of soil erosion of C samples compacted at OMC. The C40 sample is seen to
be more stable than CO sample. The soil is not fully saturated at OMC and the better soil
size distribution of C40 sample makes it more resistant to erosion. The water passing
through the hole removes the soil surrounding it. The non-eroded portion of the sample
remains undisturbed after the test and no significant change in the water content has been
noticed. As the head increases, the stress acting on the soil increases and consequently
erosion rate increases. The variation of Coefficient of soil Erosion, C,, of various samples

compacted at OMC for C samples is shown in Fig.5.11.
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Table 5.3 Erosion rate index of C Samples prepared at OMC

Erosion Rate Index (Iy,)
HEAD(cm)

Co C10 C20 C30 C40
110 4.26 4.35 4.50 4.52 4.84
125 4.03 4.13 4.21 4.27 4.64
140 3.94 4.06 4.16 4.19 4.52
155 3.89 3.97 4.06 4.09 4.46

Table 5.4 Coefficient of soil erosion (C,) of C Samples prepared at OMC

Coefficient of soil erosion, C, ( s/m) x10™
HEAD(cm) | CO C10 C20 C30 C40
110 0.55 0.45 0.32 0.30 0.14
125 0.93 0.74 0.62 0.54 0.23
140 1.15 0.87 0.69 0.65 0.30
155 1.29 1.07 0.87 0.81 0.35

Water content: OMC

5 -
*CO
45 - X B C10
g 4 | & C20
©
£35 | X €30
5
S C40
S 3 -
L
2.5
2 T T T T T 1

100 110 120 130 140 150 160
Head causing flow (cm)

Figure 5.10.Variation of erosion rate index (I;,) of C samples compacted at OMC
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Figure 5.11. Variation of Coefficient of soil Erosion, Ce, of C samples compacted at

OMC

iii) Soil Samples (‘C’ Samples) Prepared at 110% OMC (Fully Saturated Condition)

Table 5.5 and 5.6 shows the erosion rate index and coefficient of soil erosion of C

samples compacted at 110% OMC (fully saturated condition).

Table 5.5 Erosion rate index of C Samples prepared at 110% OMC (Fully Saturated

Condition)
Erosion Rate Index (In)
HEAD(cm) | CO C10 C20 C30 C40
110 4.64 4.26 4.18 4.10 3.98
125 4.52 4.38 4.23 412 3.83
140 4.20 4.04 3.93 3.73 W
155 4.14 W W 3.67 W

(Note: W — Wash off occurred at higher heads in the case of these samples)
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Table 5.6 Coefficient of soil erosion (C¢) of C Samples prepared at 110% OMC

(Fully Saturated Condition)

Coefficient of soil erosion, Ce ( s/m) x10™
HEAD(cm) COo C10 C20 C30 C40
110 0.23 0.55 0.66 0.79 1.05
125 0.30 0.42 0.59 0.76 1.48
140 0.63 0.91 1.17 1.86 W
155 0.72 W W 2.14 W

(Note: W — Wash off occurred at higher heads in the case of these samples)
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Figure 5.12. Variation of Erosion rate index (I,) of C samples at fully saturated

condition (Note: W denotes wash off occurred beyond this head)
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Figure 5.13. Variation of Coefficient of soil Erosion, C,, of C samples at fully

saturated condition (Note: W denotes wash off occurred beyond this head)

The samples were compacted to maximum dry densities at water content corresponding
to 110% of OMC (fully saturated condition) and the erosion rate index varied from 3.67
to 4.64. When fully saturated, CO sample which had more cohesion due to high
percentage of fine fraction of soils was more stable (Figs.5.12 and 5.13). In CO sample, it
was observed that the fines eroded as individual particles and not as lumps. At higher
heads, samples containing higher sand content were washed off. The sand soil mix was
found to be deposited in the overflowing jar as lumps. Also as the head increases the rate

of erosion increased due to the increase in hydraulic shear stress.

5.1.3.2. M samples

Three various water contents used were such as the optimum moisture content (OMC) of
the corresponding samples, 50% of optimum moisture content and the water content

corresponding to 100% saturation (106% of optimum moisture content). This is done to
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study the influence of moulding water content on erosion index (I,) of M samples. The

samples were tested at heads of 30cm, 40cm, 60cm and 70cm.

i) Soil Samples (‘M’ Samples) Prepared at 50% OMC

Table 5.7 and 5.8 shows the erosion rate index and coefficient of soil erosion of M

samples compacted at 50% OMC.

Table 5.7 Erosion rate index of M Samples prepared at 50% of OMC

Erosion Rate Index (In)
HEAD(cm) | MO M10 M20 M30 M40
30 3.70 3.68 3.48 3.42 3.37
40 3.58 3.59 |3.39 3.30 3.24
60 3.50 3.32 3.15 3.09 2.77
70 3.48 W W W W

(Note: W — Wash off occurred at higher heads in the case of these samples)

Table 5.8 Coefficient of soil erosion, C. of M samples prepared at 50% of OMC

Coefficient of soil Erosion, Ce ( s/m) x10™
HEAD(cm) MO M10 M20 M30 M40
30 2.00 2.09 3.31 3.80 4.27
40 2.63 2.57 4.07 5.01 5.75
60 3.16 4.79 7.08 8.13 16.98
70 3.31 W W W W

(Note: W — Wash off occurred at higher heads in the case of these samples)
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Figure 5.14. Variation of Erosion rate index (I,,) of M samples compacted at 50% of
OMC (Note: W denotes wash off occurred beyond this head)
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Figure 5.15. Variation of ( Coefficient of soil erosion, C¢, of M samples compacted at
50% of OMC (Note: W denotes wash off occurred beyond this head)
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The soil samples were prepared at maximum dry density at a moisture content
corresponding to 50% of OMC. The erosion rate index varies from 2.77 to 3.7 (Fig.5.14)
and can be classified as very rapid to moderately rapid erosion (Table 3.3). It can be
observed that the M40 sample (MO sample + 40% sand) has lower I, value and thus has
the maximum rate of erosion. The original lithomargic soil sample (sample MO0) has
higher Iy, value and so is the most stable. The M0 sample is more stable because of higher
percentage of fines (because of which it possesses higher cohesion) and lesser sand
fraction. The cohesion in the MO sample acts as a bond and holds the soil particles
together. Due to the higher percentage of sand along with silt content in the M40 sample,
the cohesion is less and it gets eroded more and hence is least stable. The erosion also
increases with head causing flow. Higher rate of erosion is observed at higher heads. The
variation of Coefficient of soil Erosion, Ce, of various samples compacted at 50% OMC

is shown in Fig.5.15.
ii) Soil Samples (‘M’ Samples) Prepared at OMC

Table 5.9 and 5.10 shows the erosion rate index and coefficient of soil erosion of M
samples compacted at OMC.
Table 5.9 Erosion rate index of M Samples prepared at OMC

