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ABSTRACT

Landslides are among the most disastrous natural disasters that have severe potential impacts
on human life, structures, and the environment, especially in mountainous areas such as
Himachal Pradesh. The project assesses slope stability and recommends efficient landslide
mitigation measures based on a mixture of field inspections, laboratory investigation,
engineering studies, and software-based modeling. Using soil testing techniques like the Core
Cutter Test and Direct Shear Test, the following critical geotechnical parameters were
established: bulk density, cohesion, and internal friction angle. GEOS geotechnical software
was used to simulate slope behavior under different conditions dry, saturated, and post-
stabilization. The research examined the effect of engineering measures like soil nailing, anti-
slide piles and compared their efficiency based on the Factor of Safety criterion. Results
indicated a significant rise in upon the implementation of mitigation measures, proving their
efficacy in improving slope stability. Further, an economic analysis indicated that soil
anchoring provides a cost-effective solution to anti-slide piles in some situations. The report
recommends an integrated approach that integrates engineering and ecological methods to
effectively manage landslide risks. The results offer a practical and scalable approach to
future infrastructure development and disaster risk reduction in landslide-susceptible areas.



CHAPTER 11
INTRODUCTION

1.1 Introduction

Landslides are among the most devastating natural disasters, with the potential to inflict
heavy loss of life, infrastructure, and the environment. Landslides are defined as the
downward and outward movement of slope-forming materials such as rock, soil, and debris
under gravity. Landslides result from a combination of geological, meteorological, and
anthropogenic factors. The frequency and intensity of occurrence are becoming greater
concerns, particularly in mountain and hilly regions like those common in northern India and
the Himalayan region.

More than 15% of the Indian territory is vulnerable to landslides, and over 300 individuals
lose their lives every year as a result of slope failure, as stated by the Geological Survey of
India. The United Nations Office for Disaster Risk Reduction (UNDRR) indicates that
globally, landslides hit about 4.8 million people every year, resulting in huge economic
losses.

The major reasons for landslides are heavy or prolonged rainfall, earthquakes, deforestation,
haphazard construction, and unscientific excavation. As a result of climate change, there is an
increase in extreme weather conditions, and hence many stable areas are now facing
enhanced susceptibility. Urbanization, hill road construction, and deforestation also enhance
slope instability.

The impacts of landslides are extensive. In addition to direct loss of life and property damage,
landslides interfere with transportation, communication, and supply chains. The impact often
results in community displacement, loss of agricultural productivity, and long-term
environmental degradation. Due to these implications, landslide risk management is not only
a scientific or engineering issue, but also a socio-economic and environmental concern.

Landslide mitigation involves a wide range of techniques, ranging from engineering measures
to bioengineering methods and early warning systems. Engineering measures like retaining
walls, rock bolts, soil nails, and drainage are common. The use of vegetation and natural
slope management to improve soil stability is also increasingly recognized. Monitoring
devices such as inclinometers, piezometers, and satellite remote sensing in real time now
enable authorities to identify slope deformations in time and issue warnings to prevent
catastrophes.

The current research investigates a holistic method of landslide mitigation by combining
engineering methods with ecological conservation and the use of cutting-edge geotechnical
software tools like GEOS. Slope stabilization techniques are given major emphasis,
especially in high-risk areas like the terrain of Himachal Pradesh Region. The research
methodology involves geotechnical studies, numerical modeling, and the use of field-verified
mitigation techniques.



This study intends not only to add to educational knowledge but to act as a guide for projects
in the future that need multidisciplinary handling of slope safety. The roles of sustainable
planning, community input, and adaptative planning within landslide-prone regions cannot be
overemphasized.

1.1 Aim and scope

1.1.1 Aim of the Study

The main objective of this research is to study and apply efficient landslide mitigation and
slope stabilization methods appropriate for the geologically fragile terrain around Himachal
Pradesh. This project strives to assess different geotechnical, structural, and bioengineering
interventions through field and laboratory studies, supplemented by advanced simulation
tools, to provide sustainable and site-specific slope stability solutions.

Through the combination of soil testing practices, numerical modeling, and engineering
analysis, this study aims to deliver an overarching methodology for assessing slope risk and
mitigating landslides. The results should serve not just scholarly comprehension, but also
realistic, practical purposes in landslide risk areas.

1.1.2 Objectives

In order to realize the aforementioned objective, the project is informed by the following
goals:

1. To simulate slope behavior with GEOS5 geotechnical software, visualizing failure
surfaces and computing factors of safety.

2. To analyse slope stability methods to estimate shear strength parameters

Analyse slope stability of different slopes using different slope stability methods

4. Economical comparison of soil anchor and anti slide piles.

(98]

1.1.3 Scope of the Study

This project is restricted to the geologic and climatic conditions pertaining to the area of
Himachal Pradesh, specifically in the area of Waknaghat. The techniques employed, such as
soil testing, field surveys, and computer software simulations, are specific to this
geographical context but can be applied to comparable terrains in other areas.

The scope covers:

Examination of engineering and countermeasures.Field investigations and laboratory testing
of soil samples.Use of numerical models for slope stability computation. Use of GEOS5
software for parameter-sensitive and realistic simulations.Technical, environmental, and



economic feasibility-based proposals for slope stabilization.Large-scale field implementation
is excluded from the study, with the conceptualization, testing, and design stages of slope
stability being the focus instead.

1.1.4 Significance of the Study

This research adds to the geotechnical engineering and disaster risk reduction knowledge
base byoffering a model for slope analysis and mitigation that could be duplicated in other
landslide-risk areas. Encouraging the application of integrated technologies and eco-
engineering techniques.Being a case study for the future planning of infrastructure in fragile
terrains. The strategy exhibited within this study caters to international initiatives for
enhancing resilience towards natural disasters via intelligent engineering and sustainable use
of land.

1.2Causes of Landslide
1.2.1 Introduction

Landslides are the result of the intricate interaction among geological, hydrological,
morphological, and anthropogenic causes. Knowledge of these causes forms the basis of
effective mitigation. Although some landslides result from natural mechanisms, others are
accelerated or even caused by man. This chapter classifies the causes into natural causes and
man-induced causes and discusses how they lead to slope instability.

1.2.2 Natural Causes

1)Geological Structure and Lithology

Some rock types and geological structures, e.g., schist, shale, or loose unconsolidated ground,
are  inherently more susceptible to failure. Tightly fractured or weathered rock strata reduce
the shear strength of slopes, enhancing the potential for landslides.

2)Seismic Activity

Earthquakes can cause landslides by perturbing slope equilibrium through ground shaking. In
seismic regions such as the Himalayas, moderate earthquakes can produce large slope

failures, particularly in loosely consolidated soils.

3)Heavy and Prolonged Rainfall



Strong or prolonged rainfall percolates through the soil and increases the pore water pressure.
This decreases the effective stress and shear strength of the soil and leads to slope failure.
Monsoon season in India is notorious for rainfall-initiated landslides.

4)Snowmelt and Freeze-Thaw Cycles

Sudden snowmelt humidifies the ground like rain. Freeze-thaw cycles in colder climates
promote rock cracking and soil instability over time, gradually weakening slopes to failure.

5) Volcanic Activity
Volcanic eruptions have the potential to induce landslides by melting snow and ice suddenly

(lahars), destabilizing ash slopes, or inducing explosive disturbances. While not common in
India, this is applicable to areas such as Indonesia and the Philippines.