Erosion Rate Index (Iy)
HEAD(cm) | MO M10 M20 M30 M40
30 3.69 3.62 3.60 3.52 351
40 3.68 3.56 3.52 3.52 3.47
60 3.26 3.20 3.07 2.99 2.96
70 W W W W W

(Note: W — Wash off occurred at higher heads in the case of these samples)
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Table 5.10 Coefficient of soil erosion, C, of M samples prepared at OMC

Coefficient of soil Erosion, Ce ( s/m) x10

HEAD(cm) | MO M10 M20 M30 M40
30 2.04 2.40 25 3.02 3.09
40 2.09 2.75 3.02 3.02 3.39
60 5.50 6.31 8.51 10.23 10.96
70 W W W W W

(Note: W — Wash off occurred at higher heads in the case of these samples)
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Figure 5.16. Variation of erosion rate index (I;) of M samples compacted at OMC
(Note: W denotes wash off occurred beyond this head)
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Figure 5.17. Variation of Coefficient of soil Erosion, Ce, of M samples compacted at
OMC (Note: W denotes wash off occurred beyond this head)

The soil samples were compacted to maximum dry density with a moisture content
corresponding to their OMC. The erosion rate index varies from 2.96 to 3.69 (Fig.5.16)
and can be classified as moderately rapid erosion as per Table 3.3. At OMC conditions,
MO sample had maximum cohesion due to the increase in water content and hence was
more stable. As the head increases, the stress acting on the soil increases and
consequently erosion rate increases. The variation of Coefficient of soil Erosion, Ce, of M

samples compacted at OMC is shown in Fig.5.17.
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iii) Soil Samples (‘M’ Samples) Prepared at 106% OMC (Fully saturated condition)

Table 5.11 Erosion rate index of M Samples prepared at 106% OMC (Fully
saturated condition)

Erosion Rate Index (Iy)
HEAD(cm) | MO M10 M20 M30 M40
30 3.35 3.18 3.01 2.94 2.72
40 3.32 3.28 3.02 3.02 2.75
60 3.02 2.93 2.83 2.82 2.59
70 291 2.78 2.76 W W

(Note: W — Wash off occurred at higher heads in the case of these samples)

Table 5.12 Coefficient of soil erosion, C. of M samples prepared at 106% OMC
(Fully saturated condition)

Coefficient of soil Erosion, Ce ( s/m) x10™
HEAD(cm) | MO M10 M20 M30 M40
30 4.47 6.61 9.77 11.48 19.05
40 4.79 5.25 9.55 9.55 17.78
60 9.55 11.75 14.79 15.14 25.70
70 12.30 16.6 17.38 W W

(Note: W — Wash off occurred at higher heads in the case of these samples)
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Figure 5.18. Variation of (a) erosion rate index (l;) of M samples compacted at
106% of OMC (Note: W denotes wash off occurred beyond this head)
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Figure 5.19. Variation of Coefficient of soil Erosion, Ce, of M samples compacted at
106% of OMC (Note: W denotes wash off occurred beyond this head)

78



The soil samples were prepared at maximum dry density at a moisture content
corresponding to 106% of OMC (fully saturated condition). Table 5.11 and 5.12 shows
the erosion rate index and coefficient of soil erosion of M samples compacted at 106%
OMC. The erosion rate index varies from 2.59 to 3.35 (Fig.5.18). Hence the rate of
erosion may be classified as very rapid to moderately rapid as per Table 3.3. A decrease
in the erosion rate index represents an increase in the rate of erosion. At 106% of OMC,
MO sample had fullest cohesion due to the highest degree of saturation and hence was
more stable. As the head increases, the stress acting on the soil increases and
consequently erosion rate increases. The variation of Coefficient of soil erosion, C¢, of M

samples compacted at OMC is shown in Fig.5.19.

It can be inferred that erosion is higher at full saturation and lower at partially saturated
condition including at OMC. As fine sand fraction increases, erosion also increases.

5.1.4. Influence of degree of compaction
5.1.4.1. C samples

To understand the influence of degree of compaction, hole erosion tests were conducted
on C20, C30 and C40 samples. Soil samples were compacted to 80%, 90% and 100% of
their maximum dry densities. The water contents were the corresponding moisture
content on light compaction curves on the dry side of optimum. Specimens were tested at
heads of 125cm, 140cm and 155cm. Table 5.13 shows the erosion rate index of C
samples for different degrees of compaction.
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Table 5.13 Erosion rate index of C Samples for different degrees of compaction

Degree of | Erosion rate index (Iy)

compaction | 100% 90% 80%

Head(cm) C20 C30 | C40 C20 |C30 |C40 |C20 C30 C40
30 4.21 427 |464 |353 |3.75 |3.80 |4.92 4.22 341
40 4.16 419 (452 |416 (425 |4.48 |4.22 3.52 3.37
60 4.06 409 (446 |4.13 (460 |W 3.58 3.23 W

(Note: W denotes wash off occurred beyond this head)
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Figure 5.20. Erosion rate of C samples compacted to 100% relative density (Note: W

denotes wash off occurred beyond this head)
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Figure 5.21. Erosion rate of C samples compacted to 90% relative density (Note: W

denotes wash off occurred beyond this head)
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Figure 5.22. Erosion rate of C samples compacted to 80% relative density (Note: W

denotes wash off occurred beyond this head)
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From Figs.5.20 to 5.22, it can be observed that at 90% and 100% degrees of compaction,
C40 sample (with about 60% fines and 40% sand fraction) shows more resistance to
erosion. The larger sand particles help in better holding of fines that have some cohesion.
When compacted to 80%, the moulding water content is very less and consequently the
cohesion is less. At 90% compaction (dry side), the results are similar to the ones
observed when the soil is compacted to maximum density at a moisture content
corresponding to 50% of OMC. Due to particle dispersion at lower heads, a higher rate of
erosion is observed. When the soil is compacted to 100% compaction density at OMC an

increase in head causes an increase in erosion rate.

It can be inferred that all the samples tested show better stability against erosion when

better compacted, especially at smaller heads.
5.1.4.2. M Samples

The influence of compaction on M samples was studied with M20, M30 and M40
samples. Soil samples were compacted to 80%, 90% and 100% of their maximum dry
densities. The water contents were taken on the dry side of the corresponding light
compaction curves. Specimens were tested at heads of 30cm, 40cm and 60cm. Table 5.14

shows the erosion rate index of M samples for different degrees of compaction.

At 80%, 90% and 100% degrees of compaction M20 sample (with about 80% fines+20%
sand) is more erosion resistant (Figs.5.23 to 5.25). This is perhaps because of good
gradation and higher cohesion between the soil particles.
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Table 5.14.Erosion rate index of M Samples for different degrees of compaction

Degree of | Erosion rate index (Iy)
compaction | 100% 90% 80%
Head(cm) | M20 M30 | M40 | M20 | M30 | M40 | M20 M30 | M40
30 3.6 352 |351 |313 [3.02 |299 |3.15 2.98 2.85
40 3.52 352 |347 |31 3 2.96 |3.09 2.85 2.81
60 3.07 299 |296 |277 |277 |265 |279 2.73 2.73
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Figure 5.23. Erosion rate of M samples compacted to 100% relative density
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Figure 5.24. Erosion rate of M samples compacted to 90% relative density
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Figure 5.25. Erosion rate of M samples compacted to 80% relative density
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Also the M40 samples (with about 60% fines + 40% sand) are least stable as the sand
fraction is high, probably reduced cohesion, causing it to erode more. It can be observed
that all the samples show maximum stability when compacted to its maximum dry
density and have least stability when compacted to 80% of its maximum dry density.

Figure 5.26. Settled soil particles in the overflowing container in case of a) wash off

b) erosion

Figures 5.26 (a) and (b) shows the settled soil particles in the overflowing container in
case of wash off and erosion respectively. Trials were attempted on samples compacted
to 90% and 80% wet of optimum for both C and M samples. But due to the higher water
content, the sample collapsed when the hole was drilled and placed horizontally for the

experiment (Fig.5.27).
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Figure 5.27. Sample which collapsed when compacted to 90% wet of optimum

5.1.5. Influence of change in initial hole diameter

To determine the influence of initial hole diameter in HET, C samples were compacted to
their maximum dry densities at their corresponding optimum moisture contents. Holes of

8mm diameter were drilled in the specimen and the tests were conducted.

Table 5.15 Erosion rate index of C samples at OMC and maximum dry density

condition conducted with an initial hole diameter of 8mm

Erosion rate Index (Iy)(values in brackets are for 6mm hole diameter)

Head(cm) | CO C10 C20 C30 C40

110 3.78 (4.26) | 4.16 (4.35) | 4.52 (4.50) | 4.67 (4.52) 4.68 (4.84)
125 372 (4.03) |3.91(413) |4.26(4.21) | 4.26 (4.27) 4.61 (4.64)
140 3.64 (3.94) |3.83(4.06) |4.02(4.16) |4.03(4.19) 4.56 (4.52)
155 3.59 (3.89) |3.64(3.97) |3.85(4.06) |3.91(4.09) 4.32 (4.46)
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Figure 5.28(a). Comparison of Erosion rate index obtained for CO sample with

initial hole diameter 6mm and 8mm
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Figure 5.28(b). Comparison of Erosion rate index obtained for C10 sample with

initial hole diameter 6mm and 8mm
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Figure 5.28(c). Comparison of Erosion rate index obtained for C20 sample with

initial hole diameter 6mm and 8mm
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Figure 5.28(d). Comparison of Erosion rate index obtained for C30 sample with

initial hole diameter 6mm and 8mm

88



5 - Sample : C40

w
1

¢
45 - " ] -
¢ € 8mm
< 4
x
E mo
mm
£35 -
c
o
'
e
L

N
w
1

2 T T T T T 1
100 110 120 130 140 150 160
Head causing flow (cm)

Figure 5.28(e). Comparison of Erosion rate index obtained for C40 sample with

initial hole diameter 6mm and 8mm

The erosion rate index varies from 3.59 to 4.68 (Table 5.15) and can be classified under
moderately rapid to moderately slow erosion, similar to as that of samples with 6mm
diameter. Table 4 also shows values of erosion rate index (I,) for 6mm diameter holes in

brackets for comparison. This comparison is also shown in Figs.5.28 (a) to 5.28 (e).

It is observed that the initial hole diameter does not influence the erosion rate index
significantly. Hence the initial diameter is not a very significant parameter affecting the
test results and rate of erosion remains fairly constant for a given dry density, head

causing the flow and water content, irrespective of hole diameter.
5.1.6. Critical shear stress

Critical shear stress is defined as the minimum stress to be applied on the soil surface to
initiate progressive erosion. The average critical shear stresses obtained for different soil

samples at various moulding water contents are shown in Figs.5.29 and 5.30. In general it
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is found that at optimum moisture content condition, the soil is most stable and shows a

higher value of critical shear stress.

In the case of C samples, critical shear stress varies from 200N/m? to 400 N/m? At
110% OMC (i.e. full saturation condition), since CO sample was most stable it has the
highest value of critical shear stress. At OMC and 50% OMC conditions, C40 sample

being more stable shows a higher value of critical shear stress.

In the case of M samples, critical shear stress varies from 45N/m? to 125N/m?. At all the

initial moulding water content, MO sample shows a higher value of critical shear stress.

It can be clearly observed that soils with higher silt content (M samples) show a lower

critical stress than those of soils with higher clay content (C samples).
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Figure 5.29. Critical shear stress variation of samples at different moulding water

contents for C samples
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5.1.7. Variation of erosion index with silt fraction

A comparison of erosion rate indices is studied for the M samples (having comparatively
higher silt content) and C samples to understand the influence of silt content on erosion

index values.