1.2.3 Human-Induced Causes

1) Deforestation and Vegetation Loss

Vegetation and trees are important in stabilizing slopes and anchoring the soil with their
roots. Slope stability is greatly diminished by deforestation due to agriculture or urban
development. Reductions in slope stability due to deforestation increase landslides and
facilitates erosion.

2) Unregulated Urbanization

Expansion of urban infrastructure onto hilly terrain without adequate geotechnical evaluation
changes natural drainage and loading conditions. Roads, buildings, and pavement enhance
runoff, which makes slopes wet faster during rain.

3) Excavation and Slope Modification

Slope excavation for quarrying or road construction disrupts the natural support and slope
geometry. Without suitable retaining systems or reinforcement, the slope is prone to failure
under rainfall or gravity.

4) Improper Water Management

Inadequate drainage systems, broken pipes, and excessive irrigation can raise the water table
as well as pore water pressure in slopes. Over-irrigation is an on-going cause of small

landslides in hilly farmland.

5) Mining Activities



Open-pit and underground mining operations destabilize geological structures and tend to
cause instability because of the removal of supporting rock strata.

1.2.4 Combined Causes: A Chain Reaction

More often than not, a landslide is not caused by a single factor but by the compound effect
of a number of them. For instance, a deforested slope with loose, poorly drained ground may
resist everyday conditions but fail quickly under prolonged heavy rain or an earthquake.

Case Example:ForUttarakhand (India), the 2013 Kedarnath catastrophe entailed exceptional

rainfall, melt of glaciers, and earlier land-use mismanagement—demonstrating the way in
which cumulative vulnerabilities lead to disastrous collapse [6].

1.2.5 Summary of Key Factors

Cause . .

Type Specific Causes Primary Effect on Slope

Natural Rainfall, earthquakes, snowmelt, Weakens shear strength, adds weight or
geology shaking

Human Deforestation, slope cutting, poor Alters natural stability and drainage

drainage paths

1.3 Effects of landslides
1.3.1 Introduction

Landslides may have disastrous effects, affecting human life, infrastructure, economy, and
ecosystems. Their impacts tend to be sudden, widespread, and long-lasting, especially in
susceptible hilly and mountainous areas. In India, landslides frequently occur in the
Himalayan and Western Ghats regions, bringing huge disruption. This chapter classifies the
impacts into direct and indirect effects and elaborates them with suitable examples and
scientific evidence.

1.3.2 Direct Effects

1) Loss of Human Life and Injuries



One of the most heartbreaking landslip effects is the loss of life. Where slopes fall
unexpectedly or without any warning, humans dwelling or residing in the course of the slip
are in peril in the shortest of times. For example, the 2023 Irshalwadi landslip in Maharashtra
killed more than 50 humans within a span of minutes.

2) Destruction of Infrastructure

Landslides can produce serious damage to buildings, roads, railways, pipelines, and
communication networks. Roads in mountainous regions such as Himachal Pradesh and
Uttarakhand are regularly cut off or destroyed, isolating entire towns. This not only puts
rescue operations at risk but also slows down economic activity.

3) Property Loss

Residential and commercial buildings tend to be located in or close to susceptible areas.
Collapse of structures due to soil movement causes huge economic losses. Reconstruction or
resettlement of entire settlements, as in Joshimath (2023), is a heavy economic burden.

1.3.3 Indirect Effects

1) Economic Disruption

Landslides disrupt transportation routes, impact supply chains, and suspend tourism in the
affected areas. They also raise maintenance costs for governments and insurance claims for
businesses. Disruptions over the long term can deter investment and reduce land values in
high-risk zones.

2) Environmental Degradation

Slope failures lead to deforestation, loss of soil, and erosion of riverbanks. Landslides cause
downstream sedimentation that changes water courses, influencing aquatic life and quality of
water. This has important ecological consequences, particularly in forests and agricultural
areas.

3) Displacement of Populations

If settlements are adjudged to be unsafe as a result of ongoing landslide activity, residents
have to move. This results in internal displacement, stress on urban infrastructure, and social
fragmentation. Temporary camps and relocation areas tend to lack proper sanitation and

safety.

4) Soil Erosion and Reduced Agricultural Productivity

10



Terrain following a landslide is extremely unstable and unfavorable for agriculture. Loss of
fertile topsoil leads to reduced harvests and difficulties in land restoration. It will take years
for the land affected by a landslide to become as fertile and stable as it was before.

5) Water Contamination

Landslides can fracture sewer pipes, water mains, and drainage lines and contaminate local
water supplies. Landslides also temporarily dam rivers, which can cause hazard from
flooding downstream if the natural dam breaks catastrophically.

1.3.4 Long-Term Impact

Not only do landslides impose physical marks on the landscape, but they also impair the
psychological health of the survivors. Endless fear of its repetition creates mental stress. In
addition to this, economic destruction and loss of livelihood might fuel migration and
permanent poverty in communities.

1.3.5 Summary Table:

Effects of Landslides
Category Examples Impact
Human Life Irshalwadi 2023, Kedarnath 2013 Deaths, njuries,
psychological trauma
Road blockages in Himachal, NH-10 Transportation and utility
Infrastructure . .
collapses disruptions
) Tourism loss in Uttarakhand post- GDP loss, property value
Economic . o
disaster depreciation
) Soil erosion, habitat loss in Western Biodiversity decline, land
Environmental .
Ghats degradation
F locati it . .
Social orced re ocation, corumtty Shelter crisis, unemployment
displacement

Table 1.3 — Effects of landslides
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1.4 Types of Landslide

1.4.1 Introduction

Landslides are categorized according to the material involved (rock, debris, or earth) and the
type of movement (fall, slide, flow, spread, or topple). Recognizing the various types is
important in choosing the right mitigation measures and anticipating possible slope failure
behavior. This chapter discusses the several types of landslides according to the classification
system of Cruden and Varnes (1996), which is adopted by most geologists and engineers
globally [1].

1.4.2 Classification of Landslides

1) Falls-A fall is a form of mass movement where soil, rock, or debris will Have sudden and
unimpeded downslope movement once detached in a steep slope or cliff. This phenomenon
normally includes things like rock or debris which get dislodged resulting from various
causative factors. The common triggers include: undercutting of the slope due to erosion or
man-made processes, weathering for a long period, freeze-thaw cycles causing expansion of
cracks on the rocks and seismic oscillations which destabilize the slope. Falls have been
associated with a very rapid aspect, which is most times uncontrolled, thus rendering them
highly dangerous. They may cause great devastation especially to the infrastructures and
vehicles on its way. One of the typical examples of such events is the numerous rockfalls on
the Shimla-Kalka road in the monsoon season, where heavy rains and saturated conditions
lead to instability of the slopes.

2) Topples-Toppling is one of the types of slope failures whereby a mass of rocks or soils
rotates forward and outwards by a pivot point which is usually at or near the base of a slope.
This movement is best seen on fractured or over steeping rock faces, where the structural
alignment and gravitational forces help to destabilize the rock faces. Toppling failures are
especially apparent in the Western Himalayas in the sandstone formations where the
geological conditions are favourably inclined to moving forces. Major cause factors are those
of types such as erosion at the base of the slope eroding the base and assisting forward
rotation of the slope, seismic activity that induces vibrations and destabilization of the rock
mass, root wedging where the plant roots grow into the fracture and push exerting pressure on
the rock structure to become weak.