From Table 5.16 it is clear that the M samples have higher percentage of silt fraction (2u
to 75 size) when compared to the C samples. Figures 5.31 (a) to (e) show the variation

of erosion index with silt content for different conditions of water content and

compaction.
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Table 5.16 Percentage of silt for all the blended samples with varying percentage of
sand added

Percentage of sand added to | Percentage of silt fraction (2u to
C and M samples” 750 size)
C samples M samples

0" co |427 [MO |79.9
10 C10 38.4 M10 | 745
20 C20 34.2 M20 |64.1
30 C30 |30.7 |M30 |551
40 C40 26.3 M40 | 51.0

Note: "C samples procured from source 1and M samples procured from source 2; *

Natural procured sample)

It is observed that the C samples have lower erosion rate when compared to the M
samples which have higher silt content. Since the M samples have higher silt content (silt
fraction), the structure of soil mass is less stable. However, in the C samples, as silt
content is less, the structure of soil mass is more stable with the fine clay particles filling
the voids of the coarser particles leading to higher inter-particle shearing resistance and

higher stability of the C samples.
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Figure 5.31. Variation of erosion index of samples with silt content for (a) OMC
condition (b) 50% of OMC condition (c) Saturation condition (d) 80% compaction

(e) 90% compaction
5.1.8. Variation of erosion index (I,,) with plasticity index (PI) at saturation

The variation of erosion index with plasticity index for all the samples prepared at
saturation condition and at critical head is analyzed and is shown in Fig.5.32. In the field,
after heavy rain, caving in is observed in the slopes in lateritic formations, with exposed
lateritic soils (lateritic lithomarge or lithomargic laterites). The soil gets fully saturated

and undergoes erosion. This was being simulated in the laboratory by preparing samples

94



at fully saturated condition and then conducting the hole erosion tests. From Fig.5.32 it
can be observed that erosion index (lp) increases with increase in plasticity index (PI).
This indicates that higher the plasticity index higher will be the erosion resistance of the
soil. Critical head indicates the minimum head (and thereby representing critical shear
stress) at which the soil sample in laboratory will undergo progressive erosion in a hole

grosion test.

Saturation Condition

5 - At Critical head
45 -
C Samples
Critical Head = 110cm
5 4
°
£
[
=
g 3.5 -
Ll
M Samples
3 - Critical Head = 30cm
2.5 T T T T 1
0 5 10 15 20 25

Plasticity Index (PI)

Figure 5.32. Variation of erosion index (In) with plasticity index (PI) at critical head

(samples prepared at saturation)
5.2. SLOPE STABILITY ANALYSIS RESULTS

5.2.1. General

For slope stability analysis, 3 different heights of slope with different slope angles are
considered. We have considered 5m, 8m, 11m slope with 30, 40, 45 and 60 degree slope
angle. For 11m height slope berm is provided at 5.5m. In case of 8m slope, two cases are
considered, first case berm at 4m, and second berm at 5.5m and then factor of safety

(FOS) is compared for all the above cases. In 8m and 11m slope, effect of top soil (i.e.
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laterite) excavation, ponding effect is considered and the effect of this over FOS of slope
is studied. In the case of 5m slope, only lithomargic clay layer of 5m is considered
without the excavation and ponding effect. In all the slopes effect of vegetation and effect
of trees, wind load on trees over the slope is analysed. The stability of slope in both dry

(drained condition) and saturated condition (undrained condition) are studied.

5.2.2. Drained Condition

5.2.2.1. 5m height slope

In 5m slope, lithomargic clay layer of 5m height is considered without the excavation and

ponding effect.

Table 5.17 Factor of safety due to tree position over slope of 5m height

30 Degree 5m slope

Factor of safety Toe* Top* Toe+Top* Without tree
With WL 3.36 2.95 3.2 3.1
Without WL 3.36 2.88 3.04 3.1

Table 5.18 Factor of safety due to tree position over slope with turfing

30 Degree 5m slope with Turfing and trees

Factor of Turfing
safety Toe*+Turfing | Top*+Turfing | (Toe+Top)*+Turfing only
With WL 3.65 3.2 3.48 3.45
Without WL 3.65 2.9 3.4 3.45

Table 5.19 Factor of safety due to tree position over slope

40 Degree 5m slope

Factor of safety Toe* Top* Toe+Top* Without tree
With WL 3 2.52 2.83 2.68
Without WL 3 2.43 2.73 2.68




Table 5.20 Factor of safety due to tree position over slope with turfing

40 Degree 5m slope with Turfing and trees

Factor of Turfing
safety Toe*+Turfing | Top*+Turfing | (Toe+Top)*+Turfing only
With WL 3.11 2.92 3.22 3.16
Without WL 3.11 2.83 3.15 3.16

Table 5.21 Variation of factor of safety due to tree position over slope

45 Degree 5m slope

Factor of safety Toe* Top* Toe+Top* Without tree
With WL 2.87 2.35 2.63 2.5
Without WL 2.87 2.26 2.55 2.5

Table 5.22 Variation of factor of safety due to tree position over slope with turfing

45 Degree 5m slope with Turfing and trees

Factor of Turfing
safety Toe*+Turfing | Top*+Turfing | Toe+Top*+Turfing only
With WL 3.22 2.73 3.08 2.93
Without WL 3.22 2.64 3.04 2.93

In this case (Table 5.17 to 5.22), it can be observed that wind load have very little effect
on factor of safety (Fig.5.33 (a) to (c)). Tree near the toe have no effect of wind load
because the soil is subjected to very less disturbance. If the tree is placed in middle or top

position of the slope, the factor of safety decreases and when wind effect is considered

the factor of safety still reduces. Due to the effect of wind, for tree position at middle and

top, the disturbance in soil is high compared to the tree at toe. Roots reinforce the soil

through growing across failure planes, root columns acting as piles, and through limiting

surface erosion. Wind-throw is a factor when only one tree is considered alone. However
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it is of lesser importance when considering general slope stability for a body of trees as
the wind forces involved represents a smaller percentage of the potential disturbing forces
(0 to 3% decrease in FOS). The trees which are in the centre of the group will be
sheltered by those on the outside because the tree is not taking full wind force when

compared to the force faced by the first tree.

5m Height, 30 Degree

B Without WL m With WL
3.4 -

3.3 -
3.2 A
3.1 -

Factor of safety

2.9 -
2.8 -
2.7 -

Toe* Top* Toe+Top* Without tree

Figure 5.33(a).Variation of factor of safety due to wind load for 5m height 30 degree
slope (*- Tree position, WL —wind load )

5m Height, 40 Degree

B Without WL B With WL

w
N
)

Factor of safety

NN N
N N R O O W

Toe* Top* Toe+Top* Without tree

Figure 5.33(b).Variation of factor of safety due to wind load for 5m height 40 degree
slope (*- Tree position, WL —wind load )
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Figure 5.33(c).Variation of factor of safety due to wind load for 5m height 45 degree

slope (*- Tree position, WL —wind load )

5.2.2.2. Variation of Factor of Safety With Respect To Slope Angle

In this case (Table 5.23 to 5.28), it can be observed that, as the slope angle increases the

effect of tree at the toe of slope is more i.e. percentage increase in FOS when compared

with bare slope is increasing. This is because the root penetration in resisting zone is

more in case of steep slopes. The variation in factor of safety with respect to slope angle
is shown Fig.5.34 (a) to (f).