12



3) Slides-A landslide characterized by sliding on a well-defined surface is ordinarily termed
as a slide. This form of mass movement could be classified as two major subtypes. When
displaced mass slides down along a concave upwardly inclined surface, a rotational slide (or
slump) is said to have formed and the material tends to be tilted back in direction of the
movement. On the other hand, in the case of a translational slide, there is motion over a
relatively planar surface and translational slides usually occur at a faster rate than rotational
slides. Such events are often witnessed, and slump failures occur regularly in Nilgiris region
on saturated clay slopes, particularly during monsoon rain. The effect of such slides largely
depends on the mass of material and velocity at which it moves, and may include local
disturbances or wreak havoc on surroundings such as infrastructure and environment.

4)Flows - Flows denote a form of mass movement where soil or rock material acts as viscous
fluid hence through flows they flow downslope at great rates. These are usually stimulated by
saturation and lack of cohesion between particles thus causing rapid displacement. Debris
flows, which are mixtures of soil, water, rock, and organic matter, are subtypes. mudflows, a
type of current in which they contain high amount of water and are likely to occur during or
shortly after heavy rain; and earth flows which are slower and more in viscous traits. One
great example is the debris flow in Kedarnath (2013) and the VarunavatParvat incident in
2003, which resulted in extreme destruction. Due to the high velocity, long runout distances,
high destructive effect, flows are considered as highly dangerous.

S)Lateral Spreads-Lateral spreads will provide significant horizontal movement in the
ground, and often linked to liquefaction on seismic occurrences. Such movements tend to
take place in regions having loosely saturated soils like in the banks of the rivers, deltas and
reclaimed grounds where the substratum loses its shear strength during an earthquake. 2001
Bhuj earthquake is a good example where there was extensive lateral spreading and ground
fissures and surface ruptures. The impacts of lateral spreads can be destructive, and harmful
to structures, pipelines, and highways, as the ground moves beneath it.

6)Spreads-The spreads are distinguished by lateral extension and breaking of cohesive
surface material that has been laid over a more plastic or weaker substrate. This phenomenon
usually happens in cases where the strength of underlying layer is reduced by seismic shaking
or water saturation, causing it to move outwards and break the upper layer. Such conditions
are prevailing in clay-rich areas or areas with soft sedimentary covers. Spreads can lead to a
major distortion of the ground surface that can endanger buildings, roads, and utility lines as
a result of the gradual and often unnoticed shifting.

1.4.3 Summary Table

Type Movement Style Material Trigger Speed
. ity,
Falls Free fall Rock, debris Gravity, . Very Fast
undercutting
) Seismic, fon,
Topples Forward rotation Rock rj;ig;g;élosmn Fast
Slides Planar or curved Rock, earth Rain, ge.ology, Medium to Fast
movement excavation
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Intense rainfall,

Flows Viscous flow Mud, debris, soil . Fast
loose material
Lateral Spreads Horizontal S.aturated sand, Earthqua'ke, Fast
displacement silt liquefaction
Spreads Tensﬂc? cracks and Cohesive soil Weak foundation Slow to Medium
extension layers

Table 1.4 — Types of landslide

1.4.4 Importance of Classification

Knowing the type of landslide allows for: Appropriate selection of monitoring
techniques.Deployment of site-specific mitigation strategies (e.g., rockfall nets against
retaining walls). More precise hazard mapping and risk communication.Improved simulation

in software such as GEO5 or PLAXIS.

Types of landslides

Fall Topple

Slide

Fig 1.1 — Types of land slide
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CHAPTER 2

LITERATURE REVIEW
2.1 Overview

The increasing rates of landslides globally have led to an upsurge of scholarly research
targeting the knowledge of slope instability and strong mitigation measures. This chapter
provides a critical appraisal of recent research literature covering landslide causes,
stabilization, and the application of advanced technology in monitoring and prevention. The
review emphasizes both the structural and non-structural methods while setting out the gaps
and future research directions.

2.2 Key Contributions from Recent Literature

1) Gomasa Ramesh (2021)

In his detailed review, Ramesh classifies slope stabilization methods as physical, mechanical,
and hydrological interventions with a strong focus on the integration of geosynthetics and
bioengineering approaches. His work is significant in recognizing gaps in predictive
modeling and promoting interdisciplinary coordination in landslide management.

2) Akhilesh Kumar et al. (2020)

This research integrates field visits and laboratory testing to evaluate slope stability along
NH-205 in Himachal Pradesh. It emphasizes site-specific solutions, proposing retaining
walls, better drainage, and ecological restoration as a function of local geological and
hydrological characteristics.

3) J. David Rogers (2014)

Rogers sets forth a double-framework of structural and non-structural mitigation measures.
His contribution is unique in advocating a balanced strategy—structural remedies like soil
nails and retaining walls combined with non-structural measures like public awareness and
zoning regulation.

4) Robert L. Schuster and Lynn M. Highland

Their work emphasizes the importance of geotechnical studies in risk zones. They show how
limit equilibrium and finite element analysis techniques enable slope stability to be assessed
with more accuracy, thus enabling better design decisions.

5) M. Kinde and M. Jothimani (2024)

15



Their latest case study in Ethiopia uses numerical modeling to determine landslide
vulnerability. They emphasize the need to comprehend local geology, soil water, and
drainage conditions for effective mitigation and policy formulation.

6) Robin Chowdhury and Phil Flentje

This paper emphasizes the integration of socio-economic considerations and community
involvement into technical solutions. They discuss new monitoring technologies and
suggest policy reforms to close infrastructure and environmental sustainability gaps.

7) Robert D. Holtz and Robert L. Schuster

Holtz and Schuster offer a technical overview of mechanical stabilization, including the uses
of soil nails, rock bolts, and geosynthetic products. They promote frequent maintenance and
site-specific design customization in stabilization design.

2.3 Gaps Identified in Literature

Inadequate integration between engineering and ecological methods. Limited field
verification of numerical models for varying climates and soil conditions.Lacking early
warning systems in developing nations where high-risk areas exist.Neglect of local
community knowledge and involvement in slope management practices.

16



CHAPTER 3
Landslide Mitigation Techniques

3.1 Introduction

Mitigation of landslide comprises measures to preclude, contain, or lower the influence of
slope failures. Such measures may be generically classified into structural (engineering-
focused) and non-structural (ecological, planning-focused) measures. Optimally, effective
mitigation will depend on the local site and draw on knowledge across geology, hydrology,
and civil engineering. The current chapter describes systematically and elaborately the key
landslide mitigation measures applied globally.

3.2 Engineering Mitigation Techniques

1) Retaining Structures-

Retaining structures are commonly employed in order to stabilize slopes and the slippage of
soil/rock masses. Among the various ones, gravity walls depend on the mass, often made
from concrete or stone, to resist the lateral earth pressure. Cantilever walls, formed of
reinforced concrete, have a lever-arm construction, which helps to transmit earth pressure to
the foundation, more effectively. Counterfort walls are like cantilever walls only that the
former includes triangular supports within (counterforts) to minimize bending stress and
improve structural stability. The walls are anchored using steel rods known as tieback which
is inserted into the slope to keep the wall grounded into position. Another higher order
solution is Mechanically Stabilized Earth (MSE) walls that use layers of geogrids or
geotextiles that are interlocked with compacted backfill to form a reinforced earth mass.
Application of these retaining structures has been useful in the real world, for example in
National Highway-5 in Himachal Pradesh where they have reduced landslide-caused closure
of the road by a large margin.