Table 5.23 Factor of safety with respect to slope angle for 8m slope with berm at 4m

Slope | Toe* | Mid* | Top* | Toe+Mi | Toe+Mi | Toe+To | Mid+T | Without
Angle d+Top* | d* p* op* tree

30° 278 | 2.67 2.6 2.72 2.77 2.72 2.6 2.67
40° 246 | 232 225 2.4 2.46 2.4 2.18 2.33
45° 235| 221| 218 2.29 2.35 2.29 2.14 2.22
60° 197| 187| 184 1.95 1.97 1.93 1.84 1.89
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Table 5.24 Factor of safety with respect to slope angle for 8m slope with berm at 4m

with turfing
Slope | Toe* | Mid* | Top* | Toe+Mid | Toe+Mi | Toe+To | Mid+T | Turfing
Angle | +Tur | +turf | +Tur | +Top*+T | d*+Tur | p*+Tur | op*+Tu only
fing ing fing urfing fing fing rfing

30° 29| 276| 271 2.84 2.9 2.84 2.68 2.79
40° 253 | 239 | 233 2.47 2.52 2.49 2.33 2.4
45° 244 | 225 | 2.25 2.37 2.4 2.38 2.26 2.31
60° 217 | 2.02| 1.99 2.12 2.17 2.17 1.99 2.03

Table 5.25 Factor of safety with respect to slope angle for 8m slope with berm at

5.5m
Slope | Toe* | Mid* | Top* | Toe+Mid | Toe+Mi | Toe+To | Mid+T | Without
Angle +Top* |d* p* op* tree
30° 271 263 | 256 2.65 2.71 2.65 2.54 2.65
40° 241 | 2.22 2.2 2.34 2.38 2.35 2.18 2.28
45° 227 2.08| 208 2.19 2.21 2.2 2.07 2.12
60° 196 | 1.72| 1.72 1.93 1.96 1.92 1.73 1.74

Table 5.26 Factor of safety with respect to slope angle for 8m slope with berm at

5.5m with turfing

Slope | Toe* | Mid* | Top* | Toe+tMid | Toe+Mi | Toe+To | Mid+T | Turfing

Angle | +Tur | +turf | +Tur | +Top*+T | d*+Tur | p*+Tur | op*+Tu only
fing ing fing urfing fing fing rfing

30° 283 | 273 | 2.68 2.77 2.82 2.74 2.66 2.71

40° 252 | 238| 232 2.46 2.52 2.49 2.31 2.38

45° 235 | 212 2.2 2.26 2.33 2.36 2.18 2.22
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60°

2

1.85

1.86

1.96

1.96

1.96

1.8

1.89

Table 5.27 Factor of safety with respect to slope angle for 11m slope with berm at

5.5m
Slope | Toe* | Mid* | Top* | Toe+Mid | Toe+Mi | Toe+To | Mid+T | Without
Angle +Top* |d* p* op* tree
30° 228 | 221 | 217 2.24 2.28 2.25 2.18 2.21
400 197| 1.86| 1.83 1.91 1.92 1.92 1.83 1.87
45° 185 | 1.73| 1.71 1.82 1.854 1.83 1.71 1.73
60° 192 181 181 1.89 1.87 1.89 1.79 1.81

Table 5.28 Factor of safety with respect to slope angle for 11m slope with berm at

5.5m with turfing

Slope | Toe* | Mid* | Top* | Toe+tMid | Toe+Mi | Toe+To | Mid+T | Turfing

Angle | +Tur | +turf | +Tur | +Top*+T | d*+Tur | p*+Tur | op*+Tu only
fing ing fing urfing fing fing rfing

30° 233 | 226| 224 2.33 2.36 2.33 2.24 2.26

40° 205| 194| 191 1.95 1.96 2.03 1.91 1.93

45° 193 | 177| 1.76 1.9 1.91 1.9 1.77 1.79

60° 208 | 197 | 194 2.05 2.07 2.06 1.94 1.97
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= Without tree

Figure 5.34(a). Variation of factor of safety with respect to slope angle for 8m slope

with berm at 4m (*Tree position)

8m slope with turfing,berm at 4m ™ Toe*+Turfing
B Mid*+turfing
W Top*+Turfing

B Toe+Mid+Top*+Turfing

Factor of Safety

B Toe+Mid*+Turfing

W Toe+Top*+Turfing

30 degree 40 degree 45 degree 60 degree _ _
phase4 phase4 phase4 phase4 ™ Mid+Top*+Turfing

® Turfing only

Figure 5.34(b). Variation of factor of safety with respect to slope angle for 8m slope

with berm at 4m with turfing (*Tree position)
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8m slope, berm at 5.5m W Toe*
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B Top*
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Factor of Safety
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30 degree 40 degree 45 degree 60 degree
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Figure 5.34(c). Variation of factor of safety with respect to slope angle for 8m slope
with berm at 5.5m (*Tree position)

8m slope with turfing, berm at 5.5m

B Toe*+Turfing
H Mid*+turfing
H Top*+Turfing
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Factor of Safety
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Figure 5.34(d). Variation of factor of safety with respect to slope angle for 8m slope
with berm at 5.5m with turfing (*Tree position)
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11m slope, berm at 5.5m
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Figure 5.34(e). Variation of factor of safety with respect to slope angle for 11m slope

with berm at 5.5m (*Tree position)

11m slope with turfing, berm at 5.5m
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Figure 5.34(f). Variation of factor of safety with respect to slope angle for 11m slope
with berm at 5.5m with turfing (*Tree position)

104



5.2.2.3. Percentage variation in factor of safety with respect to tree position

Figures 5.35 (a) to (c) shows the percentage variation in factor of safety with respect to
tree position (Table 5.29 to 5.31) when compared with bare slope. An increasing FOS up
to 12% is observed if tree is present at the toe of slope due to reinforcing action of the
roots. The excavation in the top does not have much effect on the factor of safety since
the excavated soil part lies outside the failure slip circle. When the tree is placed near the
mid and top a decreasing factor of safety is observed. This is due to the fact that tree
weight contributes to the driving force leading to decrease in FOS. When you consider
tree position at Toe+Mid+Top, Toe+Mid, Toe+Top the factor of safety increases. The

factor of safety is decreasing up to 6% when trees are provided at Mid+Top position.