2) Drainage Control Systems-

Drainage control systems play an important role in preventing landslide because too much
water may lead to increased pore water pressure and a reduction in the soil shear strength.
Good drainage systems alleviate the risk by controlling surface and subsurface waters.
Surface drains, including berms and channels, carry runoff off the susceptible slopes and
away from saturation. Subsurface drains such as perforated pipes, horizontal drains are
placed inside the slope in order to reduce the groundwater table and relieve internal water
pressure. What is more, Prefabricated Vertical Drains (PVDs) are widely used in soft, clayey
soils for the purpose of expediting consolidation and increasing slope-stability. A worthy
example is the use of subsurface drainage systems in Nilgiri Hills that has been effective in
stabilizing deep-seated landslides and minimizing dangers.

17



3) Soil Reinforcement Techniques-

Soil reinforcement methods increase slope stability through the increase of the shear strength
of soil and rock masses. Soil nailing is the process where steel rods are driven into slides that
are unstable in nature so as to reinforce the soil and increase the resistance to movement. In
rocky terrains, rock bolting is applied here, whereby steel bolts are added to the fractures of
the rocks, in order to hold blocks together and to enhance cohesion. Shotcrete or sprayed
concrete is generally used over naked slopes to shield them against weathering, erosion, and
small failures. There is another group, which includes geosynthetics, including geogrids,
geonets, and geotextiles, which are applied to reinforce soils, allow filtration, or provide
drainage in engineered fill. These methods work best when they are combined with other
stabilization techniques.

4) Slope Reshaping and Terracing-

Slope reshaping and terracing are geotechnical methods that are focused on changing
physical shape of a slope to minimize driving forces contributing to the instability of a slope.
Grading involves the decreasing of the slope inclination hence reducing the gravitational
stress exerted on the slope material. Benching divides the long, continuous slopes into
smaller, flatter steps, which helps to slow runoff velocity and to reduce erosion. Terracing is
a typical solution in agricultural areas that makes hill slopes leveled planes to regulate down
water and soil erosion. In specific, this type of method is particularly useful in reducing
surface runoff, enhancing infiltration process and promoting long term slope stability.

3.3 Combined Systems and Modern Innovations

1) Hybrid Systems-

Hybrid systems are an integration of various slope stabilization techniques used to give an
integrated and effective solution, especially in the high-risk urban areas. These systems will
commonly involve retaining wall techniques, drainage control methods, and reinforcement of
soil using methods such as soil nailing. How hybrid systems perform better and are more
reliable by their addressing of both the features of structure as well hydrology of stability of
slope. They are especially beneficial where there are spatial limitations, proximity of the
infrastructure, and complicated geological conditions that require a comprehensive response
in landslide risk reduction.

2) Early Warning Systems-

Early warning systems are important for dealing with landslide hazards since it prompts the
necessary alerts depending on real-time monitoring. They use inclinometers for ground
deformation, piezometers for monitoring pore water pressure and use satellite-based remote
sensing for monitoring surface movements at different time periods. In recent years, loT-
equipped sensor networks have been installed in Kerala and Sikkim with frequent storming
of landslides regions where, data is continuously transmitted and hazard can be detected
almost instantly. Such systems are of the essence in the disaster preparedness as authorities
can issue evacuation calls and dire actions before slope failure happens.
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3) Geotechnical Software Tools-
Geotechnical software tools like GEOS, PLAXIS, and Slope/W play a tremendous role in
analyzing and designing slope stabilization measures. These tools enable engineers to
simulate the slope behaviour with various loads, groundwater, and seismic conditions thus,
assisting in evaluating the failure mechanisms. They help to determine Factor of Safety,
determine critical slip surfaces and determine the efficiency of the stabilization methods. The
use of such software allows precession in design, efficient use of material, and informed
decisions in both preventive and remedial performance of slope management.

3.4 Selection Criteria for Mitigation

The mitigation to be adopted is based on:

Slope geometry and elevation
Soil and rock types

Climatic factors

Economic feasibility

Risk level (residential or rural location)
Environmental considerations

A combination of techniques is usually best suited, particularly in complicated terrain such as

the Western Himalayas.

3.5 Summary Table

Technique Type Purpose Application
Retaining Wall Structural Resist soil pressure Roads, buildings
Soil Nailing Structural Increase cohesion Steep soil slopes
Bind il t | Reforestati
Vegetative Stabilization | Non-Structural n ) SO, preven © .ores ation,
erosion agriculture
L dwat
Subsurface Drainage Structural ower  groundwaler Clayey slopes
levels
Shotcrete Structural Surface protection Rocky outcrops
. Red lope length & . .
Benching & Terracing Geometric educe siope eng Agricultural hillsides
steepness
. . Residential & b
Early Warning Systems | Monitoring Alert before failure esicentia Hrba

Zones

Table 3.1 — Landslide mitigation techniques
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Fig 3.3 - (Flexible wall)
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Fig 3.7 - (Wire Bin Sections)
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CHAPTER 4

Slope Stabilization Methods
4.1 Introduction

Slope stabilization is the collection of engineering and environmental practices that work to
avoid slope failure and regulate ground movement. Stabilization is required whenever natural
slopes or cut man-made slopes exhibit instability resulting from gravitational forces,
saturation, or external loading. This chapter describes different slope stabilization methods,
classified according to the mechanism that they utilize—mechanical reinforcement, drainage
control, geometry modification, and protective facing.

4.2 Mechanical Stabilization Techniques

1) Soil Nailing-

Soil nailing is slope stabilization method, which is used on the principle of reinforcement of
natural ground by drilling the steel rods (nails) into the slope and then having them grouted
in place. Such a technique improves the shear strength of the slope internally and allows
passive resistance towards movement. The soil nailing is mostly used in road cuts, stabilizing
slopes, and excavations that are close to being vertical, which makes it a good solution when
it comes to stabilizing steep terrain. As a benefit, one of its grounds for being inexpensive
and flexible as it does not need massive scale reshaping to accommodate irregular slope
geometry. One of its good examples is the examples of the Himalayan highway cut slopes
where soil nailing has been widely applied to counter landslides risks.

2) Rock Bolting-

Rock bolting is a method of stabilizing masses of rock that are jointed or fractured,
especially as in slopes and tunnel excavation. Steel bolts, which are driven into the rock
fissures and are tensed after their installation, thus produce immediate support and lock the
rock blocks in the place. This reinforcement is important in order to avoid slab or wedge
detachment. Rock bolting is generally complemented by shotcrete and wire mesh to provide
better stability on surface and provide more protection from weathering and erosion.

3) Shotcrete (Sprayed Concrete)-

Shotcrete, which is also known as sprayed concrete, is directly applied onto exposed rock or
soil surfaces in order to present a barrier against weathering, erosion and minor surface
instability. When reinforced with rebar or steel mesh, shotcrete not only becomes an aeroseal
but also offers the structural strength to the slope or face of excavation. It is commonly used
in combination with soil nails or rock bolts, it is an inseparable component of the modern
system of slopes stabilization.
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4) Soil Anchors-

Soil anchors or ground anchors are high capacity steel tendons or bars sunk deep down into
the underlying stable rock or compact soil layers. They are mainly utilized in combating
large lateral earth pressures where they are especially important in the high retaining walls
and steep slope systems. By embedding themselves into stable material, they provide long-
term and strong reinforcement, which are essential in crucial infrastructure works with the
stability of slopes at a premium.

4.3 Geometrical Modification Techniques

1) Grading and Re-profiling -

Grading and re-profiling are key slope modification tools that are targeted at enhancing
stability through reduction of slope steepness that eventually reduces the driving force acting
on the soil mass. There are two common methods applied, i.e. cut-and-fill and slope-
flattening. In a cut and fill method, loose, unstable soil from the top is excavated and filled
up with packed fill material at the base, thereby re-distributing mass for a stable slope.
Flattening of a slope is a process of altering the general gradient to a more benevolent
degree, thus minimizing the probability of failure. Such practices are commonly employed in
infrastructure developments particularly in hilly or mountainous regions, to have lands safe
from landslides while ensuring longer term stability.

2) Benching-

Benching is simply the construction of horizontal layers that provide to break potential
planes of sliding and minimise the amount of length of failure surfaces. Such a technique is
especially productive on many long unbroken slopes made from uniform materials when
undisturbed layers of soil or rock could otherwise permit large-scale motion. Benching
serves to reduce the rate of surface runoff, and makes the slope easier to maintain and
vegetate.

3) Terracing-

Terracing is one of the most ancient and most successful methods of slope stabilization,
particularly in the areas relevant for civil infrastructure or agriculture, when the hilly region
is concerned. By establishing a set of levelled platforms adorning the slope, terracing
severely decreases the rate of runoff speed, reduces erosion and enhances incursion of water
into the soil. Also, the flatter surfaces allow vegetation with its root-reinforcement properties
as well as regulating moisture of the surrounding area. Terracing has massive application in
areas with high rainfall to control hydrological as well as geotechnical problems.
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4.4 Drainage-Based Stabilization

1) Surface Drainage-

The surface drainage systems are created to control and divert the run-off water off
vulnerable slopes hence reducing infiltration of water into the soil. This is usually done by
building berms, creative diversion channels, and lined ditches so as to convey the water
safely to appointed outlets. Surface drainage is particularly important in areas with high
rainfall or seasonal snowmelt, because an ungoverned flow of water can quickly destabilize
slopes by saturation of their upper layers. Surface drainage allows the surface to resist
erosion and decrease surface softening hence providing a first line defence against
landslides.

2) Subsurface Drainage-

Subsurface drainage focuses on the elimination of excessive groundwater in the mass of the
slope, which is one of its major causes of instability. The techniques are the installation of
horizontal drains, perforated pipes, toe drains, and drainage blankets under road embankment
or within the slope body. These systems operate through reducing the pore water pressure,
this is very important because even if the pressure becomes reduced by a small amount there
is a high possibility of there being a significant increase in the Factor of Safety (FoS)
.Subsurface drainage is highly efficient in controlling deep seated failures and combined
with the surface systems make a good water management system.

4.5 Structural Systems

1) Retaining Walls

Chapter 7 describes retaining walls which are important structures that are used to stabilize
the slopes and to stop movement of the soils. These walls are built for lateral resistance to
soil, rock and water on a slope. Types of retaining walls include gravity wall where their own
weight resists the soil pressure, cantilever wall which leans on a lever-arm structure to
improve stability, counterfort wall with installations of internal props to decrease the bending
stress and gabion wall that uses the wire mesh cages filled with stone. Another high-profile
solution is Mechanically Stabilized Earth (MSE) walls that incorporate geosynthetics with
compacted fill to create a reinforced earth structure. Each wall type is appropriate for certain
conditions in terms of geometry of a slope and forces acting thereon.

2) Gabion Structures

Such structures as Gabion structures are made up of wire mesh cages packed with stone or
other hard to destroy materials. These structures are ordinarily used in applications where
flexibility, permeability, and medium reinforcement is needed. Due to its open structure, the
gabions allow the water to pass through which reduces hydrostatic pressure behind the wall.
Gabion structures are used extensively in erosion control along river banks, in the coastline,
along the slopes and in slopes toe stabilization; helping to stop the base of the slope from
eroding and failing.
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3) Crib Walls

Walls of crib are made up of precast concrete or wooden cells, which are filled with soil or
aggregate. These walls are suitable for limited areas, or where aesthetic aspects need to be
considered such as, small scale landscaping, and support for slopes. The interlocking
structure of the cells gives structural stability, a little flexibility, and drainage space. Crib
walls are especially helpful in places where there is a need for a more natural appearance and
they can be tailored to support plant development and further solidify the slope.

4.6 Choice of Stabilization Method

The selection depends on several factors:

e Soil Type and Geology

e Slope Height and Gradient

o Water Table and Drainage

e Seismic Activity

o Construction Cost and Accessibility
e Environmental Considerations

Often, combined methods (e.g., soil nails + shotcrete + surface drain) are deployed for
complex terrains.

4.7 Summary Table

Method Category Purpose Suitable For
Reinfi internal
Soil Nailing Mechanical cinforee ftetna Steep excavations
strength
Rock Bolting Mechanical Support fractured rock | Rock faces, tunnels
Grading Geometric Reduce slope angle Long, steep slopes
Break conti
Benching Geometric rea Sclzr;emuous Uniform material hills
Surface Drainage Hydraulic Divert surface water All slopes
L t
SubsElrface Hydraulic OWeL pore water Saturated soils
Drainage pressure
T tecti Ri k
Gabion Wall Structural oe pr.o ection and iverbanks, road
erosion control edges
. . . ) Erosion control, root Mild to moderate
Vegetation Bioengineering .
reinforcement slopes

Table 4.1 — Slope stabilisation methods
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CHAPTERS
Methodology

5.1 Introduction

This chapter outlines the step-by-step procedures adopted in the project to assess slope
stability and recommend suitable mitigation techniques. It combinesfield observations,
laboratory tests, and numerical modeling to provide a comprehensive understanding of the
site's geotechnical behavior. The methodology has been designed to adhere to standard
engineering practices and Indian codes (IS 2720 series), ensuring reliability and replicability.
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5.2 Preliminary Site Investigation

1) Visual Survey

Avisual survey was used to pinpoint critical zones of slopes in the Himalayan region. In the
course of the survey, it was possible to observe some of the signals of instability such as
tilting trees that indicate ground moving, cracks in the soil and rock which may point to the
beginning of the landslide. Also, seepage marks and visible scars from the previous
landslides were observed, which were crucial indications of the future failures. Such
observations will locate the areas which need to be studied and monitored for possible
landslide threats.

5.3 Soil Sampling and Testing

To determine the geotechnical characteristics of in-situ soils, three lab tests were performed:

1. Core Cutter Test — for dry density and bulk density.
2. Sieve analysis
3. Direct Shear Test — to determine friction angle and cohesion.

5.4 Data Compilation and AnalysisConsolidated all test data (density, cohesion, angle
of internal friction, etc.). Prepared input datasets for GEOS program, modeling different slope
conditions and stabilization measures. Parameters studied were Factor of Safety,Critical Slip
Surface, Stability under different rainfall and load conditions.

5.5 Recommendation of Mitigation Measures
Based on simulation outputs and field measurements:
1. Suggested engineering stabilization.
2. Recommended ecological actions.
3. Identified zones where immediate intervention is required.

5.6 Tools and Standards Used

Tool/Test Purpose Standard Followed

Core Cutter

Measure soil density

IS 2720 (Part 29)

Triaxial Shear Test

Evaluate shear strength

IS 2720 (Part 11)

Direct Shear Test

Determine ¢ & ¢ of soil

IS 2720 (Part 13)

GEOS Software

Slope stability modeling

Eurocode 7-based methods

OField Reconnaissance

Visual documentation

GSI &MoEF guidelines

Table 5.1 - Methodology
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5.7 Core cutter test

The Core Cutter Test is a field test used to determine the bulk density, water content, and
dry density of in-situ soil. It is most applicable for cohesive and fine-grained soils, where
gravel content is minimal. This test ensures that soil compaction meets design specifications,
which is critical for soil strength and stability in construction projects.