Table 5.29 Percentage variation in factor of safety with respect to tree position for

8m slope with berm at 4m

Slope | Toe* | Mid* | Top* | Toe+Mid | Toe+Mi | Toe+To | Mid+T
Angle +Top* | d* p* op*

30° 4.12 0| -2.62 1.87 3.75 1.87 -2.62
40° 558 | -0.43 | -3.43 3.01 5.58 3.01 -6.44
450 586 | -045| -1.80 3.15 5.86 3.15 -3.60
60° 4.07 | -1.43| -3.06 2.85 3.91 2.06 -3.12

Table 5.30 Percentage variation in factor of safety with respect to tree position for

8m slope with berm at 5.5m

Slope | Toe* | Mid* | Top* | Toe+Mid | Toe+Mi | Toe+To | Mid+T
Angle +Top* | d* p* op*

30° 227 | -0.76 | -3.39 0 2.27 0 -4.15
40° 570 | -2.63| -3.51 2.63 4.39 3.07 -4.39
450 7.08| -1.89 | -1.89 3.30 4.25 3.77 -2.36
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60° 12.64 | -0.92 | -1.44 10.69 12.41 10.52 -0.58

Table 5.31 Percentage variation in factor of safety with respect to tree position for

11m slope with berm at 5.5m

Slope | Toe* | Mid* | Top* | Toe+Mid | Toe+Mi | Toe+To | Mid+T
Angle +Top* |d* p* op*
300 3.168 0| -1.81 1.36 3.17 1.81 -1.36
400 535| -054| -2.14 2.14 2.67 2.67 -2.14
45° 7.28 0| -1.16 5.20 7.17 5.78 -1.16
60° 579 | -0.33| -0.44 4.08 3.03 4.19 -1.16
8m slope, berm at 4m H Toe*
8 -
S B Mid*
> 6
? 4 - m Top*
S 2 - .
3 B Toe+Mid+Top*
Lo
£ 0
s B Toe+Mid*
g8 2
3 30 degree  40'degree’ 45 degreel 60 degree "
~ -4 phase 4 phase 4 phase 4 phase 4 W Toe+Top
-6 1 Mid+Top*
_8 J
Figure 5.35(a).
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Figure 5.35(b). Percentage variation in factor of safety with respect to tree position

for 8m slope with berm at 5.5m (*Tree position)

*
g 11m slope, berm at 5.5m W Toe
g u Mid*
g 6
= *
B m Top
S 4
9o B Toe+Mid+Top
3 *
LL
E 2 - B Toe+Mid*
o
©
E 0 - Toe+Top*
>
2 = Mid+Top*
4 -

Figure 5.35(c). Percentage variation in factor of safety with respect to tree position
for 11m slope with berm at 5.5m (*Tree position)
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5.2.2.4. Percentage variation in factor of safety with respect to turfing

Figures 5.36 (a) to (c) shows the percentage variation in factor of safety with respect to

turfing (Table 5.32 to 5.34) when compared with bare slope. A percentage increase in

factor of safety up to 15% is observed due to turfing along with trees.

Table 5.32 Percentage variation in factor of safety with respect to turfing for 8m

slope with berm at 4m

Slope | Toe* | Mid* | Top* | Toe+Mid | Toe+Mi | Toe+To | Mid+T | Turfing

Angle | +Tur | +turf | +Tur | +Top*+T | d*+Tur | p*+Tur | op*+Tu only
fing ing fing urfing fing fing rfing

30° 862| 337| 150 6.37 8.62 6.37 0.38 4.49

40° 8.58 | 2.58 0 6.01 8.16 6.87 0 3.01

45° 991 | 1.35| 1.352 6.76 8.11 7.21 1.80 4.056

60° 1478 | 7.08| 5.07 12.14 14.63 14.68 5.28 7.18

Table 5.33 Percentage variation in factor of safety with respect to turfing for 8m

slope with berm at 5.5m

Slope | Toe* | Mid* | Top* | Toe+tMid | Toe+Mi | Toe+To | Mid+T | Turfing

Angle | +Tur | +turf | +Tur | +Top*+T | d*+Tur | p*+Tur | op*+Tu only
fing ing fing urfing fing fing rfing

30° 6.79| 3.02| 1.13 4.53 6.42 3.39 0.38 2.27

40° 1052 | 439| 176 7.89 10.53 9.21 1.32 4.39

45° 10.85 0| 3.77 6.60 9.91 11.32 2.83 4.72

60° 1494 | 6.265 | 6.89 12.41 12.82 12.82 6.67 8.39

108




Table 5.34 Percentage variation in factor of safety with respect to turfing for 11m

slope with berm at 5.5m

Slope | Toe* | Mid* | Top* | Toe+Mid | Toe+Mi | Toe+To | Mid+T | Turfing

Angle | +Tur | +turf | +Tur | +Top*+T | d*+Tur | p*+Tur | op*+Tu only
fing ing fing urfing fing fing rfing

30° 543 | 226 | 1.36 5.43 6.79 5.43 1.36 2.26

40° 9.63| 3.74| 214 4.28 4.81 8.56 2.14 3.21

45° 1156 | 231 | 1.74 9.83 10.41 9.83 2.31 3.47

60° 1477 | 8.43 | 7.05 12.89 14.22 13.28 6.83 8.54
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B Toe+Mid+Top*+Turfing

Figure 5.36(a). Percentage variation in factor of safety with respect to turfing for 8m

slope with berm at 4m (*Tree position)
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Figure 5.36(b). Percentage variation in factor of safety with respect to turfing for

8m slope with berm at 5.5m (*Tree position)
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Figure 5.36(c). Percentage variation in factor of safety with respect to turfing for
11m slope with berm at 5.5m (*Tree position)
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5.2.2.5. Variation in factor of safety with respect to berm position

By providing berm at different positions for 8m slope, it can be observed that the berm
position also affects the factor of safety. When berm is provided at 4m height, an increase
in FOS up to 8% is observed when trees are only provided whereas in the case of trees
along with turfing there is an increase of FOS up to 10%. The factor of safety is more if

we provide berm at mid rather than providing at 3/4th height.
5.2.3. Undrained Condition

Slopes with cut slope angle of 60 degrees failed under undrained conditions for 11m

height slope.
5.2.3.1. Variation of Factor of Safety With Respect To Slope Angle

In this case (Table 5.35 to 5.40), it can be observed that, As the slope angle increases the
effect of tree at the toe of slope is more i.e., percentage increase in FOS when compared
with bare slope is increasing. The variation in factor of safety with respect to slope angle
is shown Fig.5.37 (a) to (f).