Fig 5.1 — Core Cutter test

Procedure

The core cutter test is comprised of several steps in order to determine the properties of soil
which include the moisture content, bulk density, and dry density. First, one has to choose the
level test location hence ensuring its clearing from any form of loose material, debris, and/or
vegetation. Then, put the core cutter in a vertical position on the ready surface, lay a dolly
over its top to distribute the hammer blows evenly. Using a hammer, use the cutter to
penetrate the soil until it can be completely inserted in and level with the soil’s surface. When
the cutter is put into place, dig the soil around it so as to loosen the material around it and
carefully lift the cutter while the soil inside remains undisturbed. The next step is to trim the
soil on both ends of the cutter with a straight edge for clean sample. Measure the weight of
the core cutter filled with soil and make a record. Then, a representative soil sample should
be taken from the cutter to establish the moisture content, bulk density, and dry density.
Measure the weight of the wet soil sample, record it. The sample then is placed in an oven at
105-110 °C for 24 hours in order to dry. Then, measure the weight of the dry soil obtained
and record it, thus concluding the computation of the required soil properties.
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Fig 5.2 — Using rammer for core cutter test

Observation
1. Weight of core cutter + wet soil (Ws) in gm
2. Weight of core cutter (Wc) in gm
3. Weight of wet soil (Ws-Wc) in gm
4. Volume of core cutter (Vc) in cm’
S. Bulk density (yb) = w

© %

Water content container

Weight of container with lid (W1) in gm

Weight of container with lid and wet soil (W2) in gm
Weight of container with lid and dry soil (W3) in gm

10. Water content (w) in percentage

W2-ws3
a. W_—W3—W1 x 100

11. Dry density (yb) = BLE

1+w

S.8SIEVE ANAYSIS

31



The sieve analysis test is carried out to ascertain the particle size distribution of a soil sample.
The procedure starts by taking a representative oven-dried soil sample. If the particles are
conglomerated or lumpy, they are crushed lightly using a mortar and pestle, being careful not
to crush individual particles. The sample's mass is then accurately measured using a balance.
A series of test sieves is arranged in descending order of aperture size, the largest sieve at the
top and the smallest at the bottom, followed by a receiver pan to catch the finest particles.
Each pan and sieve is individually weighed prior to testing. The dried soil sample is then
added to the top sieve, and the stack of sieves is covered with a lid. It is loaded into a
mechanical sieve shaker, and it is clamped and operated for 10 to 15 minutes. Once shaken,
the sieves are taken out and the weight of soil retained in each sieve is weighed. These
measurements are recorded, and a table is made displaying the weight retained on each sieve,
which is used in calculating cumulative percentages and plotting the grain size distribution
curve.

5.9 Direct Shear Test

Procedure

Direct shear test is a simple laboratory test utilized to establish the shear strength parameters
of soil. The test commences with the preparation of samples, whereby the soil may either be
employed in its natural condition or remolded to its preferred state. The sample is then put
inside a shear box, which is located between grid plates or porous stones for providing
uniform drainage as well as for minimizing boundary friction. Then, the sample-containing
shear box is fitted into the direct shear apparatus, and dial gauges are attached for recording
horizontal displacement and vertical deformation during testing. A predetermined normal
stress (on) is applied to the sample through a loading device to mimic the overburden stress
in actual field conditions.

Shearing is initiated, either by hand or by motor, using a horizontal force at a strain rate that
can be controlled. During the test, such important parameters as shear force (measured in
terms of a proving ring), horizontal displacement, and vertical displacement—the latter
helping to understand volume change behavior like dilation or compression—are
continuously tracked. The test is continued till the sample goes to failure, which is often
determined by observing a peak for shear force or large deformation of the soil. In order to
construct a full shear strength envelope, the test should be conducted at least under three
varying normal stress conditions. This allows for the drawing of the Mohr-Coulomb failure
envelope on which the cohesion (c) and angle of internal friction (¢) of the soil may be
calculated.
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Observation

Shear Force (F)

Cross sectional area(A)
Normal Load (N)

Cross sectional area(A)

3. Mohr-Coulomb Failure Envelope: Plot (1) versus (on) for all tested normal stresses.Fit
a straight line through the points. The slope of the line gives the angle of internal
friction (¢) and the intercept on the shear stress axis gives the cohesion(c).

4. Following are the results from the direct shear test-

5. Cohesion (¢)in kg/cm? =0.5179

1. Shear Stress (1) =

2. Normal Stress (on) =

6. Angle of internal friction (¢) = tan~1(0.6187) = 31.75

7. Shear Strength(t) = ct+c’tand
I. 1 =0.5179+ c’tan31.75
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CHAPTER 6

Geotechnical software GEOS

6.1 Introduction

GEOS is a broad range of geotechnical software created by Fine Software, widely used by
engineers to analyze and design soil and rock structures. Its modular nature enables users to
execute specialized activities like slope stability analysis, retaining wall design, settlement
calculation, and foundation design. During this project, GEO5 was utilized to investigate
slope stability in the vicinity of the himalayan area, providing meaningful observations
related to probable failure modes and allowing proper measures of mitigation to be selected.

6.2 Slope Stability Module Overview

The Slope Stability module of GEOS is intended for the evaluation of the safety of natural
and artificial slopes. It is able to analyze simple to very complex slope geometries, taking into
consideration soil characteristics, groundwater conditions, external loads, and reinforcements.

Key Features:

e Supports Limit Equilibrium Methods (LEM) like:
o Bishop Simplified
o Janbu
o Spencer
o Fellenius
e Finite Element Method (FEM) option for advanced stress-deformation analysis.
e Models both 2D and selected 3D configurations.
o Handles multi-layered soil profiles and allows for complex slope shapes with berms,
benches, and reinforcements.
o Integration of stabilization measures like retaining walls, soil nails, anchors, and
geotextiles.

6.3 Modeling Capabilities in This Project

For this study:

1. The Himalayan area slope geometry was simulated based on reconnaissance surveys'
field data and geotechnical testing.

2. Parameters of the soil (bulk density, cohesion, angle of internal friction) that were
derived from laboratory tests (core cutter, direct shear, and triaxial tests) were fed into
the model.

3. A phreatic line was traced on the basis of groundwater conditions observed during
monsoon.
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4. Various stabilization methods (soil nails, drainage, retaining walls) were implemented
virtually to determine their efficacy.

Sample Input Parameters:

Property Value

Bulk Density (y) 18.5 kN/m?

Cohesion (c) 12.5 kPa

Angle of Internal Friction (¢) 28°

Groundwater Depth 1.5 m below slope surface

Table 6.1 — Sample Input Parameters

6.4 Types of Analysis Performed

1) Factor of Safety Calculation
The programme calculated the FoS under:

e Dry conditions
e Saturated conditions
e Post-stabilization conditions

This assisted in determining key slip surfaces across different situations.

2) Seepage and Pore Pressure Analysis
The effect of water on slope stability was assessed by:

e Modifying phreatic surface locations
e Incorporating subsurface drainage features

3) Sensitivity Analysis

To understand the impact of material variability, parametric studies were conducted by
altering:

e Cohesion + 10%
e ¢angle+5°
e Water table level £ 0.5 m

4) Optimization of Stabilization Measures
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According to Factor of safety values, various combinations of:

e Anchors
e Anti slide piles

6.5 Advanced Functions Used

Slope stability analysis encompassed a range of sophisticated analysis methods to realize a
thorough study of possible failure mechanisms. Multipleslip surface analysis was performed
to determine the most significant failure surface, based on different likely slip planes inside
the slope. The technique supports the identification of the most likely path of failure, which
is vital for the proper safety estimation. In addition, a global sensitivity analysis was also
carried out to identify which of the input parameters—i.e., cohesion, angle of internal
friction, and unit weight—most affected the Factor of Safety (FoS). It assists in data
accuracy prioritization and optimization of design parameters. For the consideration of
seismic vulnerability, a seismic analysis by the pseudo-static method with horizontal seismic
coefficients according to IS 1893:2016 was carried out. This enabled simulation of slope
response under expected earthquake forces, a more realistic and robust design process.

6.6 Test Results Using Bishop Method
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Fig 6.1 — Slope Stability Not Acceptable
This fig. demonstrates a geotechnical evaluation via the Bishop approach, in which the
slope has a factor of safety below 1.0, representing imminent instability and significant risk
of failure under current conditions..
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Fig 6.2 - Slope Stability Acceptable after applying Anchor

The figure given illustrates Fig 6.2 — Slope Stability Analysis using Bishop Method after
Reinforcement, conducted using GEOS 2016 software. Unlike in the previous test (Fig 6.1),
this test illustrates that the slope is now stable after reinforcement with an anchor system.
The status bar indicates "Slope stability ACCEPTABLE" in green.

The Factor of Safety = 1.54, more than the usual limit (>1.5),

showing a stable slope.There

is an obvious increase in resisting moment and forces, presumably due to the addition of
anchors, not visible in the photo but indicated by the caption of the figure.
Stability is enhanced, such that the slope is now stable enough to carry the anticipated loads

without collapse.
The slip surface of importance (in blue) no longer cuts across
completely, which reflects enhanced internal resistance.

Numerical Results:

e Sum of active forces (Fd) =226.89 kKN/m
e Sum of passive forces (Fr) = 349.68 kN/m
e Driving moment = 1792.17 kNm/m

e Resisting moment = 2762.45 kNm/m

e FoS=1.54

e Anchor spacing — Im

the region of potential failure
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Fig 6.3 - Slope Stability Acceptable after applying Anchor in (3d)
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Fig 6.4 - Slope Stability Acceptable after applying Anti slide piles

The blue vertical structures on the slope face are structural reinforcements (anti slide piles)The orange curve is

the optimized critical slip surface.The soil profile is split into various strata, and reinforcements traverse the
potentially weak areas to add extra resistance.
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Numerical Results:

e Sum of active (driving) forces (Fa) =372.67 kN/m

e Sum of passive (resisting) forces (Fr) = 679.82 kN/m
e Driving moment (Md) = 4200.02 kNm/m

e Resisting moment (Mr) = 7661.52 kNm/m

e FoS=1.82>1.50

o Pile spacing — Im

£ GEOS 2016 - Slope Stability (educational license) [C:\Users\PublichDocuments\Fine\GEO3 2016 Examples\major slope.gst ™
' F
File Edit Input Outputs Settings Help

D850 i@yl

oA

=2

— I e

' s

b (% Add graphicaly < [ER) Add textually
Na. Paint Length Pile spadng Cross-gecton Pile bearng capaaty
x [m] z [m] 1 fm] b [m] [m] [Distribution along the pie | Max. bearing capacity V., k) (Gradient K [] |Passive force drection

345 42 781 _Looid =04 L | 200804 0.80 jperpendiauiar to ple
12.36| 892 3.7 1.00[d = 0.40 inear 100.00 0,80 |perpendicular to ple
7.04 -230 5.5 100|d =0.40 inesy 100.00 0.80 |perpendicular to ple

Anti-slide pies

Fig 6.5 - Slope Stability Acceptable after applying Anti slide piles in (3D)

This is the 3D image of a slope stabilization model employing pile reinforcement within
GEOS 2016 software. It completes the previous slope stability analysis by showing the

placement, spacing, and geometry of piles utilized in stabilizing the slope in visual form.

Field Description
Point (x, z) - Installation coordinates (horizontal and vertical).
Length - Depth of each pile group.

Pile Spacing - Spacing between neighboring piles (1.00 m for all groups).

Cross-section

- Range of pile diameters employed (@ = 0.40 m).

Distribution - Distribution of loads along the pile is linear.
Max Bearing - Capacity Each pile supports a maximum of 100.00 kN.
Gradient (k) - Passive resistance gradient = 0.80.

Passive Force Direction\tPerpendicular to the pile, as common in resisting lateral earth

pressure.
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6.7 Advantages of Using GEOS in This Study

kb=

Immediate modeling and visualization of actual slope conditions.

Multiple analysis choices in one platform.

Accurate, parameter-sensitive results aiding reliable decision-making.

Fine reinforcement simulation and optimization.

High-quality report generation with result graphs, slip surface diagrams, and factor of
safety plots.

6.8 Limitations

Majorly 2D analysis; effects of 3D terrain were simulated.

Demands accurate input data — errors in field/lab tests can be carried over into
results.

Relatively limited simulation of complex geosynthetics and multi-material interfaces
relative to more developed FEM software such as PLAXIS.

6.9 Future Applications

GEOS can be applied to:

1
2.
3.
4

Design of retaining walls for adjacent highway slopes.

Tunnel portal stability analysis in planned infrastructure projects.
Modeling control of seepage for irrigation projects on slopes of hills.
Embankment safety under earthquake loading.
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CHAPTER 7

Results and observation

7.1 Result of Core Cutter

Core Cutter test Result:

SNo [OBSERVATON [samplel | Sample2_

1 Weight of core cutter + wet soil (Ws) in gm 2461 2608
2 Weight of core cutter (Wc) in gm 1130 1130
3 Weight of wet soil (Ws-Wc) in gm 1331 1378
4 Volume of core cutter (Vc) in cm? 1019 1019
5 Bulk density (yb) = Wi;wc in gm/cc 1.306 1.352
6 Weight of container (wl) in gm 19.7 19.7

7 Weight of container + wet soil (w2) in gm_ 146.5 1701
8 Weight of container + der soil (w3} ingm 141.8 165.7
9 Water content (w) :::;i:i X 100 in% 3.849 3.013
10 Dry density (yd) = % ingm/c 0.269 0.336

Observation:

The table illustrates experimental data gathered from a core cutter test, which is traditionally
employed to estimate the in-situ density and moisture content of soil. There are two samples
analyzed with the following measurements: the weight of the core cutter with and without
soil, the weight of wet soil, and the core cutter volume. Based on these values, bulk density
(yb) is found by dividing the mass of wet soil by core volume. Additionally, moisture content
(w) is found through the measurement of a different soil sample's weight before and after
drying. Lastly, the dry density (yd) is found from the bulk density and moisture content. For
Sample 1, dry density is 0.269 g/cc and bulk density is 1.306 g/cc, whereas for Sample 2, the
figures are slightly higher at 1.352 g/cc and 0.336 g/cc respectively. This suggests that
Sample 2 contains slightly denser and drier soil, which can mean improved compaction or
naturally denser composition of soil at that place. These readings are critical for geotechnical
exploration to assess the viability of soil for construction or other engineering applications.
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7.2 Result of Sieve Size