Table 5.35 Factor of safety with respect to slope angle for 8m slope with berm at 4m

Slope | Toe* | Mid* | Top* | Toe+Mid | Toe+Mi | Toe+To | Mid+T | Without
Angle +Top* | d* p* op* tree

30° 268 | 258 | 252 2.6 2.65 2.57 2.5 2.58
40° 2.36 | 2.22 2.2 2.32 2.35 2.34 2.19 2.27
45° 228 | 212 2.1 2.21 2.28 2.26 2.12 2.16
60° 135| 130| 1.28 1.32 1.35 1.33 1.27 1.31
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Table 5.36 Factor of safety with respect to slope angle for 8m slope with berm at 4m

with turfing
Slope | Toe* | Mid* | Top* | Toe+tMid | Toe+Mi | Toe+To | Mid+T | Turfing
Angle | +Tur | +turf | +Tur | +Top*+T | d*+Tur | p*+Tur | op*+Tu only
fing ing fing urfing fing fing rfing

30° 2.77 | 2.67 2.6 2.68 2.74 2.67 2.58 2.64
40° 245 | 229 | 227 2.4 2.42 2.41 2.39 2.35
45° 2.4 22| 2.18 2.32 2.38 2.32 2.15 2.21
60° 146 | 142| 1.38 1.43 1.45 1.43 1.38 1.43

Table 5.37 Factor of safety with respect to slope angle for 8m slope with berm at

5.5m
Slope | Toe* | Mid* | Top* | Toe+Mid | Toe+Mi | Toe+To | Mid+T | Without
Angle +Top* | d* p* op* tree
30° 26| 252 | 247 2.54 2.58 2.57 2.4 2.55
40° 229 | 216| 211 2.24 2.27 2.27 2.08 2.2
45° 223 | 2.08| 2.08 2.2 2.25 2.25 2.08 2.14
60° 132 125| 124 1.28 1.30 1.29 1.22 1.26

Table 5.38 Factor of safety with respect to slope angle for 8m slope with berm at

5.5m with turfing

Slope | Toe* | Mid* | Top* | Toe+tMid | Toe+Mi | Toe+To | Mid+T | Turfing

Angle | +Tur | +turf | +Tur | +Top*+T | d*+Tur | p*+Tur | op*+Tu only
fing ing fing urfing fing fing rfing

30° 27| 258| 257 2.58 2.58 2.63 2.48 2.62

40° 2.4 | 2.27 2.2 2.35 2.38 2.36 2.3 2.32
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45°

2.28

2.12

2.12

2.21

2.26

2.28

2.1

2.17

60°

1.41

1.33

1.32

1.37

1.39

1.38

1.31

1.35

Table 5.39 Factor of safety with respect to slope angle for 11m slope with berm at

5.5m
Slope | Toe* | Mid* | Top* | Toe+Mid | Toe+Mi | Toe+To | Mid+T | Without
Angle +Top* |d* p* op* tree
30° 182 | 1.79| 1.77 1.81 1.83 1.82 1.79 1.8
40° 16| 156| 154 1.59 1.58 1.58 1.53 1.56
450 151 | 145| 143 1.47 1.5 1.47 1.43 1.45

Table 5.40 Factor of safety with respect to slope angle for 11m slope with berm at

5.5m with turfing

Slope | Toe* | Mid* | Top* | Toe+tMid | Toe+Mi | Toe+To | Mid+T | Turfing

Angle | +Tur | +turf | +Tur | +Top*+T | d*+Tur | p*+Tur | op*+Tu only
fing ing fing urfing fing fing rfing

30° 188 | 187| 1.83 1.85 1.86 1.87 1.83 1.86

40° 166| 161| 162 1.63 1.67 1.63 1.58 1.6

45° 156 | 153| 1.58 1.53 1.56 1.52 1.49 1.53
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Figure 5.37(a). Variation of factor of safety with respect to slope angle for 8m slope

with berm at 4m (*Tree position)
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Figure 5.37(b). Variation of factor of safety with respect to slope angle for 8m slope
with berm at 4m with turfing (*Tree position)
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8m slope, berm at 5.5m
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Figure 5.37(c). Variation of factor of safety with respect to slope angle for 8m slope

with berm at 5.5m (*Tree position)
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Figure 5.37(d). Variation of factor of safety with respect to slope angle for 8m slope
with berm at 5.5m with turfing (*Tree position)
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11m slope, berm at 5.5m
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Figure 5.37(e). Variation of factor of safety with respect to slope angle for 11m slope

with berm at 5.5m (*Tree position)
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Figure 5.37(f). Variation of factor of safety with respect to slope angle for 11m slope
with berm at 5.5m with turfing (*Tree position)

116



5.2.3.2. Percentage variation in factor of safety with respect to tree position

Table 5.41 Percentage variation in factor of safety with respect to tree position for

8m slope with berm at 4m

Slope | Toe* | Mid* | Top* | Toe+Mid | Toe+Mi | Toe+To | Mid+T
Angle +Top* | d* p* op*

30° 3.88 0| -2.33 0.78 2.71 -0.39 -3.10
40° 3.97 | -2.20| -3.08 2.20 3.53 3.08 -3.53
450 6.64 | -1.42| -2.37 4,74 6.64 5.69 -2.37
60° 3.20 | -0.76 | -2.06 0.84 2.59 1.53 -2.89

Table 5.42 Percentage variation in factor of safety with respect to tree position for

8m slope with berm at 5.5m

Slope | Toe* | Mid* | Top* | Toe+Mid | Toe+Mi | Toe+To | Mid+T
Angle +Top* | d* p* op*

30° 196 | -1.18| -3.14 -0.39 1.18 0.79 -5.88
40° 409 | -1.82| -4.09 1.82 3.18 3.18 -5.46
450 421 | -2.80| -2.80 2.80 5.14 5.14 -2.80
60° 459 | -1.27| -1.90 1.50 2.77 2.14 -3.09

Table 5.43 Percentage variation in factor of safety with respect to tree position for

11m slope with berm at 5.5m

Slope | Toe* | Mid* | Top* | Toe+Mid | Toe+Mi | Toe+To | Mid+T
Angle +Top* |d* p* op*

30° 1.11| -0.56 | -1.67 0.56 1.67 1.11 -0.56
40° 2.57 0| -1.28 1.92 1.28 1.28 -1.92
450 3.17 0| -1.38 1.38 3.45 1.38 -1.38
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Figure 5.38(a). Percentage variation in factor of safety with respect to tree position

for 8m slope with berm at 4m (*Tree position)

8m slope, berm at 5.5m

M Toe*
H Mid*
m Top*
M Toe+Mid+Top*

B Toe+Mid*

Variation in Factor of safety (%)

® Toe+Top*

H Mid+Top*

Figure 5.38(b). Percentage variation in factor of safety with respect to tree position
for 8m slope with berm at 5.5m (*Tree position)
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Figure 5.38(c). Percentage variation in factor of safety with respect to tree position

for 11m slope with berm at 5.5m (*Tree position)

An increase of factor of safety up to 9% is observed when tree is at toe and a 5% decrease
in factor of safety is observed when tree is at Mid+Top. Figures 5.38 (a) to (c) shows the
percentage variation in factor of safety with respect to tree position (Table 5.41 to 5.43)
when compared with bare slope.