SIEVE SIZE SAMPLE % MASS CUMULATIVE | %FINER
RETAINED RETAINED % MASS
RETAINED
10 mm 42.5g 4.25 4.25 o5 75
4.75 mm 148.5g 14.85 19.1 80.9
2 mm 1668 16.6 35.7 64.3
1 mm 188g 18.8 54.5 455
0.6 mm 111.5g 115 66 34
0.425 mm 92g 52 752 24.8
0.3 mm 40.5g 4.05 79.25 20.75
0.212 mm 75g 75 86.75 13.25
0.15 mm 24g 2.4 89.15 10.85
0.075 mm 39.5g 3.95 93.1 6.9
Pan 698 6.9 100 0
Observation:

The table provides the outcome of a sieve analysis test to find the particle size distribution of
a given soil sample. It indicates the amount of soil retained on each sieve with a reducing
mesh size starting from 10 mm down to 0.075 mm and the pan. The % mass retained is a
measure of how much material is retained on each sieve, whereas the cumulative % mass
retained and % finer columns display progressively increasing amounts of retained particles
and percentages of soil particles finer than each sieve size, respectively. We see from the data
that the most abundant soil is held at the 1 mm and 2 mm sieves (18.8% and 16.6%
respectively), which is an indication that there is a high concentration of sand-sized particles.
The percentages finer values continue to decrease consistently, all the way down to 0% in the
pan, which is an indication that the soil has all sorts of particle sizes but with a predominance
of coarse to medium sand fractions. This form of gradation has usually indicated that the soil
is well-graded, i.e., possessing an optimum range of various particle sizes, which is desirable
for compaction and stability for use in civil engineering.

7.3 Direct Shear Test

Direct Shear Test results presented herein supply the most important parameters employed to
characterize the shear strength of soil, which is crucial for predicting how the soil will behave
when subjected to stress, particularly in foundations, slopes, and earth-retaining structures.

From the observations:

42



e Cohesion (¢) =0.5179 kg/cm?
This measures the cohesion strength of the soil, or how well the soil sticks together
with no confining pressure. A value for cohesion other than zero implies the soil has
internal bonding, and this may be because of clay content or chemical cementation.

e Angle of Internal Friction (¢) =31.75°
This is derived from the tangent value (tan"'(0.6187)), which is the frictional
resistance of soil particles. A reading of about 30-35° is characteristic for dense silty
sand or sandy soils, indicating that the soil's frictional strength is good.

e Shear Strength Equation (1t = ¢ + ¢' tan¢)
This equation merges cohesion with frictional resistance. It demonstrates that greater
effective normal stress (c') results in increased shear strength. The test result provides
an expression:

1=0.5179+ c’tan31.75

This formula implies that for any effective normal stress, the shear strength of the soil can be
readily calculated. The high friction angle and moderate cohesion indicate that the soil is
partially cohesive, probably a well-compacted clayey sand or silty sand, and would be good
in load-bearing situations. It can withstand both compressive and shear stresses and would be
good for foundations and retaining walls, if drainage is properly taken care of.

7.4Economical comparison

Soil anchoring is typically less costly than anti-slide piles in most slope stabilization
cases in India, because the materials are different, construction is more complex,
equipment required differs and it is labor-intensive. That’s a deep dive comparing
both methods in detail with costing literature referenced to Indian construction
standards and practices (as per CPWD, MoRTH, and practical project data)

Construction Methodology & Cost Breakdown
7.4.1 Soil Anchoring (Ground Anchors)
Anchor are installed at angle into a stable ground / rock behind the failure plane of the slope.

Grouted and tensioned, which can be used to exhibit active resistance to sliding. Typically
used with a facing system (example is shotcrete, wire mesh).
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Typical Cost Components:

Components Approximate Cost(3/unit)
Drilling(100-150 mm dia) %1,000-2,500/m
High strength steel tendon % 800-1,200/m
Grouting % 300-600/m
Anchor head and tensioning % 500-1,000/anchor
Installation and labor % 500-1,200/m

Table 7.1 — Typical cost component

Total Cost Estimate:
%3,000 — 6,000 per meter of anchor length
For 10 m long anchor: 330,000 — 60,000 per anchor

7.4.2 Anti-Slide Piles

Large-diameter reinforced concrete piles are drilled or driven into the ground to intercept the

failure plane.They resist sliding through passive earth pressure and bending resistance.

Typical Cost Components:

Components Approximate Cost(3/unit)
Drilling(600-1200 mm dia) %5000-12000/m
Reinforcement cage (steel) %3000-5000/m

Concreting Z3000-6000/m

Excavation & disposal %1000-2000/m

Installation &labor %2000-4000/m

Table 7.2 -Typical cost component

Total Cost Estimate:
%15,000 — 30,000 per meter of pile length
For 15 m pile: %2.25 — 4.5 lakh per pile
Soil anchoring is about 50-60% cheaper than anti-slide piles for moderate slope
stabilization.
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CHAPTER 8

Conclusion

8.1 Summary of Project Work

This large project entitled "SLOPE STABILITY AND LANDSLIDE MITIGATION
ASSESSMENT USING GEOS5” was carried out with the main intention of evaluating
landslide-prone slopes in the Himalayan region. With a combination of field investigations,
laboratory testing, literature reviews, numerical modeling, and engineering analysis, the study
intended to identify the main causes of slope instability and suggest appropriate stabilization
measures.

The study thoroughly discussed the causes, impacts, and classifications of landslides, along
with comparative examination of the mitigation methods that spanned traditional engineering
to newer bioengineering options. The research integrated soil test techniques like Core Cutter
Test and Direct Shear Test, which delivered key parameters of soil strength for stability
analysis. Furthermore, use of GEOS5 geotechnical software permitted sophisticated modeling
of slope behavior in different site and environmental conditions.

8.2Key Findings

1) Geological and Environmental Reasons:
The study established that uncontrolled slope cutting, deforestation, poor drainage,
and heavy rainfall are the main causes of landslides in Himalayan terrain. The weak
Himalayan geology also contributes to slope instability.

2) Soil Properties:
Laboratory analysis indicated that the local soil has moderate cohesion and internal
friction angle, which become decisive under saturated conditions, decreasing slope
stability during monsoon seasons.

3) Software-Based Slope Analysis:
In GEOS, the slope stability was modeled under post-stabilization, saturated, and dry
conditions. The Factor of Safety (FoS) in natural saturated conditions was critically
low (1.08), which increased to acceptable levels (1.46) upon implementation of
combined stabilization methods like soil nailing and anti slide piles.

4) Performance of Mitigation Techniques:
Engineering methods such as soil anchors, shotcrete, and anti-slide piles combined
with bioengineering treatments were shown to improve the slope stability
successfully while considering eco-preservation also.
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8.3 Limitations of the Study

1)

2)

3)

Primarily 2D modeling was done with GEOS5, whereas real slope behavior in
complicated terrains can be a case of 3D interactions.

Limited scope for large-scale field implementation, since this study was kept limited to
modeling and design recommendations because of logistical limitations.

The absence of real-time instrumentation records (inclinometers, piezometers) limited
model prediction validation by continuous observation.

8.4 Recommendations for Future Work

1)

2)

3)

4)

5)

Use 3D numerical modeling software such as PLAXIS 3D or FLAC3D to provide
more effective analysis of complex geometries and large slopes.

Develop a real-time landslide monitoring system with IoT-based inclinometers,
piezometers, and rain sensors for early warning.

Encourage bioengineering activities like vetiver grass plantation, bamboo terracing,
and indigenous vegetation for long-term sustainable stabilization.

Perform seismic stability analysis for key slopes based on local seismicity through
dynamic modeling methods.

Extend analogous mitigation structures to other landslide-susceptible districts within
Himachal Pradesh and surrounding Himalayan states.
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