5.2.3.3. Percentage variation in factor of safety with respect to turfing
Table 5.44 Percentage variation in factor of safety with respect to turfing for 8m

slope with berm at 4m

Slope | Toe* | Mid* | Top* | Toe+tMid | Toe+Mi | Toe+To | Mid+T | Turfing
Angle | +Tur | +turf | +Tur | +Top*+T | d*+Tur | p*+Tur | op*+Tu only
fing ing fing urfing fing fing rfing

30° 737 349 | 0.78 3.88 6.20 3.49 0 2.33
40° 793 | 0.88 0 5.73 6.61 6.17 5.29 3.53
45° 1111 185] 0.93 7.41 10.19 7.41 -0.46 2.32
60° 1098 | 8.16 | 542 9.08 10.76 9.23 5.04 9.08
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Table 5.45 Percentage variation in factor of safety with respect to turfing for 8m

slope with berm at 5.5m

Slope | Toe* | Mid* | Top* | Toe+Mid | Toe+Mi | Toe+To | Mid+T | Turfing

Angle | +Tur | +turf | +Tur | +Top*+T | d*+Tur | p*+Tur | op*+Tu only
fing ing fing urfing fing fing rfing

30° 588 | 1.18| 0.79 1.18 1.18 3.14 -2.75 2.75

40° 9.09| 3.8 0 6.82 8.18 7.27 4.55 5.46

45° 6.54 | -0.93| -0.93 3.27 5.61 6.54 -1.87 1.40

60° 11.48 | 554 | 4.67 8.55 10.21 9.58 3.64 6.81

Table 5.46 Percentage variation in factor of safety with respect to turfing for 11m

slope with berm at 5.5m

Slope | Toe* | Mid* | Top* | Toe+tMid | Toe+Mi | Toe+To | Mid+T | Turfing

Angle | +Tur | +turf | +Tur | +Top*+T | d*+Tur | p*+Tur | op*+Tu only
fing ing fing urfing fing fing rfing

30° 445 | 389 | 1.67 2.78 3.33 3.89 1.67 3.33

40° 6.41| 321 | 3.85 4.49 7.05 4.49 1.28 2.57

45° 759 | 552 | 8.97 5.52 7.59 4.82 2.76 5.52
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Figure 5.39(a). Percentage variation in factor of safety with respect to turfing for 8m

slope with berm at 4m (*Tree position)
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Figure 5.39(b). Percentage variation in factor of safety with respect to turfing for
8m slope with berm at 5.5m (*Tree position)
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Figure 5.39(c). Percentage variation in factor of safety with respect to turfing for

11m slope with berm at 5.5m (*Tree position)

A percentage increase up to 12% is obtained when turfing is provided in slopes along
with the trees in undrained conditions. Figures 5.39 (a) to (c) shows the percentage

variation in factor of safety with respect to turfing (Table 5.44 to 5.46) when compared
with bare slope.

5.2.4. Effect of Piping on Excavated Slopes

A pipe of diameter 0.1m is provided in the lithomargic clay layer for bare excavated
slopes of height 8m and 11m under undrained conditions. The slopes with cut slope
angles 30, 40, 45 and 60 degrees are being analyzed. A decrease in factor of safety is
obtained for slope angles 30, 40, and 45 degrees, whereas 60 degree slope failed for both
8m and 11m height slopes when piping is provided. The failure surface is seen to pass
along the pipe in all the phases. (Fig.5.40)
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CHAPTER 6

CONCLUSIONS

6.1. GENERAL

The final conclusions of this research work are discussed in this chapter. The erosion

characteristics of controlled lithomargic clay samples are studied and the conclusions

are summarised. The variation of critical shear stress for samples with higher clay

fraction and higher silt fraction was studied under different compaction conditions

and the conclusions are stated in this chapter. The conclusions from the results of

slope stability analyses studying the effect of vegetation excavation, seepage,

precipitation and piping are also summarised in this chapter.

6.2. HOLE EROSION TESTS

Hole erosion tests are conducted on lithomargic clay samples containing higher
clay fraction (C samples) and higher silt fraction (M samples).

Soils containing higher clay fraction showed higher resistance to erosion with
critical shear stress varying from 200N/m? to 400N/m? whereas in the case of soils
with higher silt fraction lower erosion resistance was observed, with critical shear
stress varying from 45N/m? to 125N/m?.

Critical shear stress was observed to be higher for all the samples prepared at
OMC conditions indicating greater resistance to erosion.

Soils with high plasticity index were less susceptible to erosion than soils with
lower plasticity index.

Lithomargic clays with higher clay fraction could be classified under moderately
slow erosion, whereas soils with higher silt fraction indicated very rapid to

moderately rapid erosion.

6.3. SLOPE STABILITY ANALYSES

There is noticeable change in factor of safety when shedi soil becomes drained to

undrained condition (about 24%).
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The factor of safety is more if we provide berm at mid rather than providing at
3/4th height for slopes of 8m height.

Vegetation (turfing) is multifunctional, relatively inexpensive and visually
attractive and help to stabilize the slopes. It increases the factor of safety to about
12%. The roots of the turf vegetation act as soil reinforcement and increase the
cohesion thus reducing the soil erosion.

The effect of trees over slope is more as the slope becomes steeper. The factor of
safety of vegetated slope increases with increase in cohesion if properly located.
Tree at toe provides better stability whereas trees at mid and top gives lower factor
of safety. The factor of safety of vegetated slope with both turfing and tree at toe
gives more stability to the slope compared to only tree at toe position.

Piping in the excavated slopes results in a decrease in stability of the slope. The

failure surface was observed to pass along the pipe present in the slope.
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